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CHAPTER 1

A GENERAL SURVEY OF FORCES OF
INTERACTION

1.1 Introduction

Chemistry is the branch of science dealing with construction,
transformation and properties of molecules [1]. The molecules are obtained
by the ‘play’ of atoms. Usually this ‘play’ of atoms is governed by the
charged particles in them, positive nuclei and negative electrons, as well as
their size. Molecules differ because they contain different nuclei and different
number of electrons or the nuclear centres may be in different geometrical
positions. Depending upon the elements involved in the bond making and
breaking, chemistry was divided into organic and inorganic chemistry. Later
on chemistry was categorized into different branches such as physical
chemistry, theoretical chemistry, industrial chemistry, biochemistry,
photochemistry, pharmaceutical chemistry, forensic chemistry etc., depending
upon the emphasis of the discussion, though none of them are mutually
adiabatic. Comparatively new entrants in this area, which gained prominence
these days, are computational chemistry, bioinorganic chemistry,
combinatorial chemistry, femtochemistry and nano chemistry. All these
branches have contributed a lot to the integral growth of chemistry as a
branch of science, always pursuiting for the greater welfare of humanity. A
scenario has dawned on us where a world without chemistry is simply virtual
and a chemical branch without the mission of human uplift is non-existing. As
chemists, we should somehow partake creatively in the construction of a new
world through the advances of chemistry, which will be the only solace for us

in the ultimate run.



This thesis is primarily concerned with a theoretical study on the
designing of molecules that can show some interesting kind of motion under
the influence of the interactive forces operating in the molecular environment,
which may modify their electronic and optical properties. Thus, this

introductory chapter deals with a general survey of the forces of interaction.
1.2 Interactive forces in the realm of Chemistry

Since the molecules differ from one another, there is a chance for
interaction between them and these interactions are generally called chemical
interactions. Depending on the nature of players (particles) involved, these
interactions are termed as ionic, covalent or coordinate; the ionic interactions
entail in ionic compounds, the covalent interactions in covalent compounds

and the coordinate interactions in complexes.

All these interactions that, in one way or other, influence the
formation, stability and sustenance of the molecules, are the concern of
chemistry. As we discussed earlier, there are interactions of construction,
interactions of stabilization and interactions of transformation.
Comprehensive information of these interactions will be immensely helpful
for our subsequent discussion about the various chemical phenomena and

hence a survey of such interactions is presented here.
1.2.1 Coulombic interaction

The strong interactive force existing between two ions is called
Coulombic interaction. When the ions are of opposite charges, the interaction
is attractive and it may entail in the formation of a chemical bond known as
ionic bond. On the other hand, when the ions are of same charge, there occurs
repulsion between them and hence they move apart so as to minimize the

repulsive interaction. In either case, a charge on the interacting species is



necessary to evoke Coulombic interaction. This means only point charges

involve in Coulombic interactions.

A point charge is an idealized model of a particle that has an electric
charge. The charge is assumed to be confined to an infinitely small region of
space from which a completely uniform electric field surrounds the point. The
fundamental equation of electrostatics is Coulomb’s law, which describes the
force between two point charges. Coulomb's law is an inverse square law
indicating the magnitude and direction of electrostatic force that one
stationary, electrically charged object of small dimensions (ideally, a point
source) exerts on another. Coulomb’s law states that the magnitude of the
electrostatic force (F) between two point charges (Q;, Q;) is directly
proportional to the magnitudes of the charges and inversely proportional to

the square of the distance (r;;) between the charges in vacuum:
F=Q Qj / rij2

Ionic bonding, the result of Coulombic attraction, occurs only if the overall
energy change for the reaction is favourable, i.e., when the bonded atoms
have a lower energy than the free ones. Larger the energy change due to
interaction between the atoms, stronger will be the bond. Such a bond is
stronger than a hydrogen bond (see section 1.1.4.1), but similar in strength to
a covalent bond (see section 1.1.2). Typical examples for ionic compounds
are the chlorides of alkali metals like Na, K, Rb and Cs. Strength of an ionic
bond is ca. 60 to 80 kcal/mol.

However, pure ionic bonding is not known to exist. All ionic bonds

have some degree of covalent bonding.



1.2.2 Covalent Interaction

The interaction between two species arising out of the sharing of their
electrons for the formation of a covalent bond is known as covalent
interaction. Quantum mechanically, the sharing of electrons between two
atoms resulting in a covalent bond, considerably decreases the energy of the
system and hence it can be said that the covalent interaction stabilizes the
system. Generally a covalent bond is formed between two atoms of
comparable electronegativities. Methane is a classical example for such a

covalent compound.

However, a pure covalent bond exists only in homogeneous diatomic
molecules or in such mega molecules like diamond. When there is difference
in the electronegativities of the bonding atoms, there occurs a polarisation in
the bond, namely the shift of shared pair of electrons towards the atom of
higher electronegativity. Covalent compounds of this type are thus polar
compounds in which there exists slight Coulombic interaction between atoms.

Water, ammonia, hydrogen chloride, etc., are examples for polar compounds.

The polarity of the atoms involved in the covalent bond formation
- gives rise to certain non-covalent interactions like hydrogen bonding, dipole-
dipole interaction, etc. The larger the difference in electronegativity between
two atoms, the larger will be the Coulombic interaction and the bond will be
ionic. Since the different atoms forming bonds will have slight differences in
their electro negativities, it is possible that they will possess some charge
leading to some Coulombic interaction between them, though it may not end

up with the formation of an ionic bond.

The strength of a covalent bond differs from bond to bond and system
to system. For example, the C-C bond strength in methane is different from

the C-C bond strength in ethylene, which in turn differs from the C-C bond



strength in benzene. Usually a covalent bond will have strength between 25 to
100 kcal/mol.

1.2.3 Coordinate Interaction

In coordinate interaction, an electron rich species, called donor or
ligand (an anion or a Lewis base), interacts with an electron deficient species,
called acceptor (a metal atom or a cation or any Lewis acid), by donating an
electron pair, so as to establish a strong bond, called coordinate bond or dative
bond. An arrow pointing from the donor of the electron pair to the acceptor of
the electron pair represents a coordinate bond. Once the bond has been
formed, its strength is not different from that of a covalent bond. The process
of forming a dative bond is called coordination. The resultant compound is
called an adduct (a compound formed by the addition reaction between two

molecules).

Coordinate bonds can be found in many different substances. For
example, in carbon monoxide, CO, there exists a coordinate bond and two
normal covalent bonds between the carbon and the oxygen atom. Similarly,
the ammonium ion, (NH,)", has a coordinate bond, formed between a proton

(H" ion) and the nitrogen atom.

Coordinate interaction can also be found in coordination complexes
involving metal atoms or ions, especially if they are transition metal atoms or
ions. In such complexes, the ligands interact strongly with the central metal
atoms by donating their pair of electrons to the vacant d-orbitals or hybrid
orbitals. Since this interaction involves the same nature of covalent
interaction, the strength of such bonds will be almost equal to that of covalent

bonds and the bond strength varies from 10 to 100 kcal/mol.



1.2.4 Non-covalent Interactions

Besides the above three interactions of construction, there exists
certain other interactions, generally called non-covalent interactions, that
stabilize the constructed molecules. There are inter molecular and intra
molecular non-covalent interactions. Comparatively they are weak
interactions, but are capable of stabilizing certain systems, which are
otherwise very unstable. Many of the biological molecules are having this
type of interactions. According to Dougherty [2], non-covalent intermolecular
forces play a major role in determining the structures of biological
macromolecules and in mediating processes such as receptor- ligand
interactions, enzyme- substrate binding and antigen- antibody recognition.
Wang and co-workers [3] claim that the non-covalent interactions appear
ubiquitously in biology, with particular reference to the protein chemistry. In
some other cases they are the guiding forces behind the structures of certain
systems. Lisy et al. [4] state that the non-covalent inter molecular interactions
play an important role in the molecular level design of functional materials,
because they are responsible for the structure and properties exhibited by

these materials. Some important non-covalent interactions are detailed below.
1.2.4.1 Hydrogen bonding

One of the important non-covalent interactions in chemistry is
hydrogen bonding. It is a type of attractive force that exists between two
atoms of opposite polarity. Although stronger than most other non-covalent
interactions, the typical hydrogen bond is much weaker than both the ionic
bond and the covalent bond. However, the presence of hydrogen bond very
much affects the physical properties like boiling point and melting point and
even the material state of the compounds. A classical example is water which,
as per the group characteristics, must be a gas, but instead is a liquid, which is

exclusively due to the inter molecular hydrogen bonding. Within



macromolecules such as proteins and nucleic acids, hydrogen bonding can
exist between two parts of the same molecule, and figures as an important
constraint on such molecules' overall shape. The strength of a hydrogen bond

varies from 2 to 15 kcal/mol.
1.2.4.2 Ion- dipole interaction

Attractive electrostatic force existing between neutral and charged
(ionic) molecules is termed ion-dipole interaction. It involves an interaction
between a charged ion and a polar molecule (i.e., a molecule with a dipole).
Cations are attracted to the negative end of a dipole and anions are attracted to
the positive end of a dipole. The magnitude of the interaction energy (E)
depends upon the charge of the ion (Q), the dipole moment of the molecule
() and the distance (r) from the centre of the ion to the midpoint of the
dipole.

ie., EaQur

lIon-dipole forces are important in solutions of ionic substances in polar
solvents (e.g., a salt in aqueous solvent). The strength of ion- dipole

interaction varies from 10 to 50 kcal/mol.
1.2.4.3 Dipole- dipole interaction

Dipole- dipole interaction is defined as the interaction between
molecules or groups having a permanent electric dipole moment. It can be
intra molecular or inter molecular. Usually this type of dipole-dipole force
exists between polar molecules. The interaction energy depends on the
strength and relative orientation of the dipoles as well as on the distance
between the centres of the dipoles. The energy of interaction is directly

proportional to the product of dipole moments and inversely proportional to



the sixth power of the distance between the molecules and to the temperature.

It is given by the equation,
E = (-2/3kT) (upo/dneg) (1/4°),

where 1, and p, are the dipole moments of the interacting dipoles, ‘r’ is the
distance between the interacting molecules, T is the temperature, k is the

Boltzmann constant and ¢, is the permittivity due to free space.

In HCI gas, the molecules of HCl are polar and dipole- dipole
interactions contribute about 15% towards the total intermolecular forces. In
weakly polar molecules like CO and NO, the contribution is very small. The
term dipole- dipole interaction also applies to the intra molecular interactions
between bonds having permanent dipole moments. The energy of dipole-
dipole interactions can approach the energy of a weak chemical bond. Usually

its strength is between 1 to 12 kcal/mol.
1.2.4.4 Dipole- induced dipole interactions

The dipole moment induced in a non-polar molecule due to the
presence of an electric field or a charged species or a polar molecule is known
as induced dipole. The non-polar molecule should be polarisable in order to
possess a dipole moment in such conditions. The induced dipole moment in

the presence of an electric field is given by,

Hing. =0 E
where, o. = polarizability of the molecule and E = the electric field strength.
The energy due to dipole- induced dipole interaction, E, is given by,

E= (-u2 o/ 4meg) 1l

Where, 1 = dipole moment of the first molecule, « is the polarizability of the

second molecule and r is the distance between them. Such interactions are



evoked when a non-polar molecule dissolves in a polar or dipolar solvent.
Example is the interaction between HCI and C¢H when the latter is dissolved

in the former.
1.2.4.5 Induced dipole- induced dipole interaction

This 1s a weak type of interaction existing between neighbouring non-
polar molecules. It is also called London- Dispersion forces. Even if the
molecule is totally non-polar, the movements of electrons of it may induce an
instantaneous dipole moment in it. This induced dipole influences the electron
distribution in a nearby non-polar molecule causing a slight polarity in it.
Thus a weak dipole- dipole interaction is induced known as induced dipole-

induced dipole interaction.

Larger the molecule, larger will be the momentary distortions in the
electron cloud of the molecule. Hence, dispersion forces between molecules
increase with their relative molecular masses. Another factor, which
determines the strength of dispersion forces, is the polarizabilities of the
molecules. If a; and a, are the polarizabilities of the first and second
molecules, the energy, E, due to induced dipole- induced dipole interaction is

given by,
E=(3a 0y2) (I; L/ 1;,Ip) r’®

where, I, and I, are the first ionization energies of the first and second
molecules and ‘r’ is the distance between them. The types of interactions
existing in noble gases or in a sample of oxygen are examples for induced
dipole- induced dipole interaction. Higher boiling point of HI as compared to
HCI could be explained by the induced dipole- induced dipole interactions

between HI molecules.



1.2.4.6 Cation- & interaction

Another important non-covalent interaction is cation- m interaction. It
is a strong non-covalent force by which cations strongly bind to the n- face of
benzene and other aromatic structures [2]. Usually, cation-= interaction occurs
between two species, one rich with a n-¢lectron cloud and the other a Lewis
acid (e.g., cation). Since aromatic systems are rich with n- electrons, when we
speak of cation- 7 interaction, the emphasis will be on the binding of cations
to aromatic systems. However, it should be remembered that it is not
exclusively a “cation- aromatic” interaction. Ethylene, acetylene and other
simple m-systems are fully anticipated to and are documented to be involved
in cation- 7 interactions [5]. And not only simple cations, but all cations, from
Li" to very complex organic structures like acetylcholine (Ach) are involved
in this type of interactions. Very often it is stronger than a hydrogen bond and
the strength varies from 2 to 20 kcal/mol.

The first indications about this interaction came from two directions:
one, from analysis of protein crystal structures [6]; and the other, from studies
involving artificial cyclophane receptors in aqueous media [7-9]. Cyclophane
structures with aromatic residues bind quaternary ammonium compounds
with high affinities and the major factor in this binding was the interaction
between the positive charge of the ammonium compounds and the electron
rich aromatic face of the cyclophane structure. Both theoretical and empirical
evidences indicate that this kind of interaction is relatively strong. Many
studies have looked at the interaction of benzene and cations in the gas phase,
meaning that there are no solvent molecules to interfere. These studies have
established the magnitude and generality of this interaction. For example, in
gas phase, potassium ion (K') and benzene molecule are attracted to each

other, with a stabilisation energy of 18.3 kcal/mol [10]. Here, the binding is
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evidently due to the interaction between the cation and the cloud of the 7-
electrons and is found to be quite significant. In fact, in the gas phase, K' is
more strongly attracted to benzene than to the highly polarised water
molecule, K'.....water interaction energy being 17.9 kcal/mol [10]. This
clearly demonstrates the existence as well as the importance of cation- &
interaction in molecular systems. Average hydrogen bonds, the all-important
intermolecular interactions, are very often weaker than this. The studies using
synthetic receptors, mostly cyclophane structures in aqueous media, have
proved clearly that a hydrophobic binding site comprised of aromatic rings
can compete with full aqueous solvation in the binding of highly solvated

cations [5].
Qualitative model for cation-m interaction

On the basis of their studies with gas phase complexes, Ma and
Dougherty [5] state that electrostatic interactions play a prominent role in
prototypical cation-r interactions. They developed a qualitative model for
cation- 7 interaction by emphasizing very simple electrostatic effects.
Experimental measurements have shown that the alkali metal cations Li’, Na*
and K" interact with benzene, a prototype of aromatic systems, with binding
energies of 38.3, 28.0 and 19.2 kcal/mol respectively [11]. Computational
studies have given the stabilisation energy of Rb-benzene complex to be 15.8
kcal/mol [12]. The stabilisation energy trend, i.e., Li" > Na" > K > Rb’,
shows a classical electrostatic sequence-a sequence which we will observe
when benzene is replaced by CI ion. If polarizability, dispersion forces and
charge transfer effects were the dominant factors in determining the strength
of cation-n interaction, Rb" would have been the strongest binder [5]. Since
we get a reverse order in the ab initio calculations as well as in the
experiments, the polarizability of the cation seems to be less important. The

electrostatic reasoning can also explain the variations due to changes in the
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aromatic ring. Furan and thiophene exhibit poor cation- binding ability, both
in gas phase and in cyclophane hosts [13] even though they are two electron
rich heterocyclic compounds. This is explained in terms of less negative
electrostatic potential over the centre of their aromatic, presumably due to the
presence of electro negative oxygen and sulphur in the rings. This observation
also supports electrostatic model of cation-n interaction. It is reported that
across a series of 11 aromatics, 100% of the variation in cation-n binding
energy for Na* was due to variation in the electrostatic component of the
binding [14]. Above all these, this model rationalizes most of the trends

observed both in experiments as well as in computational results.

However, it is not true that 100% of the cation-n binding energy is
electrostatic. At times, the “non electrostatic” component of cation-n
interaction, which is a combination of effects mostly related to the
polarizability of the aromatic, becomes a major factor. Hence, cation-n
interaction cannot be qualitatively modelled unless additional terms, such as
induced dipoles, polarizabilities, dispersion forces and charge transfer are not
included. The relevance of polarization effects in this interaction has been
emphasized by Kollman and Caldwell [15] using classical force-field
calculations. Cubero et al. [16] explain how polarization contribution to the
strength of cation-n interaction becomes significant in cases where the
different aromatic cores are used with the same cation. But, the fact is that the
polarizability of the aromatic is not the defining feature of the cation-n
interaction. Across a series of aromatics, it makes a constant contribution to
the total stabilisation energy [14]. Thus, to the first order, cation-m interaction
can be considered as an interaction primarily governed by the electrostatics of

the cation (guest) and the n-face of aromatic residue (host) [2].

It has been established by Reisse [17] that a point charge experienced a

comparable stabilization while interacting at long range with a point dipole,
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significantly larger than that of water or with a point quadrupole comparable
to that of benzene. (A quadrupole can be thought of as two dipoles aligned in
such a way that there is no net dipole. Topologically, quadrupoles are
equivalent to d-orbitals). Since benzene possesses a permanent quadrupole
moment, the question may arise whether cation-n interaction is something
new or it is merely an “ion-quadrupole” interaction. An ion- quadrupole
interaction is expected to show 1/ distance dependence for the stabilization
energy [18], whereas the distance dependence of a prototype cation-nt
interaction is 1/r" with n < 2 [2], where ‘r’ is the distance between the centre
of the cation and that of the quadrupole. A real cation- interaction involves a
cation that is typically at van der Waals contact with the aromatic. In
Na®...benzene complex, the distance is ca. 2.4A” and such a range is observed
in all other cases. Hence, the cation-m interaction cannot be quantitatively
modelled as just an ion- quadrupole interaction. The usefulness of the
quadrupole moment is that it provides an easy way to visualize the charge
distribution of aromatics and leads naturally to the expectation of significant
electrostatic interactions [5]. Also it is helpful in giving explanation for the

variation in ion-7 interaction strength in some of the n-complexes.

The other major factor proposed to model cation-m interaction is the
induced dipole that arises in the aromatic, in response to the nearby charge. If
this were the dominating factor, polarizability should be of major importance.
However, the fact that a less polarizable benzene is a stronger binder than a
more polarizable cyclohexane makes us rule out the induced dipole factor. It
should be noted that the quadrupole moment of cyclohexane is much smaller
than that of benzene, which again is a supporting evidence for holding

quadrupole moment partially controlling the strength of cation-n interaction

[2].
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1.3 Relevance of the study of cation - & interaction

A major focus of modern organic chemistry has been to develop an
understanding of the weak, non-covalent binding forces. This is because of
their ubiquitous nature throughout the chemical and biological sciences. Some
of them are very crucial to a large number of biological processes. One
important non-covalent binding force of this type is cation- m interaction.
Studies of organic model systems, coupled with a wide range of results from
structural biology, have established the relevance of cation-m interactions to
biological recognition through interactions with aromatic side chains from the
amino acids, phenyl alanine (Phe), tyrosine (Tyr) and tryptophan (Trp) [2].
Also, this interaction is found to be common among structures in the Protein
Data Bank, and it is clearly demonstrated that, when a cationic side chain,
lysine (Lys) or arginine (Arg) is near to an aromatic side chain Phe, Tyr, or
Trp, the geometry is biased towards one that would experience a favourable
cation-nt interaction [19]. The dependence of enzyme activity on the presence
or absence of the alkali metal cations like Na" and K" is ascribed to their
interaction with the active sites of the proteins [20]. There is now sufficient
evidence that the ammonium cation-7 interaction can be considered as an
important non-covalent interaction in protein stabilization [19, 21] and
molecular recognition [5, 22]. Since a great deal of direct and circumstantial
evidences indicate that cation- m interactions are important in a variety of
proteins and other biomolecules that bind cationic ligands or substrates [2], a
detailed study of this interaction will be a stepping stone to the chemistry of

biomolecules.

Another area of chemistry inviting considerable attention today is the
field of conducting polymers. In fact, the discovery of Poly acetylene (PA)
film has dawned an era of conducting polymers [23]. The study of conducting

polymers is particularly exciting because it opens the way to progress in
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understanding the fundamental chemistry and physics of macromolecules
[24]. Also, it offers the promise of achieving a new generation of polymers
exhibiting the electrical and optical properties of metals or semi conductors,
while retaining their mechanical properties. Here too, we may find the

relevance of the study of cation-r interaction.

PA (Figure 1.1) was the first organic polymer to be converted to a

conducting substance by alkali metal doping.

Figure 1.1: Poly Acetylene

It has been suggested [25] that in alkali metal doped conducting
polymers, the doped metal loses its outer-most electron to the polyenic part,
creating a charge- charge interaction in the complex. Actually, the new
electron enters into the antibonding n-band of the polyene, reducing the gap
between the m-band and the * band of the system, and effectively increases
the conductivity of the polyene. Basing on this, MacDiarmid states that the
Coulombic interaction between the charge on the chain and dopant ion is a
very strong interaction that can totally alter the energetics of the system [25].
It should be recollected that the organic conductors, which depend badly on
the presence of n- electrons for their electron transport properties [26] are
systems with conjugated double bonds extending from one end to the other.

There is every possibility for an interaction between the cationic species
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resulting from the injected metal to the polyene and the enhanced n-cloud of
the system. Such an interaction will exhibit the characteristics of the so-called
“cation- 7 interaction”. The theoretical study done by Mpourmpakis et al. [27]
on the behaviour of alkali metal cations in carbon nanotubes lends a
supporting hand to the above assumption. According to them the cation-
carbon nanotube interaction has a cation-m character and follows the same
stabilisation energy (Eg) trend as in the case of benzene in gas phase [12].
Basing on their experiments with two armed lariat ethers having double bonds
and Na and K cations, Hu et al. [28] states that when double bonds are
positioned appropriately, cation -m interactions are possible between the
neutral double bonds and the macro-ring bound cations. Recall that
Dougherty et al. [5], who have done extensive research on cation— =
interaction in different type of systems, have observed that ethylene, acetylene
and other simple n-systems are fully involved in cation- & interactions. If so,
cation - 7 interaction is very much a force to be reckoned with, in the domain
of metal-doped conjugated polymers, an extension of such n- systems. The
study of such an interaction, which is the major objective of this research,
may help us to understand better the underlying mechanism of transition from

non metal to metal as the result of alkali metal doping in PA type molecules.

Further, polyenes with extended conjugation are not totally foreign to
biological systems. In fact, the carotenoids with a polyenyl part of extended
conjugation (Figure 1.2) resemble very much to substituted PA. Another
example is Vitamin A (Figure 1.3), derivative of beta-carotene. Therefore, the
study of interactions in metal polyenes may be a good start for an exploration

in the field of biomolecules with aliphatic fragments of extended conjugation.
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Figure 1.2: Beta-carotene

Figure 1.3: Vitamin A
1.4 Objectives of the work

The physical model appropriate for describing the highly conducting,
heavily doped phase of PA is still being debated in the field of conjugated
polymers, despite a considerable activity since its discovery. A number of
physical models were proposed, the soliton model [29-31], Peierls insulator
model [32, 33], polaronic metal model [34] etc., but all of them were
insufficient to explain the characteristics of metal-doped PA. There is no
consensus about the proper picture to apply to the metallic nature of metal-
doped PA [35]. Perhaps, the failure to propose a clear model to the above
stemmed from the under-exploration of the interactive forces existing
between the alkali metal dopants and the conjugated polyenic substrates in
such systems. Besides, cation-m interaction involving aliphatic m-systems is
less-well addressed, though such interaction can play a significant role in
biological systems with aliphatic fragments of extended conjugation, as

mentioned above.
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Computational Nanotechnology: A major objective of computational
nanotechnology is the designing, modeling and fabrication of novel molecular
structures. In this investigation, we are interested in designing molecular
systems that model the interactions of the metal species with long aliphatic -
systems as in PA and biomolecules. Hence we have embarked on a
systematic study of the interactions in metal-polyene complexes by
computational technique. The interaction between a long chain polyene and a
metal atom can lead to a large number of isomers of the metal-polyene
complex. Computational experiments allow us to examine all of them quickly
and easily and reject the energetically unstable ones. Such a study can easily
unveil the most favourable position(s) of the metal in the polyene matrix and

the consequent characteristics of the metal polyene complex.

Instead of taking mega molecules like PA or the biomolecules, it is
better to start with small molecules, which somehow mimic the actual
molecular environment. This saves time, and very often serves the purpose.
Hence, we have chosen all-trans conjugated polyenes, ranging from Cs to C;;
as our representative samples. As dopants, we have employed alkali metal
atoms Li, Na, K and Rb and their ions, as they are the best species to

represent quaternary nitrogen of biosystems [5].

A detailed study of such systems, in their free and doped state, may
throw some insight into their structure and the probable interactive forces in
them, which may ultimately lead to a better understanding of systems such as

conducting polymers, biomolecules, etc.

1.5 Scope of the work

The vast possibilities with the metal-doped polyenes are yet to be
explored. The study may be extended to several other fields. For example, an

important question often addressed in the study of carbon gasification and
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adsorption of gases in carbonaceous materials is the catalytic role of alkali
metals [36-41]. The layers of carbonaceous substances can be considered as
an extended array of ethylene molecules (or small fragments of PA). The
distribution of different metals into such layers will have some impact on
them. The computational studies on metal-doped PA may offer some clues to

the above question.

Further, interactions between organic cations and protein aromatic
residues are widespread and of considerable biological importance. Several
neurotransmitters have a positively charged nitrogen portion in their chemical
structure that is made use of for its interaction with the protein residue. For
example, serotonin, a neurotransmitter involved in processes such as
migraine, depression, and anxiety contains a methyl ammonium portion.
Many of the bioorganic cations are monovalent species with quaternary
nitrogen, which is very much similar to the monovalent alkali metal ions.
Hence, the interactions involving alkali metal cations are somewhat analogous
to those involving such organic cations. The study of the interactions of alkali
metal ions with n- electron cloud will, therefore, help us to make some
searches into the interactions existing in biomolecules. It could entail in
designing such molecules in such a way that they contribute to the more

efficient functioning of the organism.

Non-covalent interactions are ubiquitous throughout chemical and
biological sciences. Many of the biological systems, especially the 3-D
structured proteins, are stabilized by the non-covalent interactions like
hydrogen bonds, salt bridges, cation- interactions, hydrophobic effects, etc.
[19]. Nowadays these molecules are studied computationally rather than
experimentally. Though our study may confine to the cation-n interactions in
conjugated polynes, its extension to protein chemistry may offer immense

possibilities to those involved in experimental work.
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CHAPTER 2

COMPUTATIONAL DETAILS AND
PROCEDURE

2.1 Introduction

The present age is an era of computer technology, which has
transformed all branches of knowledge positively and revolutionarily. The
communication of knowledge has been made easier and the whole world has
transformed into a global village of interacting masses by the use of computer
technology. All the branches of science have immensely benefited from its
application. It has made the scientific tasks easier, the verification of scientific
principles simpler and extension of the results of science to humanity much
faster. The advent of computer technology has helped the chemists to make
deep inroads in many a field of chemistry. In fact a new branch has developed
in chemistry, known as computational chemistry, which now acts as the

precursor of experimental chemistry.
2.2 An Overview of Computational Chemistry

Computational chemistry is a branch of theoretical chemistry whose
major goals are to create efficient mathematical approximation and computer
programmes that calculate the properties of molecules such as total energy,
dipole and quadrupole moments, vibrational frequencies, reactivity and other
diverse spectroscopic quantities and cross sections for collisions of molecules
with diverse atomic or subatomic projectiles. It generates data that
complement experimental details on the structures, properties and reactions of
substances. The term is also sometimes used to cover the areas of overlap
between computer science and chemistry [1]. It is simply the application of

chemical, mathematical and computing skills to the solution of interesting
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chemical problems. Therefore, it has become extremely important in the last
few decades, as it is widely being used in academic and industrial research. It
can be a useful way to investigate materials that are too difficult to find or too
expensive to purchase. Computers are used to generate information such as
the properties of molecules, simulated experimental results, feasibility of
certain reactions, etc. Today, theory and experimentation combine together in

the search for understanding the inner structure of matter.

One particularly important way in computational chemistry is to model
a system prior to synthesizing it in the laboratory [2]. Many professional
computational chemists are using computational modeling to gain additional
understanding of the compounds being examined in the laboratory. They
apply existing computer programs and methodologies to specific chemical
questions and try to find out acceptable answers to them. Computational
chemistry also helps chemists to make predictions before running the actual
experiments so that they can be better prepared for making observations. In
some cases, the interactive forces active in a particular molecule are studied
by obtaining the molecular parameters of that species with the application of
the computer programmes. In other cases, computational studies are carried
out in order to find a starting point for a laboratory synthesis. Computational
studies are also used to explore reaction mechanisms and explain observations
of laboratory reactions. Very often, those molecular properties, which are
difficult to get experimentally, are determined or predicted by the
computational studies. Thus, Computational chemistry is particularly useful
for the determination of properties that are inaccessible experimentally and
for the interpretation of experimental data. As a technique, computational
chemistry has the advantage of producing answers cheaply and quickly
(compared to, for example, thermodynamic measurements), especially for

hypothetical structures like transition states.
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Computational chemistry is today widely used within all branches of
chemistry, physics, biology and pharmaceutical science. It produces
quantitative information on molecules and their interactions; very often it
affords deeper understanding of molecular processes that cannot be obtained
from experiments alone. It can be used, for example, to predict how a
molecule interacts with other molecules and charges in its environment. Such
information may be used elsewhere, for example, to study how proteins
(which are built up of amino acids) interact with different substrates, with
special reference to the field of pharmaceuticals. Apart from the molecular
level studies, computational chemistry can be applied to the macro world also.
Such an example may be taken from the astronomical world, in which, apart
from stars and planets, there are large quantities of interstellar matter, often
collected in vast clouds. What does this matter consist of? It can be studied
from the earth through the radiations that the molecules emit. The radiation
occurs because of the molecular rotation. Hence, it is possible to determine
the composition and appearance of the molecules using the frequency
spectrum of the radiation. This, however, is an immensely difficult task,
particularly because these molecules cannot always be produced in the
laboratory so as to obtain material for comparative studies. Quantum
chemistry, however, does not suffer from such limitations. Calculations based
on assumed structures can give information on radio emission frequencies that
can be directly compared with data collected by the radio telescope. In this
way, theory and measurement together can give information on the molecular

composition of interstellar matter.

Some of the functions which can be actualized using readily available
computer programmes are electronic structure determinations, geometry
optimizations, frequency calculations, locating transition structures, protein

calculations, drawing potential energy surfaces (PES), rate constant
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calculations (kinetics) and thermodynamic calculations (like, heat of reaction,

energy of activation, etc.) for chemical reactions [3].

However, there is a point of concern in this whole exercise of
computational chemistry: it is easy to make errors that remain undetected,; it is
often difficult to judge the significance of a result. Just by operating the
computer programmes, which are readily available, one can produce volumes
of huge output files containing a lot of information. Unless he has mastered in
analysing the results and manipulating them properly, they may turn out to be
useless junk; or sometimes they may be totally irrelevant on closer inspection.
Therefore, literature research and comparison to known systems and data

wherever possible are desirable to benefit from computational techniques.
2.3  Computational Methods

Researchers have long sought methods for understanding how bonds
between the atoms in molecules function. With such methods, it would be
possible to calculate the properties of molecules and the interplay between
them. The growth of quantum mechanics in physics at the beginning of 19™
century opened new possibilities, but its applications within chemistry were
too long and too complicated to be accomplished easily via human
calculations. It was not practically possible to handle the complicated
mathematical relations of quantum mechanics for such complex systems as
molecules. Hence, the scientists were badly in need of certain techniques that

would ease out the hardship of calculations.

With the advent of computers, a new era has dawned upon us where
the calculations of quantum mechanics are no longer a laborious exercise.
With the application of computers to solve the equations and problems of
quantum mechanics, enormous theoretical and computational development

has taken place- actually a revolution in the field of chemistry and its natural
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allies. Walter Kohn and John Pople are the two prominent figures of this field
and they were deservingly honoured with the Nobel Prize of 1998. W. Kohn's
theoretical work has formed the basis for simplifying the mathematics in the
descriptions of bonding of atoms, a prerequisite for many of today's
calculations. J. Pople developed the entire quantum-chemical methodology

now used in various branches of chemistry [4].

Computer-based calculations are now used generally to supplement
experimental techniques. For several decades they have been developed and
refined so that it is now possible to analyse the structure and properties of
matter in detail. Conventional calculation of the properties of molecules is
based on a description of the motion of individual electrons. For this reason,
such methods are mathematically very complicated. W. Kohn showed that it
is not necessary to consider the motion of each individual electron: it suffices
to know the average number of electrons located at any one point in space.
This has led to a computationally simpler method, the density functional
theory (DFT). The simplicity of the method makes it possible to study very
large molecules. Today, for example, calculations can be used to explain how
enzymatic reactions occur. It has taken more than thirty years for a large
number of researchers to render these calculations practicable, and the method

is now one of the most widely used in quantum chemistry.

Depending on their nature of approach to the problem, computational
methods are of two types- molecular mechanical methods and quantum
mechanical methods. The former is based on classical (Newtonian) mechanics

whereas the latter is based on quantum mechanics (QM).
2.3.1  Molecular Mechanical methods

Molecular mechanics (MM) is a method in which observable data are

used to parameterize constants based on Hook’s Law, allowing systems to be
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represented by classical physics and simple potential energy functions. The
equations used to calculate the components of potential energy, together with
the data required to describe the behaviour of different kinds of atoms and
bonds are called a force field and hence this method is also called Force Field
(FF) method. It represents molecules as spheres connected by springs and
uses the classical physics to explain and interpret the behaviour of atoms and
molecules. In this type of methods, the calculations are limited to the
consideration of nuclear movements and the electrons are not considered
explicitly. Since it is based on Newtonian mechanics it is widely applied in
molecular structure refinement, molecular dynamic simulations, Monte Carlo

simulations and ligand docking simulations.
FF methods are based on the following principles:
a) Nuclei and electrons are considered as single atom-like particles
b) Atoms are spherical and are assigned a net charge.
¢) Interactions are based on springs and classical potentials

d) Interactions determine the spatial distribution of atom-like

particles and their energies

In the broadest sense, molecular mechanics is concerned with
molecular motion. During the calculation it gives the molecular geometry,
heat of formation, energy, dipole moment, ionization potential and charge
density. Also it is the cornerstone of computer simulations. Computer
modeling with molecular simulations has been developed and widely applied
in studying molecules of biological interest. Two interesting areas of this
branch are (a) studying enzyme catalytic mechanisms using a combination of
QM and MM. (b) studying macro molecular dynamics using molecular
dynamics (MD) and Free energy calculation methods [5].
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Another objective of MM is to predict the energy associated with a
given conformation of a molecule. However the energy values have no
meaning as absolute quantities. Only differences in energy between two or

more conformations have meaning. A simple MM energy equation is given

by:

Energy = Stretching energy + Bending energy + Torsional energy +

Non bonded interaction energy + Coupling energy
i.e., EFF = Estr + Ebend + Etors + Evdw + Eel + Ecross

Stretching energy, E is the energy for stretching a bond between two
atoms, A and B. Ey.q represents the energy required for bending an angle
formed by three atoms A-B-C, where there is a bond between A and B and
between B and C. Torsional energy, E,, is the energy for rotation around a
B-C bond in a four atom sequence A-B-C-D, where A-B, B-C and C-D are
bonded. Looking down the B-C bond the torsional angle is defined as the
angle formed by the A-B and C-D bonds. Van der Waal’s energy, E.4w, and
electrostatic energy, E,, together describe the non-bonded interaction energy.
E,4w iS the energy describing the repulsion or attraction between atoms that
are not directly bonded. The electrostatic term E,, is commonly taken as the
sum of electrostatic interactions involving all pairs of atoms except 1, 2 and
1,3. Most force fields include E,q4,/ E for atom pairs, which are separated by
three bonds or more. Finally, E . describes coupling between the first three
terms. Given such an energy function of the nuclear coordinates, geometries

and relative energies can be calculated [6].

Due to its simplicity and computational efficiency, MM is widely used
for classical approximations. The main advantage of this method is that the
calculations can be completed at tremendous speed and hence large systems

can be studied in a short period of computational time. Also it is very efficient
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in predicting the properties for classes of molecules where a lot of information
already exists. The most reliable results are energy differences between

conformers.

Although empirical force fields provide a good representation of
potential energy surfaces in the regions of minima, one cannot use them to
calculate the complete potential energy surface for a chemical reaction, since
these fields are incapable of describing bond breaking. It is difficult to know
which results we can trust. Besides, these methods are zero dimensional such

that the probable error of a given result within the method cannot be assessed.
2.3.1.1 Important Force Field Methods

Some of the important Force Field methods are AMBER, CHARMM,
MMFI, MM1, MM2, MM3, MM4, CFF, UFF and YETI. Some important

methods are briefly mentioned below:
(a) AMBER

Assisted model building with energy refinement (AMBER) is the name
of both a force field and molecular mechanics program. It was parameterized
specifically for proteins and nucleic acids. AMBER uses only five bonding
and nonbonding terms along with sophisticated electrostatic treatment. No
cross terms are included. Results are very good for proteins and nucleic acids,

but can be somewhat erratic for other systems.
(b) MMI, MM2, MM3, MM4

MM1, MM2, MM3 and MM4 are general-purpose organic force fields.
There have been many variants of the original methods, particularly MM2.

The MM2 and MM3 force fields perform best for a wide range of organic

molecules.
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2.3.2  Quantum Mechanical Methods

Quantum mechanical methods are based on Quantum mechanics.
Quantum mechanics is primarily concerned with particles, which explicitly
exhibit the dual nature-namely the wave nature as well as the particle nature.
Evidently, they do not obey the classical mechanics. The examples for such

particles are electrons and other fundamental particles of matter.

When quantum mechanics was introduced, its postulates suggest that
the states of such systems are defined by certain mathematical functions
called wave functions (y) and they should obey the Schrodinger equation
having the general formula, H\y = Ey, where E is the energy of the system
and H is the total energy operator (Hamiltonian operator). Schrddinger
equation addresses the following question: Where are the electrons and nuclei
of a molecule in space? [4] This is a search into the electronic configuration
of the system, its conformation, the size and shape of the electron cloud and
hence that of the total system. Secondly, the Schrédinger equation tries to
determine the energies of these systems under a given set of conditions. Here,
along with the energy calculation, the heat of formation, conformational
stability, chemical reactivity, spectral properties, etc. also may be taken into

consideration.

Schrodinger equation is the basis for most of the computational
chemistry programmes that scientists use. This is because the Schrodinger
equation models the atoms and molecules with mathematics. Since
Schrodinger equation is the basis of the programmes, their accuracy is very
much dependent on the accuracy of the construction of the equation. This
requires that we should mimic the actual system as near as possible. However,
we should remember that only the Schrdinger equation for hydrogen atom is
completely solvable and from here onwards the solution for other systems are

often done with some or other approximations. Coming to molecular systems,
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the Hamiltonian contains a number of terms accounting for various types of
interactions, which makes the Schrédinger equation practically unsolvable
that necessitates various types of approximations. The approximation methods
can be categorized as either ab initio or semi empirical depending upon their
approach to the problems concerned. Throughout the semi empirical and ab
initio calculations, only gas phase systems are considered because this avoids
the substantial contributions of inter molecular interactions in liquids and
solids [7].

2.3.2.1 Semi Empirical Methods

Semi Empirical (SE) methods were developed to treat large molecules
because of the difficulties met with in applying the ab initio methods to such
molecules. They use parameters that compensate for neglecting some of the
time consuming mathematical terms in the Schrédinger equation, whereas ab
initio methods include almost all such terms. The parameters used by semi
empirical methods can be derived from experimental measurements or by

performing ab initio calculations on model systems.

Most of the SE methods use only the s and p functions and the basis
functions taken are the Slater type orbitals (STOs). The central assumption of
SE methods is the zero differential overlap approximation, which neglects all
products of basis functions depending on the same electron coordinates when
located on different atoms [8]. This means that the product of the functions on
different atoms is set equal to zero. Here, in effect, the overlap matrix is
reduced to unit matrix, one-electron integrals involving three centres are set to
zero and all three and four centre 2-electron integrals are neglected. These
approximations considerably decrease the complexities in the computation
process. However, to compensate for these approximations, the remaining
integrals are made into parameters and their values are assigned on the basis

of calculations or experimental data.
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Since the SE calculations are much faster than the ab initio methods,
they are extensively applied in organic chemistry, where there are only a few
elements involved in bond making and the molecules in that section are of
moderate size. Usually, SE methods are used in organic, inorganic, organo-
metallic and oligomeric systems where hundreds of atoms are present. These
can also be used to study ground, transition and excited states of molecules.
Some SE methods have been devised specifically for the description of

molecules of inorganic chemistry [9].

The advantage of SE calculation is that they are much faster than ab
initio calculations even if they are applied to systems where large number of
molecules is interacting. The disadvantage of using this method is that the
results can be erratic and fewer properties can be predicted reliably [10].
Nevertheless, it is a fact that this method can give reliable information
regarding the structure and bonding, which has to be modified using ab initio
methods. For beginners in this field SE methods are good starters to study

molecules, as this will involve less computational time.
2.3.2.1.1 Important SE methods

Important SE methods are HUCKEL, PPP, CNDO, MNDO, INDO,
AMI1, SAM1 and PM3. Though several methods are available, nowadays only
AM1 and PM3 are widely used.

(@ MNDO

The modified neglect of diatomic overlap (MNDO) method gives
reasonable qualitative results for many organic systems. However its
application is limited as it gives qualitatively and quantitatively incorrect

results in most of the cases.
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(b) AMI

Austin Model 1 (AM1) method is applied for modeling organic
compounds. It generally predicts the heats of formation more accurately than
MNDO; however the predicted heat of formation tends to be inaccurate for
molecules with a large amount of charge localization. Though not reliable for
accurate results, this method can throw important insights into the nature of

the system under consideration, without much time lag.
(c) PM3

Parameterization method 3 (PM3) uses nearly the same equations as
the AM1 method along with an improved set of parameters. It has the
algorithms for including solvation effects and hence the calculations can be
extended to that level also. Still, there are many instances when PM3 also
gives erratic results. On average, PM3 predicts energies and bond lengths

more accurately than MNDO or AM1 methods.
2.3.2.2 Ab initio methods

The term ab initio in Latin means “from the beginning”. This name is
given to computations that are derived directly from theoretical principles or
from the first principles without the inclusion of experimental data. It does not
mean that we are solving the Schrodinger equation exactly. Ab initio methods
also contain some kind of approximations; but such methods can lead us to a
reasonable solution of the Schrédinger equation giving somewhat acceptable

values to the problem in question.

There are several ab initio methods. A method and basis set that is
quite adequate for one application may be totally inadequate for another
application. So, selection of appropriate method for the particular problem in

question is of utmost importance. An insufficient method and an inappropriate
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basis set may totally mislead us to highly erroneous conclusions. We also
have to take into account the cost of doing calculations and the total amount
of computer time required. For a simple problem that requires a simple ab
initio method only, we need not go for highly advanced calculations.
Similarly, if the results are not adequate for the purpose, there is no point in

doing the calculation, however cheap it may be.

Though a wide range of ab initio methods have been employed in
computational chemistry, we will restrict ourselves to only three methods
which have been frequently and consistently used in our calculations. They
are Hartree-Fock (HF) method, Moller Plesset perturbation (MP2) method
and Density Functional (B3LYP) method.

(a) Hartree — Fock (HF) method

Of the several ab initio methods, the most common one is the Hartree-
Fock method. It is also known as the self-consistent field (SCF) method. Here
the primary approximation is the central field approximation, i.e., Coulombic
electron — electron repulsion is taken into account by integrating the repulsion
term. This gives the average effect of repulsion, but not the explicit repulsion
interaction. In this method, a many electron Schrédinger equation is split into
many simpler one- electron equations, the solutions of which gives as many
single electron wave functions and their energies. The actual wave function of

the system is the linear combination of these wave functions.

The HF calculation starts with an initial guess of orbital coefficients for
all the electrons in the system. One electron is selected, and the potential in
which it moves is calculated by freezing the distribution of all the other
electrons and treating their averaged distribution as the centro symmetric
source of potential. The Schrodinger equation is solved for this potential,

which gives a new orbital for it. The procedure is repeated for all the other
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electrons in the system, using the electrons in the frozen orbitals as the source
of the potential. At the end of one cycle, there are new orbitals from the
original set. This process is repeated until there is little or no change in the
orbitals as well as the energy value. Since this is a variational calculation, the
calculated energy value will be always higher than the actual value. The more

correct the wave function is, the closer will be the energy to the actual value.

The energies calculated by the Hartree- Fock method are typically in
error by about 0.5% for light atoms. This error is mainly due to the fact that
HF SCF wave function takes into account the interactions between electrons
only in an average, but not the instantaneous electron correlation. Actually,
the electrons repel each other that they tend to stay apart as far as possible.
Hence, in order to minimize the error in HF energy, the calculation should
take into account the electron correlation completely. For this, the wave
function is modified by introducing inter electronic distances into it.
Accordingly, Fock operator is also modified including the Coulomb operator
J; and exchange operator K; Solution of the HF equation using this new
operator gives the orbital energy ¢. Summation of & over n/2 occupied
orbitals (where n= number of electrons) gives the total orbital energy. Total

HF energy is then calculated using the equation,
Eur = 22 &- Z; j (2J-Kj) +Van,

where i=1.... n/2 and j= 1...n/2 and Vyy is the potential energy due to

internuclear interaction.

Roothan modified the calculation process by introducing basis sets to
represent spatial orbitals and thus modifying the Schrédinger equation.
Iterative solution of the new equation, known as HF-Roothan equation, helps
to reach a SCF wave function, very close to the actual wave function and a

better energy value.
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(b)  Moller Plesset perturbation (MP) method

Moller- Plesset method may be considered as the extension of the HF
method as it involves the perturbation treatment of atoms and molecules,
taking HF function as the unperturbed wave function. Though it was proposed
by Moller and Plesset in 1934 as one form of many body perturbation theory
(MBPT), the actual molecular application of MP perturbation theory began
only in 1975 with the work of Pople and co-workers and Bartlett and co-
workers [11]. The treatment of this section will be restricted to closed shell,
ground state molecules. Depending upon the correlations added as the
perturbation terms, the method becomes MP2 (second order), MP3 (third
order), MP4 (fourth order) and so on.

In MP2 calculation, H’ is taken as the unperturbed Hamiltonian and its
eigen functions are the zeroth-order wave functions. One of the wave
functions is the HF ground state function @, and others are all possible Slater
determinants formed using any ‘n’ of the infinite number of possible spin
orbitals. The perturbation H' is the difference between the true molecular

electronic Hamiltonian H and the HF inter- electronic potential, H°.
ie,H'=H-H

Thus, the MP first order correction to the ground state energy, E, (1), is given
by,

Eo (1) = < wo(0) |H'|wo(0)> = <®o|H'|®o>, as yo(0) = . The subscript 0’

denotes the ground state.
Therefore, Eg + Eo(1) = <yo(0) [H'|yo(0) > + <Do|H'|®>
Eo + E(1) = < yo(0) |5 [yo(0)> + < @ |H'|®g >
= <®o| H*+H"'|®y >

= <@ |H| D>

37



Since < @y|H |®, > is the variational integral for the Hartree- Fock wave
function ®@,, it equals the Hartree- Fock energy Eyr. i.e., Eq (0) +Eq (1) = Eyr
The eigen value of @, of H'is equal to Z,< ., €m and hence E¢(0)=Z =1, 1 €m

The 2™ order energy correction as per perturbation method is,
Eo (2) = Zoo {| <W(0)| H'|®0> | *} / Eo(0) ~ E(0),

where W (0) = unperturbed functions and ®, = ground state HF function.
Evaluation of E, (2) gives a calculated value as MP2 or MBPT (2) where ‘2’

indicates the inclusion of energy corrections through 2™ order.

To do a MP electron correlation calculation, one first chooses a basis
set and carries out a SCF calculation to obtain @, Eyr and virtual orbitals. E
(2) is found out by evaluating the integrals over spin orbitals in terms of

integrals over basis functions.

Moller-Plesset calculations are not variational. It is not uncommon to
find MP2 calculations that give total energies below the exact total energy.
Depending on the nature of the chemical system, there seems to be two
patterns in using successively higher orders of perturbation theory. For some
systems, the energies become successively lower and closer to the total
energy in going from MP2 to MP3, to MP4 and so on. For other systems,
MP2 will have energy lower than the exact energy, MP3 will be higher, MP4
will be lower... with each having an error that is lower in magnitude but

opposite in sign [12].

One advantage of Moller- Plesset method is that it is size extensive. It
is much faster than Configuration Interaction calculation, another ab initio
method. The energy gradient in MP2 calculations is readily evaluated
analytically and this allows MP2 geometry optimization and vibrational

calculations to be done easily. It is to be noted that MP2 method is one of the
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two most commonly used methods for including correlation effects on
molecular ground-state equilibrium properties (the other being Density
Functional method) because of its high computational efficiency and good

results for molecular properties.

However, for those species involving open shell ground states (e.g., O,
NO,, OH,, etc.), ‘spin contamination’ can occur to produce serious errors.
Also the MP2 calculations do not work well at geometries far from
equilibrium, though they work well near the equilibrium geometry [13].
Another limitation of MP calculations is that they are not generally applicable

to excited electronic states.
(¢)  Density Functional Theory (DFT) Methods

Density functional theory is an extremely successful approach for the
description of ground state properties of metals, semiconductors, and
insulators. The success of density functional theory (DFT) not only
encompasses standard bulk materials but also complex materials such as

proteins and carbon nanotubes.

The wave function of a many electron system contains ‘3n’ spatial and
‘n’ spin coordinates. This much information is more than what is needed; at
the same time it lacks the physical significance. Also it makes the energy
calculation a tedious process. Hence the search was on for functions involving
fewer variables and it ended up in the formulation of Density Functional
method. The goal of DFT methods is to design functionals connecting the
electron density with the energy.

Pierre Hohenberg and Walter Kohn proved that for molecules with
non-degenerate ground state, the molecular electronic properties are uniquely
determined by the ground state electron probability density, py (X, y, 2), a

function of three variables only, independently of the number of electrons.
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Electron density is the square of the wave function, integrated over N-1
coordinates. Hence the ground state electronic energy E, can be considered to

be dependent on py This implies E,is a functional of py. i.e., Eq = Eg [po].

The external potential v (r) is given by -Z, {Z, /r;,} where Z, is the
charge of the nucleus and r;, is the distance of the i electron from nucleus. It
is nothing other than the potential energy of interaction between electrons and
the nuclei and it is acting on the electrons. The external potential is rather
easily determined by the ground state electron probability density py(r). Also
po(r) is employed to find out the number of electrons in the system. i.e.,
Jpo(r) dr = n, where n = the number of electrons. Once the number of electrons
and the external potential is specified, the electronic wave functions and
allowed energies are determined as the solutions of the electronic Schrodinger
equation. Therefore, the ground state electronic energy E, is a functional-
function of the function of electron density. i.e., Eo = E, [po] where ‘V’
emphasizes the dependence of E, on the external potential v (r), which differs

for different molecules.

Since it was practically impossible to calculate E, [po], Kohn in
association with L. J. Sham modified DFT and introduced Kohn-Sham (KS)
orbitals from which exact ground state ‘p’ can be found out. The exchange-
correlation energy, which is the sum of exchange energy and correlation
energy, E,., is a functional of ‘p’. If E,[p] is exactly known, the ground state
energy of the molecule can be found out. But, no one knows what the correct
functional E,[p] is for molecules. Hence approximations are needed for

finding out exchange correlation energy.

Considering the molecular system consisting of noninteracting

electrons and the electron density ‘p’ varying extremely slowly with position,
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E,.[p] may be considered as the sum of exchange and correlation energy of all

the electrons in the homogeneous electron gas.
i.e., Exe = Ip (%) ex(p) dr,
where &,(p) is the exchange and correlation energy per electron.

This method, known as local density approximation (LDA), is further
modified by local spin density approximation (LSDA), where different orbitals
and different densities are taken for electrons with different spins. The DF
calculations in LDA start with an initial guess for ‘p’. Basing on ‘p’, E,. is
determined followed by V,., where V,. is the exchange-correlation potential.
This helps the solution of the orbital equation to get the first set of KS
orbitals. Further iterations improve p, E,. and KS orbitals and finally the most
appropriate wave function and ground state energy E, is reached from these

DFT calculations.

Despite the fact that ‘p’ in a molecule is not a slowly varying function
of position, the LSDA works surprisingly well for calculating molecular
equilibrium geometries, vibrational frequencies and dipole moments, even for
transition metal compounds, where HF calculations often give poor results.
However, calculated LSDA molecular atomization energies are very

inaccurate. This requires functionals that go beyond LDA and LSDA.

In order to overcome the difficulties met with LSDA method in DFT,
gradient corrected and hybrid functionals were incorporated into the energy
equation. Approximate gradient corrected exchange and correlation energy
functionals were developed using theoretical considerations such as the
known behaviour of the true functionals E, and E. in various limiting
situations as a guide, with some empiricism thrown in. The DFT methods
with such modified functionals are BLYP, B3LYP, B3PW91 and B1B95.

These methods using gradient corrected functionals and hybrid functionals
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give good equilibrium geometries, vibrational frequencies and dipole

moments. Besides these, they also give generally accurate molecular

atomization energies.

Although the results obtained with the modern density functional

methods are usually sufficiently accurate for most applications, there is no

systematic way of improving them [in contrast to some of the traditional wave

function-based methods like configuration interaction (CI) or coupled cluster

(CC) theory]. Hence, in the current DFT approach, it is not possible to

estimate the error of the calculations without comparing them to other

methods or experiments.

In Table 2.1 the specifics of each of these three methods are presented

along with their thrust area
Method Type of calculation Advantages Disadvantages Applicable to
Fast and useful
Uses classical physics; | with limited Less accurate;
. Large systems
Molecular Relies on force field computer does not .
. . . with thousands
Mechanics | with embedded resources; calculate electronic
.. . . of atoms
empirical properties Can be used for | properties
large molecules
Medium sized
Uses quantum physics; Less . Less accurate; systems with
. computation .
. uses experimentally . requires data hundreds of
Semi- . .. time; calculates ..
g derived empirical ... from ab initio atoms
Empirical transition states ivolvi
parameters and and excited methods or involving
imati i electronic
approximations states from experiments Fo
transitions
Does not Small systems;
depend on for systems
experimental without
m physics; | data; ) experi-
U.ses qu?ntu Py Computationally P
Ab Initio highly rigorous steps; | more accurate; expensive mental data;
less approximations calculates P for systems
transition states where high
and excited accuracy
states needed
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2.4  Ab initio procedures

There are several procedures that can be carried out with any ab initio
program. The important steps are single point calculation, geometry
optimization and frequency calculation. Usually, with these steps we will have

an idea about the molecule, its structure and other relevant details.
2.4.1 Single point calculation

This procedure simply calculates the energy, wave function and other
requested properties at a single fixed geometry. It is usually done first at the
beginning of a study on a new molecule to check out the nature of the wave
function. It is also frequently carried out after a geometry optimization, but
with a larger basis set or a more superior method than is possible with the
basis set and method used to optimize the geometry. Thus for a very large
system the geometry may be optimized at HF level with the 3-21G basis set,
but energy differences between isomers are then explored with a higher
method like B3LYP or MP2 using a higher basis set like 6-31G**, 6-311G**,

depending upon the nature of the molecule and purpose of the calculation.
2.4.2  Geometry Optimization

The process of finding the energy minimum point on the Potential
Energy Surface (PES)® is called geometry optimization. This is also called
energy minimization process. During this process, the molecule/species in
study attains its stable structure close to the starting point by rearranging the
structural parameters like the bond lengths, bond angles and dihedral angles.

Experience has shown that it is essential to find the geometry of a

molecule accurately by geometry optimization. The procedure calculates the

3 The PES is the plot obtained when electronic energy, E, is plotted against some variables. If E is
dependent on one variable only, we get the PES in a two dimensional space. If there are two
variables, we get the PES in a 3-D space and so on.
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wave function and energy at a starting geometry and then proceeds to move to
a new geometry that will give a lower energy. This is then repeated until we
have the lowest energy geometry close to the starting point. Ideally this
procedure calculates the forces on the atoms by evaluating the gradient (first
derivative) of the energy with respect to atomic coordinates analytically. In
some cases the gradients have to be estimated numerically. Sophisticated
algorithms are used to select a new geometry at each step that give rapid

convergence to the geometry with the lowest energy.

Calculation of E at one particular arrangement of the nuclei is called
single point calculation. During geometry optimization, different possible
structures for the molecule are explored and their energies are calculated and
finally a molecular structure, for which the energy is minimum, is reached. In
this energy minimization process, the gradient points on the PES with respect
to the electronic energy are found out first. Gradient is the vector constituted
by a set of (3N-6) first partial derivatives of E with respect to each of the
variables on which E is dependent. Any point on the PES where the gradient
is zero is called a stationary (critical) point and many such points are obtained
on the PES during the optimization process. Such points may denote a

minimum, maximum or a saddle point.

A saddle point corresponds to the energy maximum with respect to one
variable, but energy minimum for the remaining variables;i.e.,a point on the
PES that is a maximum in one direction and a minimum in the other. Saddle
points represent a transition structure connecting two equilibrium structures.
The energy minimum on the PES than all the points in the immediate vicinity
is called the local minimum. A conformation of a molecule, which
corresponds to the local minimum on the PES, is called a conformer. A global

minimum is the lowest energy point on the PES and it corresponds to the most

stable isomer/conformer of the species in study.
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For large molecules, there may be too many conformations and.to get
the true global minimum, several examinations are to be done. To be sure that
one has found a minimum and not a saddle point, it is essential to test the
nature of the located stationary point. Usually, this is done by performing a
frequency calculation at the optimized geometry using the same basis set. For
a true minimum, all the calculated frequencies will be real. For a first order
saddle point, one of the calculated frequencies will be imaginary [14].
However, there is no short cut to find out the most stable conformer or
isomer. Once all the possible stable structures are located, the species with the
least energy will be the most stable one. A typical diagram of a PES is given
in Figure 2.1.

Molecular Geometry vs. HF Energy
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Figure 2.1: PES diagram of a large molecule
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2.4.3  Frequency calculation

We carry out frequency runs for two reasons. First, we may want to
actually predict the frequencies and the infrared (IR) and Raman intensities.
Here we note that the frequencies are harmonic frequencies - they are those

obtained by assuming that the potential energy surface is harmonic.

However, we carry out frequency calculations much more often than
this. If the geometry obtained from an optimization run is a local, or indeed
the global, minimum, all the frequencies will be real and positive. Getting
such a result confirms we have obtained a local or global minimum. If we
have a transition structure or any stationary point other than a minimum, some
of the frequencies will be complex. These are printed out as negative numbers
and are often called "imaginary frequencies". A well-behaved transition
structure for a reaction will have one imaginary frequency. If we have
restrained the symmetry in the optimization, we may get more than one

imaginary frequencies.

Note that frequency calculations should only be carried out at the
geometry obtained from an optimization run and with the same basis set and

method. Any other calculation will give meaningless results.

2.5 Outline of a calculation

The QM calculation of a system involves several steps. At first, we
have to construct an input file that includes the description of the geometry of
the system, known as the Z-matrix, its electronic structure and charge,
followed by the QM method and the basis set to be employed. The geometry
of the system is described in terms of the structural parameters such as bond
length, bond angle and dihedral angle. Electronic structure is expressed by
giving the multiplicity of the system; charge and multiplicity together state

whether the system has an open shell configuration or a closed shell
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configuration. Depending on this information, the method of calculation and
the basis set are specified. When we optimize geometry, it is always good to
start with a poor basis set such as STO-3G or 3-21G for organic compounds,
and then use the optimized geometry with this basis set as a starting geometry
for a better basis set. During the optimization process, nuclear repulsion
energy and electronic energy are calculated in separate steps and then total
energy is determined. By rearranging the molecular parameters, the most
stable configuration (with the lowest energy) within a particular region is
arrived at. Some of the steps we come across during the optimization are:
generating initial guess, self-consistent field iterations, electron density
analysis, etc. All these culminate in the calculation of total energy of the
system. One might next carry out a post-correlation energy calculation, or
calculation of the first derivatives of the energy with respect to atomic
coordinates. Calculation of the second derivatives of the energy with respect
to atomic coordinates will give the vibrational frequencies for the optimized

structure.
2.5.1 Z- matrix

Z- matrix is a list of bond lengths, bond angles and dihedral angles
(conformation angles) used to describe the geometry of a molecule in a QM
calculation [15]. A well-constructed Z-matrix can often help a programme run
more efficiently. Such an efficient run reduces the computational time
considerably. On the other hand, if a poorly constructed Z-matrix is used to
define a molecule in QM calculations, we will end up with a less efficient
geometry optimization, i.e., with unfavourable results- such as reaching an
incorrect structure or an unstable isomer or spending unusually long time for

optimization.

The use of Z-matrix is slowly declining because a number of graphic

user input programmes are available, which can be used for the construction
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of the molecule from which the programme itself will deduce the geometry.
However, Z-matrix geometry specification is a skill still necessary for using
some software and it remains the best way of incorporating symmetry

constraints.
2.5.1.1 How to construct a Z-matrix

In order to construct an efficient Z-matrix, the following steps are to be

followed:
a)  Draw the possible structure of the molecule.
b)  Assign one atom, preferably the central atom, the number “1”.

¢) All other atoms are given sequential numbers. The numbering is
done in an order such that a specific symmetry is developed in
it.

d) Starting from atom 1, all are written in the order at the extreme

left column of the Z-matrix.
e) The first atom is the originating point that needs no specification.
f)  The second atom is connected to the first through a bond length.

g)  The third is linked to the second/first atom through a bond length
and then angled with the first / second through any value except
180.

h) The fourth atom is connected to any one of the former three
through a bond length and then angled with another of the
remaining two. Its connection with the remaining atom is then

defined through a dihedral angle.
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It is to be noted that no three atoms should be collinear in the same
card of the Z-matrix, even if they are so in the molecule and if such a system
is to be constructed, it is done using dummy atoms such that linearity in the
same card is avoided. As an example, the Z-matrix of ethylene molecule (D5,

is given below:

RNV

Cz
/4
AN
C Hs Hy
C 1 bl
H2Db21 al

H2b21al 3 dl
H1b22al3 d2
H1b22al3 -dl

bl =133
b2 =1.09
al =120.0
d1 =180.0
d2=0.0

2.5.2 Basis Sets

According to molecular orbital (MO) theory, the molecular orbitals are
obtained by the linear combination of atomic orbitals. Nowadays the term
‘atomic orbital (AO)’ is replaced by the term ‘basis function’. In QM

calculations, the set of one-electron wave functions (atomic orbitals) used to
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construct LCAO-molecular orbitals is called the basis set [16]. Hence, basis
set may be defined as a collection of basis functions (AOs) used to construct
molecular orbitals. It can also be defined as the mathematical representation

of the atomic orbitals in a molecule. Thus, it can be generally represented as:
Vi = 2 Cpi ¢, where ivaries from 1 to n.

Here, ¥, is the i MO, C,.i are the coefficients of linear combination, ¢, is the

u™ AO and n is the number of AOs.

The basis set may be interpreted as restricting each electron to a
particular region of space. Larger basis sets impose fewer constraints on
electrons and more accurately approximate exact molecular orbitals in the

given system.

The hydrogen-like wave functions, modified for electron correlation,

are generally represented as,

Pom = Ru(®) Y™ (0,9), where Ry(r) =r ¢2"™ £ bjxj, j varies from 0 to
(n-1-1). They are not used per se because they lead to mathematical
complications and time-consuming calculations. Instead, wave functions are
used in which the radial terms R(r) are simplified. J. C. Slater suggested the
use of functions that consisted only the spherical harmonics and the
exponential term and such functions are known as Slater Type Orbitals

(STOs), represented as,
Sam (1,0,0) = {(20) ™**/[(2m)1 **} r™'e ™ Y (6,0)

The difference between the STO and the hydrogen like orbital is that the STO
has no nodes and the orbital exponent, {, is not necessarily equal to Z/n. The
node, for example, in the 2s orbital would simply "come out in the wash" by a
mixture of the 1s and 2s Slater-type functions when the molecular orbital

calculation is done. The orbital exponent should be chosen to minimize the

50



energy, but this selection is still a formidable task even with modern

computers.

Slater-type orbitals (STOs) represent the real situation for the electron
density in the valence region and beyond, but are not so good nearer to the
nucleus. Many calculations over the years have been carried out with STOs,
particularly for diatomic molecules. The first basis set used in large-scale

computational studies of polyatomic molecules consisted of STOs.

There were different terminologies used to describe STO basis sets. A
minimal basis set consists of one STO for each inner shell and valence shell
AO of each atom. Thus, the numbers of basis functions in a minimal set of an
atom or molecule is equal to the number of AOs in it. A double-zeta (DZ)
basis set is obtained by replacing each STO of a minimal basis set by two
STOs that differ in their orbital exponents { (zeta). Similarly, a split-valence
(SV) basis set uses two STOs for each valence AO but only one STO for each
inner shell AO. Hence, this basis set is minimal for the inner shell AOs, but

DZ for the valence AQs.

Although Slater orbitals were used for many years, they are not used
directly anymore because the integrals in the resulting secular determinant are
difficult to evaluate (especially the integrals involving more than one nuclear
centre). Instead, nowadays we use Gaussian type functions (GTOs), suggested

by Frank Boys, represented by,
Gaim (1, 8,0) =Nor " exp.(-ar®) Y/ (68,9)

The GTOs contain the exponential exp(-r’), rather than the exp(-r) of the
STOs, and are very easy to evaluate. Of course they do not represent the
electron density of the real situation as well as the STOs, but we can
overcome this to a large extent by using more GTOs. The individual GTOs

are called primitive Gaussian type orbitals (PGTOs), while the combined
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functions are called contracted Gaussian type orbitals (CGTOs). Some early
calculations used a large number of individual GTOs. It was then suggested
that the GTOs be contracted into separate functions. The current practice is to
take each basis function as a linear combination of a small number of
Gaussians. Thus, in modern basis sets, the STOs are replaced by CGTOs,
which in turn are the linear combinations of several PGTOs or Gaussian
primitives.

Basing on the number and type of GTOs used for the construction of
molecular orbitals, they are classified into different groups, such as Minimal

basis sets, Scaling basis sets, Extended basis sets,etc.
(a)  Minimal basis sets

The essential idea of a minimal basis set is that we select one basis
function for every AO that is required to describe the free atom. Thus for
hydrogen, the minimal basis set is just one 1s orbital. For carbon, the minimal
basis set consists of a 1s orbital, a 2s orbital and the full set of three 2p
orbitals. For methane the minimal basis set consists of nine basis functions;
four 1s orbitals from each hydrogen atom, and the set of 1s, 2s and 2p orbitals

from carbon atom.

Several minimal basis sets are in common use, but by far the most
common are the STO-nG basis sets devised by John Pople and his group. The
most common of these is STO-3G where a linear combination of three GTOs
is fitted to a STO. Or we can say each STO is replaced by a CGTO, which is
the linear combination of three PGTOs. The STO-3G basis set for methane
thus consists of a total of nine CGTOs built from 27 PGTOs.

Other commonly used STO-nG basis sets are STO-4G and STO-6G
where each STO is fitted to 4 and 6 GTOs respectively. The STO-nG basis

sets are available for almost all elements in the periodic table.
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(b)  Scaling basis sets '

The STO-nG basis sets use fixed orbital exponents, which suggests that
the orbitals of a given type are of identical size. However in actual molecules
this will not be the case, especially in those molecules having both o bonds
and 7 bonds.- The ® MOs will be different from the o MOs. This necessitates
different orbital exponents for different types of MOs. Also, the MOs of
different molecules will have different orbital exponents. Another defect with
STO-nG basis set is its inability to describe the anisotropic distribution of the

electron density along the bond direction.

In order to overcome the above difficulties and to present the orbitals
differently in different molecular environments, cach AO is expressed as the
sum of two STOs that differ only in the value of their exponent, C. Thus the
combination of a large orbital and a small orbital is essentially equivalent to

an orbital of intermediate size and minimized energy. Figure 2. 2 will —

0+OH~O

(2)

highlight the concept.

3 Pt

(b)

Figure 2.2: (a) mixing of two ‘s’ functions of different ‘C’ values (b) mixing
of two ‘p’ functions of different ‘C’ values
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The resulting orbital is of a size that best fits the molecular
environment since it is obtained from energy minimizing process. The nice
thing about this procedure is that the mixing coefficients in the molecular
orbitals now appear in a linear fashion. This simple dodge is equivalent to

scaling the single minimal basis set orbital.
(i) Double zeta basis sets

A set of orbitals, generated from a sum of two STOs of different orbital
exponents (replaced by equal number of CGTOs which are linear
combinations of PGTOs), constitutes a double zeta (DZ) basis set. In other
words, DZ basis set is the representation of AOs, each AO being expressed as

the sum of two STOs of varying orbital exponent values.

In a genuine double zeta basis set, every member of a minimal basis set
is replaced by two functions. In this way both core and valence orbitals are
scaled in size. The normal abbreviation for a double zeta basis set is DZ, but
the D95 (pronounced "dee nine five") basis set built into the program,
Gaussian, is a double zeta basis set. Care should be taken in using the
abbreviation because it does not describe a basis set as accurately as, say, 6-

31G does. It is necessary to be clear which author constructed the basis set.
Split valence double zeta basis sets

This is a different category of DZ basis set. Instead of expressing all
the atomic orbitals as the sum of two STOs, the inner orbitals are described by
a single STO and the valence orbitals, by a sum of several STOs of differing
orbital exponents. Such a representation is commonly referred to as split
valence basis set. The general notation for split valence basis set is n-MPG,
where n= number of GTOs used to describe the inner shell orbitals, the
hyphen indicates that we have a split valence basis set and the numbers M and

P designate the number of Gaussian functions that are used to fit the STOs. M
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corresponds to the number of GTOs used to express smaller STO and P, the
number of GTOs for larger STOs. G simply tells us that we are using
Gaussian functions. Examples for split valence double zeta basis sets are 3-

21G and 6-31G.
(ii)  Triple zeta basis sets

Triple zeta (TZ) basis set is the representation of atomic orbitals,
generated from a sum of three STOs of different orbital exponents and they

are referred to as TZ. It is an extension of double zeta basis set.
Split valence triple zeta basis sets

It is another split valence basis set where the core orbitals are a
contraction of N primitive Gaussians and the valence orbitals are split into
three functions of differing ‘C ° values. It is represented by N-MPQG.

Example for triple valence basis set is 6-311G.
(c)  Extended basis sets

There are certain systems where electrons are relatively far from the
nucleus. Examples for them are molecules with lone pairs, anions, other
systems with significant negative charge, systems in their excited states,
systems with low ionization potential, systems where absolute acidities are
described,etc. In these, larger orbitals are needed to accommodate the electron
cloud more efficiently [17]. To allow orbitals to occupy a larger region of
space, diffuse functions are introduced. Similarly, when systems with
distorted electron cloud are considered, basis functions with usual shape will
not suffice. Consideration of these factors accounts for the introduction of

extended basis sets.
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(1) Polarization basis sets

In the formation of a molecule, due to the influence of other nuclei, the
orbitals in its proximity will get distorted or polarized, which necessitates
orbitals, which are more flexible in shapes than the s, p, d etc. shapes in the
atoms. To accomplish this, basis functions of higher angular quantum number

are mixed with the original basis functions. Thus ‘s’ is mixed with ‘p’, ‘p’ is

mixed with ‘d” and so on as shown in the figure 2.3.

O O —

(a)
Figure 2.3: (a) mixing of ‘s’ and ‘p’ (b) mixing of ‘p’ and ‘d’

(®)

The polarization functions are generally represented with an asterisk
mark (*) or (**) super fixed to G of the split valence basis set. “*’ denotes the
mixing of ‘d’ functions with the ‘p’ functions of atoms, Li to Cl. “**’ denotes
the mixing of ‘d’ functions with the ‘p’ functions of atoms from Li to Cl and
‘p’ functions to the ‘s’ functions of hydrogen atoms. i.e., N-MPG*. Examples
for polarized basis sets are 6-31G* and 6-31G**. Here in 6-31G*, the core
orbitals are the CGTOs of six primitive Gaussians. The valence orbitals are
split into two CGTOs of differing orbital exponents, the lower CGTO being
constructed from three Gaussian primitives and the higher CGTO being

constructed from a single Gaussian primitive.
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(i))  Diffuse basis sets

Diffuse functions are large size versions of ‘s’- and ‘p’- type functions
as opposed to the standard valence size functions of neutral atoms. To denote
the diffuse basis sets, ‘+’ is added before G of the basis set. If one ‘+° is
added, it denotes one set of diffuse ‘s’ and ‘p’ functions on heavy atoms and
the second ‘+’ indicates that a diffuse ‘s’ function is also added to hydrogen.
A diffuse basis set is generally represented, as N-MP+G. Example for diffuse
basis set is 6-31+G — a split valence basis set with one set of diffuse ‘sp’-

functions on heavy atoms.

For a comparative study, the different basis sets for water molecule is given

below in Table 2.2.

Table 2.2: Basis sets and orbitals of atoms used for their construction in water

molecule
Basis set %;étrz:)l;ezf Orbitals of Oxygen
STO-3G Is Is, 2s, 2py, 2py, 2P,
321G Is, 2s Is, 2s, 3s, 2Px, 2Py, 2Pz 3Px 3Pys 3Pz
6-31G Is, 2s 1s, 2s, 3s, 2px, 2Py> 2Pz 3Px 3Py 3P:
6-31G* Is. 25 Is, 2s, 3s, 2px, 2Py, 2Pz 3Px 3Pys 3P
i 4xx, 4yy, 4zz, 4xy, 4xz, 4yz
6-31G** ls, 2s, ls, 2s, 3s, 2px, 2Py, 2Pz 3Px 3Py» 3Pz
3pPx» 3Py 3p: 4xx, 4yy, 4zz, 4xy, 4xz, 4yz
Is, 2s, 3s, 4s,
6-31+G* Is, 2s 2D% 2Dys 2Pz 3Px» 3Py 3Pz 4Px 4Dy, 4Pz
5xx, 5yy, 52z, 5xy, 5xz, 5yz
Is, 2s, 3s, 4s,
6-311G ls, 25, 35 2Px 2Py, 2Pz 3Px 3Py 3P 4Px 4Py, 4P;
Is, 2s, 3s, 4s, Ss,
6-311+G* ls, 2s, 3s 2Dx» 2Py» 2Pz 3Pxs 3Dy 3Pz 4Dx 4Py, 4Pz, SPxs 5Dy, SP2s
6Dy, 6D, 6D, 6D.,, 6D,
Is, 2s, 3s, 4s, Ss,
6-311++G* Is, 2s, 3s, 4s 2Dy, 2Dys 2Dz 3Pxs 3Pys 3Pz 4Px 4Dys 4Pz SPx> SPys SPas
6Dy, 6D.,6D._;, 6D.,, 6D,
Is. 2s. 3s. 4s 1s, 2s, 3s, 4s, 5s,
6-311++G** 5 ’ 5’ 5 ’ 2Px, 2Py, 2Dz 3Px 3Pys 3Pz 4Pw 4Pys 4Pz SPr SPys P2
Px, 9Py, OP: 6Dy, 6D,,, 6D, 6D, 6D.,
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2.6 Introduction to GAUSSIAN Programme [18]

Though a number of computer programmes are available to calculate
the molecular properties, the most widely used programmes are SPARTAN,
GAMESS and GAUSSIAN [19]. Of these three, GAUSSIAN is more user
friendly and it can serve as a powerful tool for exploring areas of chemical
interest like substituent effects, reaction mechanisms, potential energy

surfaces and excitation energies [20].

GAUSSIAN is a computer programme existing in various versions,
labelled by release year and the latest version is GAUSSIAN-2003. It includes
all common ab initio methods like HF, CI, DFT, MP, CC, many SE methods
and also the MM methods [21]. It can predict many properties of molecules
and reactions such as energies and structures of molecules and their transition
states, bond and reaction energies, molecular orbitals, multipole moments,
atomic charges and electrostatic potentials, yibrational frequencies, IR and
Raman spectra, NMR properties, polarizabilities and hyper polarizabilities,

thermo chemical properties and reaction pathways.

Wide application and high reliability of the results make GAUSSIAN a
powerful tool in examining different pathways of reactions. It is specifically
because of this reason that we opted for GAUSSIAN for our computational
work to find out the structural and electronic characteristics of alkali metal
substituted (or doped) conjugated polyenes so as to determine the interactive

forces in such complexes.
2.7 Computational Procedure

The goal of our work is the study of the cation — n interaction in metal-
polyenes and metal polyenyl complexes. This involves the study of the
interactions existing in the systems of our study. Theoretical explorations

were made into the alkali metal polyenes and alkali metal doped polyene
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complexes to find out their correct structures, total energies, binding energies
and other parameters. The structure, stabilisation energy and other
characteristics will give reliable insights about the interactive forces that
stabilize them. For the theoretical calculations, we employed the software
GAUSSIAN-03.

At first, the geometry of the system in study is optimized employing
the HF method with 6-31G* basis set. The optimized parameters are then
substituted in the parent system and again optimized at the MP2 and B3LYP
levels with the same basis set. Normal mode analysis was performed on the
optimized structures at B3LYP level to determine whether they correspond to
energy minima or transition states. The structural parameters were then
analysed using the soft ware MOLDA [22] and Gauss View [23]. From the
total energy values of the individual species and the product species, the
energy of formation of the complex is calculated. Since that much energy is
released during the product formation as the result of various interactive

forces, it is taken as the stabilisation energy of the product.

In fact, the computational calculations were started with the SE method
AMI. It was a good method to start with, as it gave certain valuable hints
about the effect of metal doping and substitution. The trends observed in these
calculations were followed with higher-level ab initio calculations employing
HF, B3LYP and MP2 methods. In all these calculations, the split valence
polarized basis set, 6-31G* were mainly employed. In those systems where
Rb is one of the several atoms, the calculations were performed with the basis
set, 3-21G. In order to verify the accuracy and reliability of these methods,
higher level calculations were also done at MP2 level in selected systems,

using the extended basis set, 6-311+G*.
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2.7.1 Molecular Modeling

The effects of three types of metallic manipulations in conjugated

polyenes were studied using the computational techniques. They are:
(a) Metal substitution in conjugated polyenes
(b) Metal doping in conjugated polyenes
(c) Metal ion doping in conjugated polyenes

In each stage, conjugated polyenes of odd and even number are studied
separately, using the metals lithium (Li), sodium (Na) and potassium (K). In
some cases, rubidium (Rb) is also used to ascertain whether the trends are the

same.

For the geometry optimization, the molecule or the system in study is
introduced in the form of a Z-matrix. The route of the calculation, the file
name, charge of the system and the multiplicity are specified in the input file.
If the calculations are to be retrieved for further higher-level calculation, the
checkpoint file is preserved in appropriate folders. The Z- matrix should be as
close as possible to the system that is represented by it,in order to obtain the

best results at a very low computational cost.

In metal substitution, the metal was introduced into the sp’ carbon of
the polyene in place of hydrogen. In order to pinpoint all the possible stable
isomers of the same system, metal ion was introduced on to different carbons
of the polyenyl anion at right angles. In metal/cation doping, the metal/cation
was placed perpendicularly on different carbons of the polyene at a small
bondable distance (e.g., 2.1 A’ for Li, 2.2 A® for Na and 2.5 A° for K). In order
to get the vibrational frequencies, the term “freq is added in the route section.
As an example of the input file, the doping of K* onto the third carbon of the

polyenyl anion is modelled via the Z-matrix and presented below:
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Checkpoint File: %chk=F\TMJHF\C5H7K (3)
Route Section: # T HF/6-31G* OPT

File Name: C5H7K (3)
Charge & Multiplicity = 0,1

Symbolic Z-matrix:

C

C 1 1.3574
H 1 1.0798
H 1 1.0781
H 2 1.0874
C 2 1.4116
H 6 1.0815
C 6 1.4118
H 8 1.0873
C 8 1.3572
H 10 1.0797
H 10 1.0782
K 6 25

2.7.2 Dynamics of the calculation and excerpts from GAUSSIAN output file.

In the computational calculation, the Z-matrix, which we present in
terms of bond lengths, bond angles and dihedral angles, is further developed
into a file of initial parameters, presenting almost a complete list of possible
bond lengths, bond angles and dihedral angles between different atoms of the
molecular system we have considered. This gives us a chance to compare the

initial and final optimized parameters. The file of initial parameters, basing on

2
2
6
6
8
8
8

122.0191
121.2568
114.8331
131.2925
118.7437
122.5033
113.8716
131.2762
122.0040
121.2731
90.0

the above Z- matrix, is given below:
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7
2
9
9
9

-180.0,0
180.0,0
0.0,0
-180.0,0
-180.0,0
180.0,0
-180.0,0
-180.0,0
0.0,0
90.0,0



! Name Definition Value Derivative Info.
'Rl R(1,2) 1.3574 estimate D2E/DX2
'R2 R(1,3) 1.0798 estimate D2E/DX2
'R3 R(1,4) 1.0781 estimate D2E/DX2
'R4 R(2,5) 1.0874 estimate D2E/DX2
'RS R(2,6) 1.4116 estimate D2E/DX2
'R6 R(2,13) 3.1182 estimate D2E/DX2
'R7 R(6,7) 1.0815 estimate D2E/DX2
'R8 R(6,8) 1.4118 estimate D2E/DX2
'R9 R(6,13) 2.7804 estimate D2E/DX2
'R10 R(7,13) 2.9833 estimate D2E/DX2
'R11 R(8,9) 1.0873 estimate D2E/DX2
'R12 R(8,10) 1.3572 estimate D2E/DX2
'R13 R(8,13) 3.1183 estimate D2E/DX2
'R14 R(10,11) 1.0797 estimate D2E/DX?2
'R15 R(10,12) 1.0782 estimate D2E/DX2
'Al A(2,1,3) 122.0191  estimate D2E/DX2

'A2 A(2,14) 121.2568  estimate D2E/DX2

'A3 AQG.14) 116.7241  estimate D2E/DX2

A4 A(1,2)5) 114.8331  estimate D2E/DX2

'AS A(1,2,6) 131.2925  estimate D2E/DX2

'A6 A(1,2,13) 107.3817  estimate D2E/DX2

'A7 A(5,2,6) 113.8744  estimate D2E/DX2

'A8 A(5,2,13) 100.5574 estimate D2E/DX2
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1A9 A(2,6,7)
1 A10 A(2,6,8)
A1l A(7,6,8)

1 A12 A(6,8,9)

I A13 A(6,8,10)
Al4 A(9,8,10)
1A15 A(9,8,13)

1 A16 A(10,8,13)
1 A17 A(8,10,11)
1 A18 A(8,10,12)
' A19 A(11,10,12)
1 A20 A(2,13,7)
1A21 A(2,13,8)

1 A22 A(7,13,8)
DI D@G,1,2,5)
D2 D(3,1,2,6)
D3 D(3,1,2,13)
D4 D(@4,1,2,5)
D5 D(4,1,2,6)
D6 D(4,1,2,13)
D7 D(1,2,6,7)
D8 D(1,2,6,8)
D9 D(5,2,6,7)
D10 D(5,2,6,8)

'DI1l D(1,2,13,7)

118.7437
122.5033
118.753
113.8716
131.2762
114.8522
100.5574
107.3779
122.004
121.2731
116.7229
41.2279
46.7714
41.2328
180.0
0.0
69.1202
0.0
180.0
-110.87
0.0
180.0
180.0
0.0
-99.2319

estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX?2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
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D12
!DI3
!DI14
IDIS
D16
D17
'D18
D19
D20
' D21
1 D22
' D23
! D24
' D25
1 D26
! D27

D(1,2,13,8)
D(5,2,13,7)
D(5,2,13,8)
D(2,6,8.,9)
D(2,6,8,10)
D(7,6,8,9)
D(7,6,8,10)
D(6,8,10,11)
D(6,8,10,12)
D(9,8,10,11)
D(9,8,10,12)

D(13,8,10,11)
D(13,8,10,12)

D(9,8,13,2)
D(9,8,13,7)
D(10,8,13,2)

'D28 D(10,8,13,7)

positions of different atoms are presented in terms of Cartesian coordinates.
Note that unless otherwise restricted, the first atom (1) is taken as the origin
and the second atom is placed along the Z-axis. The other atoms are
positioned accordingly. It is followed by the distance matrix in which the
distances between the atoms of the molecule in discussion are presented. It is

followed by the stoichiometry, degrees of freedom and the point group of the

molecule.

-159.6695 estimate D2E/DX2

140.3709 estimate D2E/DX2

79.9334
0.0
180.0
180.0
0.0
0.0
180.0
180.0
0.0

-69.1128
110.8872
-79.9342
-140.3619
159.6487
99.2211

estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX?2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX?2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX?2
estimate D2E/DX2
estimate D2E/DX2
estimate D2E/DX2

The above step is followed by the input orientation whereby the
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Distance matrix (angstroms):

1 2 3 4 5
1 C 0.000000
2 C 1.357400 0.000000
3 H 1.079800 2.136061 0.000000
4 H 1.078100 2.126850 1.837192 0.000000
5 H 2.065133 1.087400 3.052032 2.374378 0.000000
6 C 2522705 1.411600 2.865107 3.470175 2.101800
7 H 2.828345 2.151874 2.749589 3.890779 3.065790
8 C 3.779778 2.475389 4.257239 4.596536 2.617705
9 H 3.972356 2.617702 4.675817 4.582845 2.290565
10 C 5.026808 3.779473 5.357474 5.905959 3.972183
11 H 5.356970 4.256426 5.477425 6.333491 4.675219
12 H 5.906325 4.596655 6.334283 6.708055 4.583146
13 K 3.754286 3.118211 3.992426 4.446655 3.485425
6 7 8 9 10
6 C 0.000000
7 H 1.081500 0.000000
8 C 1411800 2.152154 0.000000
9 H 2.101865 3.065897 1.087300 0.000000
10 C 2522544 2.828282 1.357200 2.065093 0.000000
11 H 2.864461 2.749003 2.135643 3.051760 1.079700
12 H 3.470325 3.890892 2.126921 2.374774 1.078200
13 K 2.780400 2.983331 3.118301 3.485464 3.754178
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11 12 13
11 H 0.000000
12 H 1.837181 0.000000

13 K 3.991962 4.446771 0.000000
Stoichiometry C5H7K
Framework group C1[X(C5H7K)]
Deg. of freedom 33

Point group Cl

This is followed by the standard orientation of the molecule. In the
next step nuclear repulsion energy is calculated, symmetries of the occupied

and unoccupied orbitals are guessed and the corresponding HF energy is

determined,based:ﬁle first guess orbitals.

Standard orientation:

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z

1 6 0 2.513486 -0.930241 0.157985
2 6 0 1.237629 -0.997378 -0.300510
3 1 0 2.739065 -0.777285 1.202823
4 1 0 3.353897 -1.028041 -0.510180
5 1 0 1.145269 -1.154315 -1.372554
6 6 0 0.000003 -0.899061 0.371228
7 1 0 0.000061 -0.742410 1.441322
8 6 0 -1.237760 -0.997437 -0.300667
9 1 0 -1.145296 -1.154355 -1.372604
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10 6 0  -2.513323 -0.930303 0.158055
11 1 0  -2.738360 -0.777351 1.202907
12 1 0 -3.354158 -1.028073 -0.509741
13 19 0  -0.000036 1.852018 -0.031501

SCF Done: E (RHF) = -792.458031568 A.U. after 16 cycles
Convg =0.4747D-08 -V/T =2.0003
S**2  =(0.0000

The next step of calculation is the determination of population analysis
using the self-consistent field density. All the orbitals, occupied and
unoccupied, are categorized with their respective symmetries and energies.

The presentation of this part of the file is given below:

Population analysis using the SCF density
Orbital symmetries:

Occupied (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A)

Virtual (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
(A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)
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The electronic state is 1-A.

Alpha occ. eigenvalues -- -129.79920 -13.23514 -10.57707 -10.57661 -10.57641
Alpha occ. eigenvalues -- -10.14891 -10.14154 -10.11457 -10.11270 -10.11129
Alpha occ. eigenvalues -- -1.40222 -0.77342 -0.77033 -0.76689 -0.74835
Alpha occ. eigenvalues -- -0.70274 -0.61606 -0.51807 -0.50605 -0.42352
Alpha occ. eigenvalues -- -0.39755 -0.36633 -0.33713 -0.30903 -0.29951
Alpha occ. eigenvalues -- -0.28160 -0.21801 -0.11053

Alpha virt. eigenvalues -- -0.06093 -0.01183 -0.00361 0.01307 0.03001
Alpha virt. eigenvalues --  0.04920  0.05506  0.06358 0.08376 0.13292
Alpha virt. eigenvalues --  0.15959  0.17497  0.19742 0.20748 0.21211
Alpha virt. eigenvalues --  0.24763  0.25555  0.26757 0.27267 0.29018
Alpha virt. eigenvalues -- 0.30366  0.32367  0.35358 0.38229 0.41550
Alpha virt. eigenvalues --  0.41727 0.45111  0.51242 0.57851 0.61474
Alpha virt. eigenvalues --  0.64225 0.67164  0.68844 0.70407 0.72936
Alpha virt. eigenvalues -- 0.74338  0.76147  0.79230 0.86064 0.89345
Alpha virt. eigenvalues -- 0.91097 091375  0.93807 0.95287 1.00355
Alpha virt. eigenvalues -- 1.01170  1.03474  1.07026 1.11205 1.12290
Alpha virt. eigenvalues --  1.18792  1.28735  1.32266 1.40651 1.44288
Alpha virt. eigenvalues -- 1.49180 1.55337  1.65573 1.78621 1.85306
Alpha virt. eigenvalues -- 1.87733 193572 1.97693 2.04311 2.07781
Alpha virt. eigenvalues -- 2.10936  2.13472  2.22050 2.31352 2.36786
Alpha virt. eigenvalues -  2.38703  2.40839  2.54763 2.57200 2.68266

Alpha virt. eigenvalues --  2.74856  2.90487  3.06403 3.07229 4.17161

Alpha virt. eigenvalues -- 4.21178  4.25999  4.38062 4.55493
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In the next part of the output file, the Mulliken charge of each atom is
presented. It is followed by a table in which the charges of hydrogens are

summed up on the heavier atoms.
Mulliken atomic charges:

1

1 C -0.541980

2 C -0.089517

3 H 0.131575

4 H 0.138342

5 H 0.146931

6 C -0.477494

7 H 0.132245

8 C -0.089511

9 H 0.146989

10 C -0.541887

11 H 0.131615

12 H 0.138373

13 K 0.774318
Sum of Mulliken charges= 0.00000
Atomic charges with hydrogens summed into heavy atoms:

1
1 C -0.272063

2 C 0.057414
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3 H 0.000000
4 H 0.000000
5 H 0.000000
6 C -0.345249
7 H 0.000000
8 C 0.057478
9 H 0.000000
10 C -0.271899
11 H 0.000000
12 H 0.000000
13 K 0.774318

Sum of Mulliken charges= 0. 00000

In the final part of the file, electronic spatial extent, net charge on the system

and its dipole moment are presented.

Electronic spatial extent (au): <R**2>= 975.7187
Charge= 0.0000 electrons

Dipole moment (field-independent basis, Debye):

X= -0.0037 Y=10.4391 Z=-1.0825 Tot=10.4951

The calculation steps are continued till a local minimum (stationary
point) is reached. In such a condition, the maximum force, RMS force,
maximum displacement and RMS displacement will be converged, which is a

necessary condition to conclude the iterations. The conclusion of optimization

steps is presented in the format given below.
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Item Value Threshold  Converged?

Maximum Force 0.000017 0.000450 YES
RMS Force 0.000005 0.000300 YES
Maximum Displacement 0.001199 0.001800 YES
RMS Displacement 0.000181 0.001200 YES

Optimization completed.

-- Stationary point found.

The output file continues with optimized parameters, distance matrix,
standard oﬁentation, population analysis using the SCF density, optimized
eigen values, Mulliken atomic charges, electronic spatial extent, net charge on
the system and dipole moment and they are presented exactly in the same
mode which we found above. The final part of the output file is the
description of the molecule with its various parameters. So it can be called as

the result chart and it will be of the following form:

1/1] UNPC-UNK | Fopt | RHF |6-31G(d)|CSH7K 1|PCUSER|12-Aug-2005|0jj# T HF/6-31G*
OPT/ FREQ| CSH7K (3) || 0, 1| C, -0.8106635075, -0.5669968546, -2.2802837335 | C,
-0.9011635552, -0.9623241063, -0.9804448277 | H, 0.1386334524, -0.5637340656,
-2.7958530915 | H, -1.6886244388, -0.4802326891, -2.8952401916 | H, -1.9049067542,
-1.0218915104, -0.5738423486 | C, 0.1413048442, -1.1793824334,-0.0513299291 |
H, 1.1603335148, -1.650221584, -0.4214795662 | C, -0.0618321917, -0 .9623379099,
1.3302407582 | H, -1.0925306633, -1.0219183811, 1.6626341077 | C, 0.8418052738,
-0.5670183001, 2.2689722556 | H, 1.9006871768, -0.5637447973, 2.0550887329 | H,
0.5632002223, -0.4802677165, 33040412529 | K, 0.2982369, 1.6171141549,
-0.1083303177 || Version = x 86 — Win 32-G03 Rev B.04 | State = 1-A | HF = -792. 465942
[ RMSD = 9.151e-009 | RMSF = 1.475¢-005 | Dipole = 0.2890304, 3.2382539, -0.1049728
| PG=CO01 [X (CSHTK1)]|@
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In order to proceed the work with frequency calculation, the following
command 1s given: #T HF/6-31G* OPT/FREQ/geom=allcheckpoint. All the
vibrational frequency modes are obtained during this calculation. Imaginary
frequency value indicates the optimized system is only a transition state. If all
the frequency values are positive, it is a clear assertion about the stability of
the isomer. The energy and other characteristics of such isomers are computed

for further examinations and detailed analysis.
2.7.3 Procedure of the work

Geometry optimisation processes are done with the polyenes, metal
substituted polyenes, metal-doped polyenes and cation- doped polyenes to
locate their stable isomers. Their energies and other molecular parameters are
computed from the output file. The process is repeated with substituted
polyenes too. The nature of the m-electron cloud along the polyene before and
after the metal/ metal ion addition (substitution or doping) may be assessed
from the carbon- carbon bond lengths. From the energies of the different
species, energy of reaction, which is equal in magnitude to the total
stabilisation energy of the species, is calculated. The different type of
interactions contributing to the total stabilisation energy is then explored. The
position of the metal along the carbon skeleton, its charge, etc., will be the
pointers to the type of interactions existing in them. The magnitude of the
stabilisation energy for different systems is also a good indicator to the nature
of interaction. The factors favouring strong metal-polyene bonding are
determined taking note of the changes effected by the electron withdrawing
and donating groups in the metal polyenes and polyene complexes. A correct
assessment of these factors will provide a good opening to the chemistry

involving metal polyenes and metal-polyene complexes.
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2.7.4 Selection of ab initio method and basis set

The selection of appropriate ab initio method and basis set is the
important step of any computational work. Throughout our calculations, we
have relied more or less on the DFT method B3LYP, employing the split
valence polarized basis set, 6-31G*. The criteria for selecting this method and
the said basis set are two: attaining a lower energy and comparatively lover
computational cost. Of the three methods employed, namely HF, MP2 and
B3LYP, the last one gave the lowest energy value at the lowest computational
time. In our calculations, we are concerned more about the trend and
geometry rather than the absolute values. Since we study the interacting
forces in metal polyenes and polyenyl complexes, the energy difference
between the products and the substrates is important rather than the absolute
energy values. Our calculations with HF, MP2 and B3LYP levels using lower
and higher basis sets have given almost agreeable values. The system for
which the calculation was performed, the method, the basis set, relevant
results and the approximate time taken for each calculation in a Pentium IV

PC are given in Table 2.3.

Table 2.3: Comparison of the different characteristics of the same system

obtained in different calculations using different basis sets

b c dAF= Y f .
Method Basis set *System (Hartliee) (kcal}j:rsr‘lo l) ?:arfr:eliﬂ (,fol) (f:; c;g:)lfaf?;n
HF 6-31G* CH; 1K (3) -946.2480 98.96 0.16830 2.8115 | 0.761576 | Oh 46m 49s
MP2 6-31G* CH, K (3) -947.4715 | 105.23 0.17421 2.7751 | 0.746230 | 3h 23m 42s
MP2 6-311+G* | G:H; K (3) -948.0228 101.82 0.18052 2.7419 | 0.969968 |18h 14m 31s
B3LYP 6-31G* CoH 1K (3) -949.4184 | 100.47 0.05942 2.7816 | 0.659998 | Oh 46m 58s
B3LYP 6-311+G* | CoH,; K (3) -949.5448 95.05 | 0.07622 2.7411 | 0.929877 | 3h 26m 24s
HF 6-31G* C;H¢K (3) -869.3574 105.23 0.17274 2.8062 | 0.751992 | Oh 11m 16s
MP2 6-31G* C;HK (3) -870.3181 112.18 0.18075 2.7686 | 0.735440 | 2h 55m 23s
MP2 6-311+G* | C;HiK (3) -870.8142 107.71 0.18640 2.7338 | 0.961547 | Th 52m 1s
B3LYP 6-31G* CHK (3) -871.8743 | 107.71 0.06293 2.7773 | 0.643907 | 1h9m4s
B3LYP 6-311+G* | C;H,K (3) -872.1182 | 101.25 0.08938 2.7325 | 0.920545 | 1h29m 53s
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HF 6-31G* CsH:K (3) -792.4659 114.63 0.18195 2.8015 | 0.714560 | Oh 11m 19s
MP2 6-31G* CsH/K (3) -793.1640 122.41 0.19015 2.7625 | 0.698270 | Oh 20m 3s
MP2 6-311+G* | CsH.K (3) -793.6048 115.78 0.19489 2.7234 | 0.938663 | 1h 59m 18s
B3LYP 6-31G* CsH:K (3) -794.5986 118.50 0.06954 2.7807 | 0.589575 { Oh 13m 7s
B3LYP 6-311+G* | C;H.K (3 -794.6914 109.92 0.09507 2.7255 | 0.890589 | 1h 4m 54s
HF 6-31G* CyHyNa (2) -508.9655 117.72 0.18285 2.4645 | 0.584548 | Oh43 m Is
MP2 6-31G* CyHyiNa (2) -510.1699 121.47 0.17963 2.4370 | 0.582925 | 2h 55m 24s
MP2 6-311+G* | CoH|Na(2) -510.5651 111.70 0.173868 2.4441 | 0.819542 |14h 29m 27s
B3LYP 6-31G* CsH;Na (2) -511.8026 117.83 0.05626 2.4290 | 0.483759 | Oh 41m 52s
HF 6-31G* C;HyNa (2) -432.0757 124.50 0.18805 2.4629 | 0.577145 | Oh 23m 42s
MP2 6-31G* C;HyNa (2) -433.0177 129.17 0.18705 2.4350 | 0.573420 | 1h 8m 35s
MP2 6-311+G* | C;HgNa (2) -433.3574 118.16 0.18542 2.4412 | 0.811068 | 4h 59m 6s
B3LYP 6-31G* C;HgNa (2) -434.3936 125.68 0.06014 24276 | 0.471582 | Oh 24m 24s
HF 6-31G* C;HqLi (2) -354.5831 143.70 0.20115 2.0921 | 0.383565 | Oh 20m 2s
MP2 6-31G* C;H,Li (2) -278.6349 155.55 0.20110 2.0692 | 0.373835 | Oh 29m 33s
MP2 6-311+G* | C;H,Li(2) -278.8532 152.11 0.22097 2.0535 | 0.539596 | 3h 16m 36s
B3LYP 6-31G* C;H,Li (2) -279.6371 149.83 0.10100 2.0563 | 0.295067 | Oh 22m 45s
HF 6-31G* CsH;Li (2) -200.8044 161.46 0.24643 2.0871 | 0.367560 | Oh 9m 58s
MP2 6-31G* CsH,Li (2) -201.4833 167.33 0.24682 2.0649 | 0.360135 | Oh 10m 55s
MP2 6-311+G* | CsH,Li (2) -201.6462 161.71 0.23304 2.0489 | 0.530967 | 1h4m 17s
B3LYP 6-31G* CsH,Li (2) -202.2290 161.88 0.10946 2.0503 | 0.268910 | Oh 12m 20s
HF 6-31G* CoH K () -946.7351 16.84 0.27192 3.1213 | 0.877931 | 1h Im 54s
MP2 6-31G* CoH K (7) -947.9377 19.44 0.26943 2.9870 | 0.869054 | 5h 50m 54s
MP2 6-311+G* | CH K (7) -948.4709 1933 0.27639 2.9644 | 1.011971 |12h 35m 47s
B3LYP 6-31G* CoH K (7) -949.8819 19.00 0.12756 3.0431 | 0.829745 | 3h 46m [8s

* The numeral in parentheses corresponds to the carbon to which the metal has

least distance.

® E = Total energy; © Eq= Stabilisation energy; ® Ey= energy of HOMO,

E,= energy of LUMO; ° Ri = Metal-carbon distance; ' Qy= Mulliken charge

on the metal.
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It can be found from the table that the lower level B3LYP calculation,
employing 6-31G* basis set, gives almost identical values as the higher level
MP2 with 6-311+G* basis set. At the same time, the computational cost for
the higher-level calculation is very large. Hence, unless otherwise required,

we employed the B3LYP level of calculation using 6-31G* basis set.

Another comparison we make here is between the charges on the atoms
in different notations. The Mulliken charges given in the GAUSSIAN output
are used to explain certain phenomena observed in the complexes. Here too,
we rely only on the trends of the charge on different carbons. When we
analysed charges in terms of MK, ChelpG and NPA types, though the
absolute values differ, the same trends were found to exist in the systems we
studied. Hence, for our discussion based on the charges on the atoms, we have
opted for the Mulliken charges only. The different types of theoretically

defined charges for some systems are compared in Table 2.4.

Table 2.4: Charges (a.u) on the heavy atoms of Li/Na/K substituted CsHg
(B3LYP/ 6-31G*)

Charge- | goem | 1 | 2 | c3 Cc4 cs | Metal
type

Mulliken | CsHLi (2) | -0.445 | -0.081 | -0.228 | -0.038 | -0.389 | +0.2685
CHelpG | CsHsLi (2) | -1.151 | +0.545 | -0.627 | +0.030 | -0.414 | +0.5934
MK CsH/Li(2) | -1378 | +0.703 | -0.723 | -0.041 | 0418 | +0.6201
NPA CeHyLi(2) | -0.849 |-0280 | -0.564 | -0234 |-0494 |+0.8980
Mulliken | CsH;Na (2) | -0.484 | -0.109 | -0215 | -0.050 |-0.400 | +0.4480
CHelpG | CsH;Na (2) | -1.228 | +0.551 | -0.530 | -0.011 | -0.438 | +0.6445
MK CsH,Na (2) | -1.587 | +0.706 | -0.480 | -0.113 | -0.486 | +0.6905
NPA CsH,Na (2) | -0.829 | -0.264 |-0490 | 0240 | -0.513 | +0.8652
Mulliken | CsHoK (3) | -0.464 | -0.093 | 0251 | -0.093 | -0.464 | +0.5895
NPA CsHK (3) | -0.654 |-0255 |-0.462 | -0255 | -0.654 | +0.8325
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2.7.5 Classification of the results

The results of the present investigation and the theoretical explanations
given to them are presented in the subsequent three chapters, namely chapter
3,4 and 5. The effects of alkali metal substitution to conjugated polyenes and
the interactive forces leading to such effects are discussed in chapter 3. In the
next chapter, alkali metal doping in conjugated polyenes and the subsequent
changes in their electronic and structural aspects are analysed. To get a
comprehensive picture about the effects of alkali metal addition to conjugated
polyenes, doping of alkali metal ions was also done and the results are
presented in the fifth chapter. Along with these, the substituent effects on the
metal substituted polyenes and metal/metal ion doped polyenes are also
studied. For this, polyenes carrying electron releasing and electron
withdrawing groups are subjected to the computational study and the results
are arranged in the concerned chapters. In the last chapter, we present a
summary of the whole work done with its important conclusions and possible
extensions. An attempt is also made to discuss the results of our study in the
light of some ongoing research works and emerging trends of modern

chemistry.
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CHAPTER 3

ALKALI METAL SUBSTITUTED
CONJUGATED POLYENES

3.1 Introduction

Since our objective is the study of poly acetylene (PA) type molecules,
the best thing to start with such a study is to model PA type molecules by
computer simulations and then to conduct the computational calculations on
them. PA contains a delocalised electron cloud, which provides a highway for
charge mobility [1]. Hence we started our computational analysis with
conjugated polyenes with a delocalised electron cloud. Among the conjugated
polyenes, there are odd numbered and even numbered polyenes. Also, there
are all-cis and all-trans isomers. Fully conjugated odd polyenes will have one
sp° carbon at the terminal position (C1) having three hydrogens, of which two
are lying outside the plane of the carbons and the third, in the plane of the
carbon itself. On the other hand, fully conjugated even polyenes will have
only sp” carbons and hence all the hydrogens in it will be coplanar with the
carbons. Example for an odd polyene is CoH, [Figure 3.1(a)] and example for
an even polyene is C,oH,, [Figure 3.1(b)]. Due to the alternate single and
double bonds, there exists a delocalised electron cloud in the system, which is

evident from the bond length values [see Table 3.1(b)].

(a) CoHy,
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(b) CioH;,

Figure 3.1: Optimized structures of CoH;, & CoH;, (B3LYP/6-31G*)
3.2 Alkali metal substitution to all-trans conjugated polyenes

The substitution of the alkali metal to the polyene can be made in two
modes- one, in place of the hydrogens on sp> carbon which are lying outside
the plane of the carbon skeleton (non coplanar) and the other, in place of the
hydrogens in the plane of the molecule (coplanar), either on the sp> carbon or
on any other sp” carbon. Substitution of the metal to even polyenes is exactly
similar to the latter, i.e., a coplanar substitution and hence the discussion
related to the planar substitution in odd conjugated polyenes is applicable to

the even polyenes also.
3.2.1 Coplanar Metal Substitution

When an alkali metal was substituted on the sp3 carbon of a polyene in
coplanar fashion, we got a species that was almost identical to the polyene
itself. The frequency calculations showed that such metal-polyenes are
unstable and they have considerably higher energy than non-coplanar isomers.
However, when the metal was substituted on sp2 carbons, either in odd or in
even, the isomers obtained were stable. It was observed that the energies of
such coplanar isomers from odd polyenes were much higher than their non-

coplanar substituted counterparts.
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The total energy of the system (E) expressed in Hartree (1 Hartree =

627.509 kcal/mol), the shortest metal- carbon distance (Ri), charge on the
metal (Qu), energy difference between the HOMO and the LUMO (AE) etc.,

are presented in Table 3.1(a).

Table 3.1(a): CoH;, and its metal substituted (planar) isomers with their
important characteristics (B3LYP/6-31G*).

System * E (Hartree) (i(l)) (S:) A(F;I:ri:e]iﬂ Ifrlllglg?;;r(;f

‘ frequencies
CoH2 -350.12588 | e | e 0.13765 0
CoHyiLi (1p) -357.01055 2.0032 0.380527 0.12186 1
CoHy:Li (8p) -357.01780 1.9759 0.357302 0.11210 0
CoH;iNa (1p) -511.77710 2.3223 0.381980 0.10750 1
CoH,;Na (8p) -511.78330 2.3035 0.383828 0.09822 0
CoH; K (1p) -949.37826 2.7571 0.497937 0.08589 1
CoHy1K (5p) -949.38870 2.7141 0.548393 0.09359 0
CoHy K (8p) -949.38641 2.7059 0.548287 0.09547 0
CoHy;1K (9p) -949.38647 2.6828 0.559800 0.08717 0
CioHi2 -388.21308 | - | - 0.12198 0
CioH1Li (5p) -395.10780 | 1.9888 0.364345 0.11928 0
CioHiNa (5p) -549.87368 | 2.3112 0.390319 0.09436 0
CioHiiK (5p) -987.47801 | 2.7174 0.565879 | 0.09225 0

2 The numeral in parentheses corresponds to the carbon to which the metal is
substituted and ‘p’ to coplanar substitution

Except for the minor changes in bond lengths, there was no change in

the planarity of the carbon skeleton. For comparison, the carbon-carbon bond

lengths in free polyene (CoH;;) and different metal substituted systems are

given in Table 3.1(b).
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Table 3.1(b): Carbon- carbon bond lengths (A%) of free polyene and metal
substituted polyenes (B3LYP/6-31G*)

System® | C1-C2 | C2-C3 | C3-C4 | C4-C5 | C5-C6 | C6-C7 | C7-C8 | C8-C9 | C9-C10
CoH; 1.4983 | 1.3469 | 1.4461 | 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442 -
CoHy\Li (Ip) | 1.4984 | 1.3530 | 1.4444 | 1.3579 | 1.4396 | 1.3568 | 1.4472 | 1.3448 -
CoHy;Li (8p) | 1.4994 | 1.3471 | 1.4466 | 1.3570 | 1.4410 | 1.3577 | 1.4598 | 1.3578 -
CsHyNa (1p)| 1.4911 | 13521 | 1.4448 | 13577 | 1.4397 | 1.3568 | 1.4472 | 1.3447 -
CoHyNa (8p)| 1.4994 | 1.3471 | 1.4465 | 1.3571 | 1.4407 | 1.3581 | 1.4561 | 1.3528 -
CoH K (1p) | 1.4905 | 1.3541 | 1.4437 | 1.3586 | 1.4391 | 1.3572 | 1.4469 | 1.3450 | .
CoH) K (5p) | 1.5002 | 1.3482 | 1.4502 | 1.3648 | 1.4502 | 1.3600 | 1.4468 | 1.3459 -
CoH, K (8p) | 1.4997 | 1.3473 | 1.4462 | 1.3578 | 1.4400 | 1.3598 | 1.4574 | 1.3548 -
CoH ;K (9p) | 1.4997 | 1.3445 | 1.4460 | 1.3581 | 1.4389 | 1.3597 | 1.4515 | 1.3615 -
CioHy 13446 | 1.4468 | 13573 | 1.4380 | 1.3598 | 1.4380 | 1.3573 | 1.4468 | 1.3446
CioH, Li(Sp) | 1.3453 | 1.4469 | 13593 | 14512 | 1.3719 | 1.4396 | 1.3591 | 1.4458 | 13456
CioH;Na | 13455 | 1.4467 | 1.3595 | 1.4472 | 13674 | 1.4395 | 1.3590 | 1.4458 | 1.3456
(5p)

CioH K (5p)| 1.3460 | 1.4465 | 1.3607 | 1.4493 | 1.3700 | 1.4394 | 1.3600 | 1.4453 | 1.3461

? The numeral in parentheses corresponds to the carbon to which the metal is
substituted and ‘p’ to coplanar substitution.

Figure 3.2 highlights the minimal change to the planarity of the carbon

skeleton, caused by the coplanar substitution of alkali metals to conjugated

polyenes.

(a) CoHy Li (1p)
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(c) CoH K (1p)

(d) CoHuK (Sp)

(e) CoH, 1K (9p)

&3



(g) CioH;1Na (5p)

(h) C;oH; 1K (5p)

Figure 3.2: Optimized structures of (a) CoH;,Li (1p) (b) CsH;;Na (1p) (c) CoHp K

(Ip) (d) CoHiK (5p) (e) CoHiiK (9p) (f) CioHiiLi (5p) (g) CioHiiNa (5p)
(h) C1oH 11K (5p) [B3LYP/6-31G*]
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3.2.2 Non coplanar metal substitution

The results of metal substitution primarily showed that the non-
coplanar substitution of metallic species on odd polyenes induces a distortion
in the planarity of the carbon skeleton, with considerable changes in the
carbon-carbon bond lengths, bond angles and dihedral angles, in partial
agreement with some earlier reports [2, 3, 4]. The distortion varies from
minimum to intense, from system to system, depending upon the metal and

substrate.

When the metal replaces a non-coplanar hydrogen on the sp> carbon
(C1) in the polyene, at first the metal gets reduced to its cation and the
polyene gets converted to an anion with a change of hybridization of C1 from
sp> to sp’. Therefore, metal substitution to odd numbered polyenes may be
considered as identical to the doping of cations to the polyenyl anions. Non-
coplanar substitution of the alkali metal on the sp’ carbon of the conjugated
polyene gave one isomer of the metal- polyene, with the metal being shifted
to the adjacent carbon, either C2 or C3, depending on the nature of the metal.
Besides, there occurred a rearrangement of the molecular parameters, giving a
distorted or warped carbon skeleton. To probe into the possibility of
existence of other stable isomers, if any, the metal ion was doped on different
carbons of the polyenic anion and geometry optimizations were done. This
procedure did reveal the existence of several isomers of polyenic metals with
the metal positioned at a distance of ‘Ri’ above carbons other than C2 and C3.
All these isomers were having lesser energy than their coplanar counterparts.
The isomers thus obtained for various systems during the ab initio
calculations have considerably high energy of reaction. The negative of the
energy of reaction of the complex is taken as the stabilisation energy, Eg, of
the species. It was determined by subtracting the energy of the optimized

metal-polyene complex from the sum of the energies of metal ion (M") and
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the polyenic anion (C,H,.,)". The stable isomers obtained by the non-coplanar
substitution of the metals with some of their notable characteristics are listed
in Table 3.2.

Table 3.2: Stable isomers of different metal-polyene systems and their

selected characteristics (6-31G* basis set)

Metal-polyene | /o | Stable isomer * E R(l, Eq Qu

system (Hartree) (A°) (kcal/mol) (aw)
L MP2 C3HsLi (2) -124.31866 | C2-Li=2.0681 | 187.21 0.321613
s B3LYP | C;HsLi(2) -124.82471 | C2-Li=2.0427 | 187.21 0.226123
CHN MP2 C3H;Na (2) -278.69519 | C2-Na=2.4290 | 156.90 0.513930
stshNa B3LYP | C;HsNa(2) -279.57534 | C2-Na=2.3969 | 158.30 0.413044
CHK MP2 C:H:K (2) -715.99024 | C2-K=2.8053 136.52 0.695855
e B3LYP | CHK (2) -717.18307 | C2.K=2.8074 | 135.69 0.603036
MP2 CsH,Li (2) -201.48328 | C2-Li=2.0649 | 167.34 0.360135
L CsH,Li (3) -201.47629 | C3-Li=2.0447 | 162.95 0.313430
st B3LYP | CH/Li(2) -202.22901 | C2-Li=2.0503 | 161.88 0.268910
CsH,Li (3) 202.21994 | C3-Li=2.0428 | 156.47 0.221774
CH-Na MP2 CsH;Na (2) -355.86459 | C2-Na=2.4349 | 140.03 0.555994
= CsH;Na (3) -355.86451 | C3-Na=2.4619 | 139.98 0.520063
B3LYP | CsH;Na(l) -356.98401 | C1-Na=2.4122 | 136.78 0.448987
CsH;Na (3) -356.98298 | C3-Na=2.4571 | 135.91 0.362031
CHK MP2 CsHK (3) -793.16404 | C3-K=2.7625 | 122.41 0.698270
. B3LYP | CHXK(3) 794.59862 | C3-K=2.7807 | 118.50 0.589575
MP2 C/HoLi (2) .278.63486 | C2-Li=2.0692 | 155.55 0.373835
CHLL C,HLi (4) -278.63238 | C4-Li=2.0636 | 153.99 0.401254
T B3LYP | C,HLi(2) 279.63708 | C2-Li=2.0563 | 149.83 0.286118
CH,Li (4) -279.63333 | C4-Li=2.0512 | 147.73 0.310325
MP2 C.HoNa (2) 433.01766 | C2-Na=2.4350 | 129.17 0.573420
CHNa C;HoNa (4) 433.01669 | C4-Na=2.4264 | 128.56 0.604455
T B3LYP | C;HoNa(2) 43439363 | C2-Na=2.4276 | 125.68 0.471526
C;H;Na (4) 43439119 | C4-Na=2.4017 | 124.60 0.517614
MP2 C/HK (3) -870.31811 | C3-K=2.7712 | 112.18 0.735153
C;HK C/HK (4) -870.31533 | C4-K=2.7860 | 110.44 0.797177
B3LYP | CHK (3) -872.00842 | C3-K=2.7773 107.71 0.643907
MP2 CoH,,Li (2) 355.78630 | C2-Li=2.0711 | 147.36 0.379870
C.H.Li CoH, Li (4) 35578411 | C4-Li=2.0672 | 145.99 0.413597
ot B3LYP | CH,Li(2) -357.04515 | C2-Li=2.0584 | 141.41 0.294823
CoH,,Li (4) -357.04137 | C4-Li=2.0558 | 139.29 0.327068
CH.N MP2 CoH,Na (2) -510.16988 | C2-Na=2.4370 | 121.47 0.582925
e CoH,;Na (4) -510.16983 | C4-Na=2.4291 | 121.44 0.589690
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B3LYP | CH,Na(2) -511.80260 | C2-Na=2.4290 | 117.83 0.483759
CsH; Na (4) -511.80076 | C4-Na=2.4105 | 117.04 0.534838

CoH,Na (5) -511.79955 | C5-Na=2.4087 | 116.12 0.493544

MP2 CsH; K (5) -947.47212 | C5-K=2.7702 | 105.61 0.766852

CH, K CH; K (3) -947.47152 | C3-K=2.7751 | 105.23 0.746121
B3LYP | CH,; K (3) -949.41836 | C3-K=2.7826 | 100.47 0.659999

CoH, K (5) -949.41799 | C5-K=2.7755 | 100.44 0.695120

MP2 CyHisLi 2) -432.93764 | C2-Li=2.0716 | 141.30 0.383447

C1HysLi (6) -432.93586 | C6-Li=2.0692 | 140.19 0.424731

CHALL CiHisLi (4) -432.93563 | C4-Li=2.0685 | 140.05 0.418938
e B3LYP |C,HyLi(2) -434.45319 | C2-Li=2.0603 | 135.12 0300113
CiHLi 4) -434.44948 | C4-Li=2.0578 | 133.05 0.334975

CuHLi (6) -434.44937 | C6-Li=2.0586 | 132.99 0.341395

MP2 Cy,H,3Na (6) -587.32284 | C6-Na=2.4291 | 116.43 0.629397

Cy.H,;Na (4) -587.32212 | C4-Na=2.4306 | 115.98 0.625096

CpHpNa(2) | -587.32168 | C2-Na=2.4371 | 115.70 0.588221

CnHyNa B3LYP |C,HyNa(2) |-589.21120 | C2-Na=2.4302 | 111.92 0491881
CyHy3Na (6) -589.21008 | C6-Na=2.4152 | 111.48 0.548476

Cy;H;sNa (4) -589.20974 | C4-Na=2.4150 | 111.29 0.543812

MP2 C;H:K (5) -1024.62543 | C5-K=2.7783 | 100.79 0.773997

CyH:K (3) -1024.62393 | C3-K=2.7795 | 99.85 0.753244

CutiK B3LYP | C;H;K (5) -1026.82776 | C5-K=2.7830 | 95.24 0.706114
CiH K (3) -1026.82749 | C3-K=2.7854 | 94.89 0.671424

MP2 Cy3HysLi 2) -510.08892 | C2-Li=2.0727 | 136.65 0.385466

C3H,5Li (6) -510.08740 | C6-Li=2.0704 | 135.69 0.429343

. Ci3HysLi (4) -510.08702 | C4-Li=2.0696 | 135.46 0.421843
CisHisLi B3LYP | Cj;;HysLi(2) -511.86118 | C2-Li=2.0619 | 130.20 0.303510
Cy;HsLi (4) -511.85754 | C4-Li=2.0600 | 128.18 0.339446

Ci3H,sLi (6) -511.85744 | C6-Li=2.0603 | 128.14 0.347855

MP2 CisHisNa(6) | -664.47506 | C6-Na=2.4294 | 112.36 0.634970

CisHysNa(4) | -664.47396 | C4-Na=2.4310 | 111.67 0.629002

Ci;HsNa(2) | -664.47324 | C2-Na=2.4381 | 111.22 0.591863

CisHisNa B3LYP | CiH;sNa(2) |[-666.61960 | C2-Na=2.4323 | 107.22 0.497573
C;;HisNa(6) | -666.61887 | C6-Na=2.4156 | 107.10 0.555448

C;;HisNa(4) | -666.61834 | C4-Na=2.4173 | 106.71 0.549120

MP2 CisHisK (7) -1101.77860 | C7-K=2.7838 | 97.29 0.779432

CisH K (5) -1101.77777 | C5-K=2.7836 | 96.80 0.778923

CisHisK (3) -1101.77586 | C3-K=2.7830 | 95.59 0.757878

Cistlisk B3LYP | CyHisK (7) -1104.23727 | C7-K=2.7895 | 91.29 0.714738
Ci3H K (5) -1104.23677 | €C5-K=2.7879 | 90.99 0.714258

Ci3H K (3) -1104.23621 | C3-K=2.7880 | 90.46 0.679056

® The numeral in parentheses corresponds to the carbon above which the metal
is stationed.

It is evident from Table 3.2 that the stable isomers have reasonably

high Eg. The energy difference between the stable isomers of the same system
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is very low. For example, CoH; K (3) and CoH; K (5) differ by an energy
value of 0.233 kcal/mol. (B3LYP method). However, the isomers obtained via
coplanar and non-coplanar substitutions differ considerably in their energies.
For example, CoH, K (1p) with an energy of —949.37826 Hartree differs from
the stable isomer of the system, CoH; K (3), (E = -949.47836 Hartree), by
25.16 kcal/mol. Similarly, the isomers CoH;,K (3) and CoH;,K (5p), E = -
949.38870 Hartree, differ by 19.17 kcal/mol.

Generally speaking, the B3LYP and MP2 calculations give similar
results. The position of the metals in different stable isomers is the same in
both methods. However, there are certain discrepancies between the results of
these two methods, when we discuss the order of stability of these isomers.
For example, among the three isomers of C;3H;sNa, the order of stability is
CisHsNa (2) > Cy3H sNa (6) > C3H,sNa (4), as per the B3LYP method. But
in MP2 level, this order is changed as C;;H;sNa (6) > C;;H;sNa (4) >
Ci3HsNa (2). There are some more of such differences (see Table 3.2). Since
we got the same set of stable isomers for these two methods, and since the
energy difference between them in each method is almost insignificant, we
just ignore these differences. Since the B3LYP and MP2 results are generally
comparable, we have relied more on B3LYP for our further calculations

because of its low computational cost.

The charges on the carbon atoms have great relevance when we discuss
the position of the metal in the isomers. The stability of an isomer is related to
the position of the metal. Hence, the Mulliken charges on the carbons of some
sample polyenes, polyenic anions and the Li/Na/K polyenes, as recorded in
the output file of the ab initio calculations (B3LYP) are presented in Tables
3.3 (a) to 3.3 (e). (Since our discussion is mainly based on B3LYP

calculations, Mulliken values are taken from B3LYP results only)
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Table 3.3(a): Mulliken charges (a.u) on the carbons

CsH;M, where M= Li/Na/K.

in C5H3, (C5H7)- and

System Cl C2 C3 C4 C5
CsHg -0.359 -0.059 -0.100 -0.105 -0.490
(CsHy) -0.468 -0.039 -0.199 -0.039 -0.468
CsH7Li (2) -0.450 -0.078 -0.232 -0.034 -0.389
CsH4Li (3) -0.395 -0.091 -0.238 -0.091 -0.395
CsH;Na (1) -0.486 -0.108 -0.217 -0.048 -0.404
CsH7Na (3) -0.431 -0.094 -0.226 -0.094 -0.431
CsH/K (3) -0.466 -0.093 -0.253 -0.093 -0.466

Table 3.3(b): Mulliken charges (a.u) on the carbons in C;H;o, (C;Ho) and
C;HoM, where M= Li/Na/K.

System Cl C2 C3 C4 Cs C6 C7
CHyo -0.490 | -0.105 | -0.100 | -0.122 | -0.126 | -0.059 | -0.358
(C-Hgy -0.444 | -0.041 -0.187 | -0.113 | -0.187 | -0.041 -0.444
C7HoLi (2) -0.447 | -0.078 | -0.237 | -0.096 | -0.144 | -0.055 | -0.379
C7HoLi (4) -0.388 | -0.032 | -0.240 | -0.116 | -0.240 | -0.032 | -0.388
CHNa(2) | -0.479 | -0.106 | -0.224 | -0.112 | -0.156 | -0.055 | -0.387
CHgNa (4) | -0.404 | -0.044 | -0.245 -0.146 | -0.245 | -0.044 | -0.404
C7HoK (3) -0.462 | -0.098 | -0.256 | -0.155 | -0.213 | -0.051 -0.400

Table 3.3(c): Mulliken charges (a.u) on the carbons in CoHjs, (CoH;y) and
CoH M, where M= Li/Na/K.

System Cl C2 C3 C4 Cs Cé Cc7 C8 Co

CoHj; -0.491 | -0.105 | -0.100 | -0.122 |-0.126 | -0.122 | -0.125 | -0.060 | -0.358
(CeHy) -0.428 | -0.045 | -0.176 |-0.113 |-0.180 | -0.113 | -0.176 | -0.045 | -0.428
CoH,,Li(2) | -0.445 | -0.079 | -0.238 | -0.095 | -0.144 | -0.119 | -0.139 | -0.057 | -0.372
CoHy Li(4) | -0386 | -0.033 | -0.236 | -0.120 | -0.244 | -0.094 | -0.143 | -0.056 | -0.378
CoH(Na(2) | -0.475 | -0.105 | -0.226 | -0.111 | -0.157 } -0.119 } -0.144 | -0.056 | -0.377
CoH;;Na(4) | -0.400 | -0.047 | -0.235 | -0.150 | -0.248 | -0.109 | -0.155 } -0.056 | -0.387
CoHyK(3) | -0.455 | -0.098 | -0.253 | -0.157 | -0.211 | -0.116 | -0.153 | -0.056 | -0.385
CsH K(5) | -0.398 | -0.053 |-0.208 | -0.162 |-0.258 | -0.162 | 0.208 | -0.053 | -0.398
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Table 3.3(d): Mulliken charges (a.u) on the carbons in C;;H,4, (Ci1H;3) and

C]]H13M where M= Li/Na/K

System cl c2 c3 c4 Cs c6 c7 s | cio | ci1
CiyHys -0.358 -0.060 -0.124 -0.122 -0.125 -0.123 -0.126 -0.123 | -0.010 -0.105 -0.491
(CitHysy -0.417 | -0.047 | -0.168 | 0.115 | -0.171 | -0.114 | -0.171 | -0.115 | -0.168 | 0.047 | -0.417
C HisLi (2) -0.444 -0.079 -0.238 -0.094 -0.143 -0.119 -0.139 | -0.120 | -0.133 -0.057 -0.368
CHisLi “4) -0.384 -0.034 -0.233 -0.122 -0.244 -0.093 -0.144 -0.120 | -0.138 -0.057 -0.371
CyHpsLi (6) -0.376 | -0.057 | -0.142 | -0.09 |-0239 | -0.0124 | -0.239 | -0.09 | -0.142 | 0.057 | -0.376
C;1Hi3Na (2) 0.472 -0.104 -0.227 -0.111 -0.156 -0.119 -0.144 | -0.120 | -0.137 -0.057 -0.372
Ci1HisNa (4) -0.397 -0.048 -0.230 -0.153 -0.247 -0.109 -0.156 -0.120 | -0.144 -0.056 -0.377
Cy1Hy3Na (6) -0.384 0.057 -0.153 -0.111 -0.238 -0.154 -0.238 -0.111 | -0.153 -0.057 -0.387
CH;3K 3) -0.451 -0.098 -0.252 -0.159 -0.207 -0.117 -0.154 -0.121 | -0.143 -0.056 -0.377
CH3K (5) -0.394 -0.055 -0.198 -0.162 -0.254 -0.165 -0.209 | -0.118 | -0.152 -0.057 -0.383

Table 3.3(e): Mulliken charges (a.u) on the carbons in C;3H¢, (C;3H;s) and
C13H15M where M= Li/Na/K

System Cl |Cc2 |[C3 |c4 |C5 |C6 |CT |C8 |C9 |[cio |cI1 |cC12 |C13

C 13I.I16 -0.357 -0.060 -0.124 -0.122 -0.125 -0.123 -0.125 -0.123 -0.126 -0.123 -0.100 -0.105 -0.491

(C 13H 15)' -0.409 -0.048 -0.162 -0.116 -0.166 0.115 -0.165 -0.115 -0.166 -0.116 -0.162 -0.048 -0.409

C13H15Li(2) -0.443 | -0.079 -0.238 -0.095 -0.143 -0.120 -0.139 -0.120 -0.134 -0.121 -0.131 -0.058 -0.365

CISHISLi(4) -0.383 | -0.035 -0.231 -0.123 -0.244 -0.094 -0.143 -0.120 -0.139 -0.120 -0.133 -0.058 -0.367

C | 3I.I | 5Li(6) -0.375 -0.057 -0.141 -0.096 -0.237 -0.126 -0.239 -0.095 -0.142 -0.121 -0.137 -0.058 -0.369

C13H15Na(2) -0.470 -0.103 -0.228 -0.111 -0.156 -0.119 0.144 -0.120 -0.138 -0.120 -0.134 -0.057 -0.369

C \ 3I..I 1 5Na(4) -0.395 -0.049 -0.226 -0.155 -0.247 -0.109 -0.155 -0.120 -0.144 -0.120 -0.137 -0.057 -0.372

C |3H 15N3(6) -0.381 -0.057 -0.151 -0.113 -0.233 -0.158 -0.237 -0.112 -0.153 -0.121 -0.142 -0.057 -0.375

CISHISK(3) -0.448 -0.099 -0.251 -0.160 -0.204 -0.118 -0.153 -0.121 -0.143 -0.120 -0.137 -0.057 -0.372

C 13H15K(5) -0.392 -0.056 -0.193 -0.163 -0.252 -0.168 -0.206 -0.119 -0.153 -0.121 -0.142 -0.057 -0.378

C13H15K(7) -0.380 -0.058 -0.149 -0.120 -0.199 -0.167 -0.250 -0.167 -0.199 -0.120 -0.149 -0.058 -0.380

The charge distribution highlights certain features in the polyenes. In

all the systems, neutral, anionic and metal substituted polyenes, the terminal

carbons possess the highest charges. In general, in all the neutral polyenes, the

odd carbons have slightly higher charges than their neighbouring even

carbons. This trend is retained in the polyenyl anions too. When the metals

take position above different carbons, charges vary and the variation depends

upon the nature of the segment pocketing the metal. For Li and Na, the carbon
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on which the metal is stationed (even carbon) will have lesser charge and the
two neighbouring atoms constituting an allylic segment will have higher
charges. For K, the interaction involves a larger segment where the central
carbon (odd carbon) will have higher charge that is repeated on alternate
carbons of the interacting segment. The higher charges on different carbons of
the polyenyl segment are highlighted in the Tables 3.3(a) to 3.3(e) by bold
letters. The general trend, that the ‘odd’ having more and the ‘even’ having

less, 1s more or less maintained.

When the charges on the hydrogens are summed on the heavier carbon
atoms, the net charge on the carbons will be obtained. Table 3.4 gives the net

charge on carbons of the different systems of the polyene CoH 5.

Table 3.4: The net charge (a.u) on carbons (charges on hydrogens summed on

carbons) in different systems (B3LYP/6-31G*).

System Cl C2 C3 c4 C5 C6 C7 Cs8 C9
CoHy -0.018 | 0.020 |0.018 |-0.001 |-0.005 |.00004 |-0.003 |0.065 |-0.076
(CsHyY -0.283 | 0.019 |[-0.123 | -0.050 |-0.127 |-0.050 |-0.123 [0.019 |-0.283
CoHjLi(2) | -0.114 | 0.055 | -0.033 | -0.012 | -0.041 |0.019 |[-0.097 |0.068 |-0.141
CoHyLi(4) | -0.139 | 0.081 |[-0.093 | 0.024 |-0.101 | 0.019 |-0.042 |0.052 |-0.128
CoHyNa(2) |-0.200 | 0.030 | -0.113 | -0.002 | -0.060 |-0.016 |-0.044 |0.051 |-0.130
CoHyNa(4) | -0.167 | 0.061 |-0.118 | -0.017 | -0.129 [-0.001 |-0.061 | 0.046 | -0.150
CH K (3) |-0.205 | 0.021 | -0.156 | -0.042 | -0.108 |-0.013 | -0.057 |0.047 |-0.146
CH K (5) | -0.165 |0.051 |-0.107 |-0.047 | -0.159 |-0.047 |-0.107 | 0.051 | -0.165

3.2.2.1 Position of the metal in the metal- polyenes

In all systems studied, the metal normally does not stay over the
terminal carbon in the stable isomers. Usually, they stay above a carbon, odd
or even, depending on the nature of the metal. Few metals stay exactly at 90°
to the chain; very few of them maintain equal distance to the neighbouring

carbons. For a comparison, some of these values are given in Table 3.5.
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Table 3.5. Metal carbon distances and metal polyene bond angles in some

selected systems (B3LYP/6-31G*).

System C(i)- M C(i+1)-M CG-1)-M | MC@H)C(Gi+1) | MC@HH(3)
(A% (A% (A% (deg.) (deg.)

CoH,,Li (2) C2-Li=2.0584 C3-Li=2.1598 C1-Li=2.0968 74.42 118.60
CoH,;Li (4) C4-Li=2.0558 C5-Li=2.1382 C3-Li=2.1420 73.56 118.32
CoH, Na (2) C2-Na=2.4290 | C3-Na=2.6013 | C1-Na=2.4547 80.68 112.65
CoH,Na (4) C4-Na=2.4105 | C5-Na=2.5150 | C3-Na=2.5432 77.49 112.40
CoH; K (3) C3-K=2.7826 C4-K=2.9550 C2-K=2.9382 82.78 89.35

CoH K (5) C5-K=2.7755 C6-K=2.9464 C4-K=2.9464 82.57 91.10

Lithium is always positioned over an even carbon (e.g., 2, 4, 6, etc.),

leading to several isomers that slightly differ in energy (even isomers). This

even carbon is generally the 2™ (C2) in the most stable isomers, irrespective

of the length of the carbon skeleton, which is in general agreement with the
findings of Burke and Jesperson [2] (see Figure 3.3). The C (i)-M distance

(Ri) is ca. 2.06 for Li. Except for the Cs system, Na also gives even isomers,

of which the most stable isomer has the metal over the C2 in most cases. The

metal-carbon distance, Ri, is ca. 2.42 A® for Na-isomers.

(b) CoHLi (2)
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(c) CoH 1 Li (4)

&>

*rB

(d) CoH i Na (2)

(e) CoH,Na (4)

Figure 3.3: Optimized structures of the stable isomers of CoH;;Li & CsH,;Na
(B3LYP/6-31G*)

Potassium, on the other hand, behaves in a totally different manner.
Usually, it does not stay above an even carbon, but is stationed above an odd
carbon. This odd carbon may be the centre of the polyene itself (e.g., at C3 in
CsH-K and at C7 in C,3H,5K) or the centre of polyenic fragment containing
odd number of carbons (e.g., at C3 in the fragment CsH; of C;HoK and of
CoH,K). K stays over an odd carbon, which causes a bend (warping) to the
polyenic fragment. K usually forms only odd isomers. The C-M distance of K
is ca. 2.78 A°, which is greater than that for Na and Li. It is curious to note
that as the chain length increases, the most stable isomer of the polyenyl
potassium tends to attain a symmetric shape (of a wide parabola) and it does
so when the central carbon is odd as in C;3H;sK (see Table 3.2). Figure 3.4

illuminates these features.

]
33

X,
7
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(e) Ci3HisK (7)

Figure 3.4: The most stable isomers of different potassium- polyene systems
(B3LYP/ 6-31G*)
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As a sample study, we examined the effect of K-substitution on C,sHyg at a

low level Hartree-Fock method using 3-21G basis set. The results obtained

are given in Table 3.6(a).

Table 3.6(a): The stable isomers of C,5H,;K with their selected characteristics

(HF/3-21G).

. E Ri AE=E,-E
Stable isomer ™ |y o) (A% (S.E) (Hartree)
CuHrK (3) | -1553.04253 | 2.7830 0.756617 0.16290
CuHyK (5) | -1553.04429 | 2.7910 0.780508 0.16098
CoHK (7) | -1553.04543 | 2.7922 0.783187 0.16031
CiHnK (9) | -1553.04595 |  2.7929 0.784499 0.15955
CrHK (11) | -1553.04617 |  2.7940 0.785037 0.15910
CuHnK (13) | -1553.04623 | 2.7942 0.785190 0.15897

The different isomers obtained for C,sH»;K confirm the tendency of K

to move towards the centre, when it is substituted in a polyene. Of the six

isomers obtained, C,sH,;K (13) has got the lowest energy. The various

isomers differ by small quantities of energy. The small energy difference

between the isomers indicates the possibility for inter conversion between the

isomers.

B3LYP calculations using 3-21G basis set for rubidium substituted

C,3H,¢ also showed the same trend as that of potassium. The results obtained

for Rb substitution are presented in Table 3.6(b).

Table 3.6(b): Stable isomers of C;3H;sRb and their selected characteristics
(B3LYP/3-21G)

. 3 Ri E, Ow | AE=EL-En
Stable isomer ™ | 1y iree) (A% | (kcal/mol) | (aw) | (Hartree)
CLHRb(3) | -3428.10993 | 2.8917 | 94.35 0671372 | 0.06067
CLHisRb (5) | 342811112 | 2.8952 | 95.10 0.698664 | 0.06157
CisHisRb (7) | -3428.11184 | 2.8990 | 95.55 0.699422 | 0.06275
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The above results may be an indication to suggest that all large sized
metals, when substituted in non-coplanar mode to the polyenes, always stick
on to an odd carbon, which in turn will always be the centre of a polyenic
fragment of odd carbons. The optimized structures of the stable isomers of

C3H,sRb are given below in Figure 3.5.

(c) Cy3H,sRb (7)

Figure 3.5: Optimized structures of the stable isomers of C;3H;sRb
(B3LYP/3-21G)

We have also examined the possibilities of locating odd isomers for Li
and Na and even isomers for K and got some interesting results. Li gave an
odd isomer only in the Cs system, possessing a central odd carbon i.e.,
[CsH7Li1 (3)]. On the other hand, Na gave a high-energy odd isomer in all
systems where an odd carbon is the centre of the polyene [e.g., are CsH;Na
(3), CoH;|Na (5), Cy3HsNa (7), etc.]. Similarly, with K, even isomers of high
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energy are possible if the even carbon is the centre of a polyene. Examples for
such isomers are C;HgK (4) and C,;H;3K (6). In Cs system, CsH;Li (3) has an
optimized energy of —202.21994 Hartree, which is 4.39 kcal higher than that
of the most stable isomer CsH;Li (2). Similarly, C;HoK (4) has an optimized
energy of -870. 31533 Hartree, 1.74 kcal higher than that of the most stable
isomer C;HoK (3) and CgH,\Na (5) has an optimized energy of -511.79955
Hartree, 1.95 kcal higher than that of the most stable isomer of the system
CoH; Na (2). Typical optimized structures of these three isomers are given in

Figure 3.6.

(c) C/HoK (4)

Figure 3.6: Optimized structures of the high-energy isomers (a) CsH;Li (3),

(b) CoH;Na (5) and (c) C;HoK (4) [B3LYP/6-31G*].
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3.2.2.2 Effect of the position of metal on molecular parameters

The presence of the metal over a particular carbon causes a total

rearrangement of the molecular parameters like bond length, bond angle and

dihedral angle. Along with that, there is substantial change in the shape of the

resultant species. All these may be indications to the interaction between the

metal and the polyene.

(@) Localization of the delocalised n- cloud of the polyene

The B3LYP values of the C-C bond lengths in some of the systems are

given in Table 3.7(a) and MP2 values in Table 3.7(b).

Table 3.7(a): Carbon- carbon bond lengths (A®) in different polyenic systems
(B3LYP/6-31G*)

System C1-C2 | C2-C3 [ C3-C4 | C4-C5 | C5-C6 | C6-CT | C7-C8 | C8-C9
CoH12 1.4983 | 1.3469 | 1.4461 | 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442
(CoHpp) ~ 1.3613 | 1.4277 | 1.3864 | 1.4047 | 1.4047 | 1.3864 | 1.4277 | 1.3613
CoHyLi (2) | 1.4008 | 1.4087 | 1.4365 | 1.3644 | 1.4351 | 1.3597 | 1.4453 | 1.3461
CoHnLi(4) | 1.3473 | 1.4496 | 1.4042 | 1.4090 | 1.4397 | 1.3606 | 1.4451 | 1.3464
CoH Na (2) | 1.4036 | 1.4043 | 1.4251 | 1.3718 | 1.4304 | 1.3628 | 1.4433 | 1.3475
CoH Na(4) | 1.3515 | 1.4434 | 1.4016 | 1.4096 | 1.4315 | 1.3663 | 1.4421 | 1.3486
CoHuK (5) | 1.3515| 1.4410 | 1.3863 | 1.4121 | 1.4121 | 1.3862 | 1.4410 | 1.3515
CoH K (3) |1.3752 | 1.42 1.4041 | 1.3932 | 1. 4281 | 1.3666 | 1.4413 | 1.3490

Table 3.7(b): Carbon- carbon bond lengths (A°) in different polyenic systems
(MP2/6-31G*)

System C1-C2 | C2-C3 | C3-C4 | C4-C5 | C5-C6 | C6-C7 | C7-C8 | C8-C9
CoHi2 1.4947 | 1.3479 | 1.4453 | 1.3559 | 1.4408 | 1.3554 | 1.4475 | 1.3455
(CoHpy) ™ 1.3597 | 1.4264 | 1.3833 | 1.4017 | 1.4017 | 1.3833 | 1.4264 | 1.3597
CoHjiLi (2) |1.3994 | 1.4053 | 1.4368 | 1.3618 | 1.4356 | 1.3579 | 1.4457 | 1.3465
CoH;Na(2) |1.3987 | 1.4042 | 1.4265 | 1.3678 | 1.4311 | 1.3605 | 1.4439 | 1.3474
CoH 1K (3) 1.3730 | 1.4182 | 1.4008 | 1.3911 | 1.4277 | 1.3645 | 1.4413 | 1.3490
CoH 1K (5) 1.3514 | 1.4405 | 1.3841 | 1.4088 | 1.4088 | 1.3841 | 1.4405 | 1.3514

98




(From Tables 3.7(a) & 3.7(b), it is evident that both B3LYP and MP2
methods give almost identical values for the structural parameters. So, in the

subsequent discussions, only B3LYP values are presented.)

The table shows that the C-C bond lengths in the free CoH,; are not the
typical single bond and double bond values (1.54 A’ and 1.34 A’
respectively). This change is due to the slight delocalisation of the electron
cloud as a result of the extended conjugation. These bond lengths are
substantially changed when the polyene is converted to its anion. There is
intense delocalisation of the electron cloud and the central bonds attain
identical bond lengths [see the C4-C5 and C5-C6 values of (CoH,;) in Table
3.7] indicating total delocalisation at the centre. When a cation is doped to
such an anion, i.e., when metal is substituted, the delocalised electron cloud
on the polyene is dragged to the polyenic fragment on which the metal is
stationed. This is evident from the bond length values inside the polyenic
segment where these values are almost equal (showed in bold italics)-closer to
the C-C bond length in the perfectly delocalised system benzene, 1.e., 1.3966
A’ (B3LYP/6-31G*). On the other hand, the bond length values outside the
area of metal interaction are only slightly changed in comparison with the
bond length values of the free polyene. These results strongly suggest that
there exists an interaction between the cation and the highly delocalised n-

electron cloud inside the polyenic segment.
(b)  Distortion of the carbon skeleton of the polyene

Besides the change in the bond lengths, there is considerable change in
the bond angles and dihedral angles, when a metal is substituted to the
polyene in a non-coplanar fashion. This is an indication to the distortion of
the carbon skeleton due to the metal substitution. The bond angles that we
observe in the free polyene have been considerably altered in the polyenic

portions where the metal resides. Also, the change in the dihedral angles
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throws light into the influence that the substituted metal exerts on the carbon
skeleton so as to distort its planarity. Selected bond angles and dihedral angles
presented in Table 3.8(a) and Table 3.8(b) amply illustrate this fact.

Table 3.8(a): Selected bond angles in free CoH,;, (CoHy;) and the most stable
metal- polyenes (B3LYP/6-31G*).

Systcm HICIC2 | C1C2C3 | C2C3C4 | C3C4CS | CAC5C6 | C5C6CT | C6CTCE | CTCBC9 | CBCI9HS
CoHy, 11130 | 125.14 | 12449 | 12452 | 12441 | 124.64 | 12424 | 124.64 | 12153
(CoHyy) 12162 | 12866 | 123.8 | 128.70 | 123.89 | 128.70 | 123.78 | 128.68 | 121.61
CoHyLi (2) 119.50 | 12637 | 124.08 | 126.99 | 123.92 | 125.83 | 124.03 | 125.49 [ 121.57
CsHyNa (2) 119.70 | 128.16 | 124.28 | 12733 | 123.96 | 126.27 | 124.00 | 125.82 | 121.74
CoHuK (3) 12094 | 12739 | 12255 | 12760 | 124.17 | 127.03 | 123.94 | 126.25 | 121.59

Table 3.8(b): Selected dihedral angles in free CoH,,, (CoHy;) and the most
stable metal- polyenes (B3LYP/6-31G*)

System HIC1C2C3 | C1C2C3C4 | C2C3C4C57 C3C4C5C6 | C4C5C6CT | CSC6CTCE | C6CTCBCY | CTCBCIHY
CsHyz 0.0 180.0 -180.0 -180.0 180.0 180.0 -180.0 _ 0.0
(CoHuy) 0.0 180.0 -180.0 - 180.0 -180.0 180.0 -180.0 7 0.0
CHuli(2) | -26.20 -172.5 -172.89 | -179.09 | -180.00 179.99 179.80 0.07
CoHyNa(2) | -21.65 -172.0 -179.26 | -178.82 | 179.55 -179.84 179.82 0.12
CHuK(3) | -12.94 -150.58 | -153.94 | -175.26 179.60 -178.77 179.29 0.24

BmCOH12
BCOH11LI(2)
OCoH11Na(2)
OCOH11K(3)

DIHEDRAL ANGLE
VALUE(degree)

DIHEDRAL ANGLE

Figure 3.7: Graphical representation of the dihedral angles in CgH,,, CoH, L1 (2),
CgHj;Na (2) and CoHy;K (3).
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The distortion in the planarity of the carbon skeleton on substitution is
evident from Figures 3.3 to 3.6 and its intensity may be ascertained from the
Tables 3.8(a) & 3.8(b). Figure 3.7 gives a comparison of the deviations in the
carbon skeletons in terms of the changes in dihedral angles. Lithium and
sodium, which form C H,.,M(i) type complexes where i = 2, 4, 6, etc., (even
isomers), do not evoke considerable distortion on the carbon skeleton. But,
potassium and higher members (e.g., rubidium), which form C,H,.,M (i) type
complexes, where i = 3, 5, 7, etc., (odd isomers), do cause a substantial
distortion in the shape of the complex. In fact, the K-polyenes attain a warped
shape, with the metal above the centre of a carbon pocket, always maintaining
minimum most distance from the central carbon. The bent of the structure is

towards the metal.

It may also be noted that the even isomers of potassium [e.g. C;HgK
(4)] do not show warping, whereas, the odd isomers of Na [e.g., CoH;Na (5)]
do show warping (Figure 3.6). Thus, it appears that, the doped metal should
stay over the odd carbon in order to effect a considerably warped carbon

skeleton.
3.2.2.3 Enhancement of the conductance

The decreased gap between the HOMO and LUMO of the metal-
polyenes suggests that as a result of metal substitution, there is a red shift in
the optical properties of the metal-polyenes. This would also mean that the
conductance of the system increases considerably on metal substitution. The
HOMO energy (Ey) and LUMO energy (E;) values of several systems are
presented in Table 3.9. L
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Table 3.9: HOMO & LUMO energy values of different systems (B3LYP/6-
31G*).

System En EL AE =E_- Ey
(Hartree) (Hartree) (kcal/mol)
CoHy3 -0.19034 -0.05269 86.38
(CoHpr) 0.01951 0.12755 67.80
CoHy1Li (2) -0.14841 -0.05333 59.66
CoHNa (2) -0.13089 -0.07463 35.30
CoH; 1K (3) -0.12253 -0.06231 37.79
CnHus -0.18318 -0.06239 75.80
CiiH3Li (2) -0.14698 -0.05621 56.96
CiHisNa (2) -0.13120 -0.07767 33.59
CuHi3K (5) -0.12304 -0.06542 36.16
CisHye -0.17795 -0.06940 68.12
Ci3H,sLi (2) -0.14602 -0.05874 54.77
CisHisNa (2) -0.13149 -0.08004 32.29
CisHisK (7) -0.12501 -0.06849 35.47
CpsH»K (13) -0.13002 -0.07906 31.98
C;3H3sK (17) -0.13150 -0.08218 30.95

It can be seen from Table 3.9 that, as expected, the conductance
increases as the length of the polyene increases. Maximum conductance is
attained when Na is the substituent. It is curious to note that the effect of Na
on conductance is not intermediate between that of Li and K, as one would

expect from periodic behaviour.
3.2.2.4 Formation of different isomers

We have found that the doping of metal cation on to the polyenyl anion
at different sites provided a number of stable isomers. As the length of the
polyene increases, the number of isomers also increases (Table 3.2). We have

identified that the C; system has only one isomer each for Li, Na and K,
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namely C;HsM (2), where M= Li/Na/K. For Cs system, K has only one
isomer, i.e., CsH;K (3); but Na and Li have two isomers each, CsH,M (2) and
CsH;M (3), where M= Li or Na. C; system forms two isomers each with Li,
Na and K- C;HLi (2) and C;HoLi (4) for Li, C;HgNa (2) and C;HgNa (4) for
Na, but C;H¢K (3) and C;H¢K (4) for K, the K (4) isomer being revealed in
the MP2 level calculation only. Table 3.2 shows the stable isomers of Li, Na
and K for the C; to C;; systems. These isomers are very close in their
energies. For example, the two isomers CoH ;K (3) and CoH{K (5) differ by
an energy value of mere 0.25 kcal/mol (B3LYP level). Of the three isomers of
Cy;H 5K, the most stable C3H 5K (7) differs from Ci3H;sK (3) by 0.67
kcal/mol (B3LYP level). Similarly, of the three isomers of C;3H;sRb, the
most stable C;3H;sRb (7) differs from the next isomer C;3sH;sRb (5) by an
energy of mere 0.45 kcal/mol and the total energy difference between the
most stable one and the least stable C;3H;sRb (3) is just 1.2 kcal/mol
[calculations at B3LYP/ 3-21G basis set, see Table 3.6(b)]. The small
difference in the energies of the isomers implies the possibility of inter
conversion between the isomers even at the availability of slight amount of
energy. This scenario assumes more significance when we consider large
systems, where there will be a number of isomers, each differing from the
other by a small quantum of energy. This means, at a slight provocation, the
metal cations will move throughout the chain, causing a migration of the

delocalised n-cloud along with it.
3.3 Alkali metal substitution to substituted polyenes

When substituents are present on the polyene, they would exert some
influence on the formation of metal polyenes. The influence will vary
according to the nature of the substituents. If electron-withdrawing groups are
present, they will adversely affect those reactions that are actually

electrophilic. On the other hand, electron-donating groups will enhance the
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rate of such reactions. Similarly, the interactions involving the mn-cloud will be
enhanced by electron donating groups and decreased by electron withdrawing
groups. Unless other interactions are possible, the stabilization energy values

will manifest the increase or decrease in the interaction.

We have already noted that the metal substitution is actually analogous
to doping of metal ions to the polyenyl anion. In polyenyl anion, the extra
electron present oscillates along the polyene exhibiting efficient pi-cloud
delocalisation. In metal-polyenes this delocalised electron cloud is somewhat
localized in a segment and it interacts strongly with the metal. When electron-
donating groups are introduced in the polyene, there will be more cation-n
interaction, provided the substituent sufficiently enriches the pi-cloud. On the
other hand, when electron-withdrawing groups are the substituents in the
polyene, the results will be just the opposite. When the pi- cloud is strongly
withdrawn, cation-n interaction will diminish which will have a destabilizing
effect on the metal polyenes. In order to verify these aspects, the metals were
substituted on selected substituted polyenes and the subsequent changes were
studied. For the sample study, CoH,, system was selected along with an
electron-donating group CH; and an electron-withdrawing group CN as the

substituents.
3.3.1 Metal substitution to CoH;;CHj

At first, the methyl group was substituted on the carbon on which the
metal stationed when it was substituted in the free polyene. This is C2 for Li
and Na and C3 for K. The alkali metal was then substituted on the sp> carbon
of CoH,,CH; (j), where j =2 for Li and Na and j =3 for K. It was followed by
substituting the metal on the sp’ carbon of the polyene in which methyl group
is substituted on its central carbon (C5). The most stable metal polyenes of
CyH,, and CoH;,CH; systems with the alkali metals are presented in Table
3.10.
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Table 3.10: The stable isomers of different metal-polyenes and methyl-
substituted metal-polyenes and their selected characteristics (B3LYP/6-
31G*).

Metal-polyene system E Ri Eq Qu AE=E,-Eq
(Hartree) (A% (kcal/mol) (a.u) (Hartree)
CoH,\Li (2) -357.04515 | C2-Li=2.0584 141.41 0.294823 0.09508
CoH1oCH;3 (2) Li (2) -396.36049 | C2-Li=2.0826 141.34 0.292159 0.09325
CoH19CH; (5) Li (2) -396.36019 | C2-Li=2.0590 141.29 0.295651 0.09450
CgH,|Na (2) -511.80260 | C2-Na=2.4290 117.83 0.483759 0.05626

CsHoCH3 (2) Na (2) -551.11731 | C2-Na=2.4624 117.38 0.479902 0.05396

CoH(CH; (5)Na(2) | -551.11741 | C2-Na=2.4251 117.62 0.490392 0.05580

CH,; K(3) -949.41836 | C3-K=2.7826 100.47 0.659999 0.06022
CoH ,CH; (3) K (3) -988.73781 C3-K=2.8088 102.25 0.598067 0.06784
CoH(oCH3 (5) K (5) -988.73645 | C5-K=2.7964 102.27 0.632005 0.06650
CH ¢CH3 (5) K (3) -988.73186 | C3-K=2.7932 99.56 0.685565 0.08260

It can be found from Table 3.10 that when metal was substituted on the
sp> carbon of a methyl (CH;) substituted polyene, the stabilisation energy is
slightly decreased for Li and Na, but increased for K. In all the three cases
metal-carbon distances (Ri) increase and charges on the metal decrease.
Increase in the conductance is only for Li and Na complexes. In the case of K,

the substitution of electron donating group decreases the conductance.

The measure of Mulliken charges present on the carbons on the
polyene is another pointer to the interactive forces present in the system. For a
comparison, the Mulliken charges on the carbons in different systems are

presented in Table 3.11.
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Table 3.11: Mulliken charges (a.u) on the carbons of Li/Na/K substituted
CoH,, & CgH;;CH; (B3LYP/6-31G*).

System Cl C2 C3 C4 C5 Cé Cc7 C8 Cc9
CoHy, -0.018 0.020 0.018 -0.001 -0.005 .00004 | -0.003 0.065 -0.076
CoH, L1 (2) -0.445 -0.079 -0.238 -0.095 -0.144 -0.119 -0.139 -0.057 -0.372

CoHoCH; (2) Li (2) -0.483 | 0.197 -0.297 | -0.093 -0.141 -0.121 -0.140 -0.057 | -0.373

CoHoCH;3 (5) Li (2) -0.446 | -0.071 -0.243 -0.167 0.165 -0.172 -0.143 -0.050 -0.375

CoH,Na (2) 0475 -0.105 -0.226 -0.111 -0.157 -0.119 -0.144 -0.056 -0.377

CoH,,CHj3 (2) Na (2) -0.514 | 0.189 -0.293 -0.106 -0.154 -0.121 -0.145 -0.056 | -0.379

CoH,(CH3 (5) Na (2) -0.475 | -0.098 | -0.231 -0.181 0.154 -0.173 -0.148 -0.049 | -0.380

CsHiiK (3) -0.455 | -0.098 | -0.253 | -0.157 | -0.211 -0.116 | -0.153 | -0.056 | -0.385

CoH,,CH3 3) K (3) -0.437 | -0.148 | 0.060 0.218 | 0.200 | -0.114 | -0.151 -0.057 | -0.382

CoH (CH3 (5) K (5) -0.395 { -0.049 | -0.199 | -0.218 0.059 -0.217 | -0.199 | -0.049 | -0.395

CsH oCH3 (5) K (3) -0.461 -0.103 -0.255 -0.227 0.109 -0.173 -0.157 -0.050 -0.387

The enhanced negative charge on the carbons in the vicinity of the
metal shows that the interaction between the metal and the cation is governed
by electrostatics also. The positive charge on the carbon carrying the CH; is
due to the replacement of hydrogen by carbon. The general trend that the even
carbon carrying less negative charge and the odd carbon carrying more

negative charge is true for substituted polyenes too.

The nature of the C-C bonds in the vicinity of the metal also gives a
picture about the interaction in the system. C-C bond length values in

concerned systems are presented in Table 3.12.
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Table 3.12: Carbon-carbon bond lengths (AO) in Li/Na/K substituted CoH;, &
CoH,,CH; systems (B3LYP/6-31G*)

System Cl-C2 | C2-C3 | C3-C4 | C4-C5 | C5-Co6 | Co-CT | CT7-C8 | CB-CO
CoHy 14983 | 1.3469 | 1.4461 | 13563 | 1.4406 | 1.3560 | 1.4476 | 1.3442
CoHy Li (2) 1.4008 | 1.4087 | 14365 | 13644 | 14351 | 1.3597 | 1.4453 | 1.3461
CoHioCH;(2) Li(2) | 14052 | 1.4185 | 1.4354 | 1.3663 | 1.4341 | 1.3603 | 1.4449 | 1.3463
CoHioCH; (5) Li(2) | 14001 | 1.4104 | 14375 | 1.3702 | 1.4457 | 1.3594 | 1.4472 | 1.3456
CoHj Na (2) 1.4036 | 1.4043 | 14251 | 1.3718 | 1.4304 | 1.3628 | 1.4433 | 1.3475
CoH,)CH; (2) Na (2) | 1.4069 | 1.4141 | 14231 | 1.3746 | 1.4290 | 1.3637 | 1.4427 | 13478
CoH,o(CH; (5) Na (2) | 1.4020 | 1.4071 | 14267 | 1.3773 | 1.4463 | 1.3626 | 1.4453 | 1.3469
CoH; K (3) 13752 | 1.4200 | 1.4041 | 1.3932 | 1.4281 | 1.3666 | 1.4413 | 1.3490
CoH1oCH; (3)K (3) | 13737 | 1.4276 | 1.4110 | 1.3926 | 14318 | 1.3648 | 1.4421 | 1.3484
CoHioCH; (5) K (5) | 1.3499 | 1.4446 | 1.3859 | 1.4187 | 1.4187 | 1.3859 | 1.4446 | 1.3499
CoH1oCH; (5) K (3) 13763 | 1.4211 | 1.4080 | 1.3966 | 1.4349 | 1.3673 | 1.4431 | 1.3486

The bond length values show that the delocalisation of the pi electron

cloud along the polyene is slightly modified in substituted metal-polyenes.

The retention of delocalisation and the decrease in the charge on the metal

imply slightly improved cation- 7 interaction, which is more effective in the

case of K-substituted polyenes. However, when the methyl group is

substituted on C5, there is decrease in the E; and increase in the charge on the

metal, which implies a less effective cation- m interaction. The structures of

these species will explain more and they are given in Figure 3.8.

(a) GH,0CH;3(2) Li (2)
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(c) CoH;¢CH3 (3) K (3)

Figure 3.8: Optimized structures Li/Na/K substituted CoH,;;CH;
(B3LYP/6-31G*)
3.3.2 Metal substitution to CoH;;CN

The strong electron-withdrawing group, CN, was introduced into
polyene CqH;, and substitution of metals was done in the same fashion as in
the previous section. When highly electronegative groups are present in the
chain, there is a possibility of metal ion interacting with that group. Such an
interaction will render extra stability to the system. This is more prominent in
the case of larger ions like K*, Rb" etc. If we could minimize the possibility
for metal ion-CN interaction, the E; values will be a good index to the nature
of interaction in such polyenes. The results obtained when alkali metals were

substituted to CoH;;CN are presented in Table 3.13.
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Table 3.13: The most stable isomers of different metal-polyenes and CN
substituted metal-polyenes and their selected characteristics (B3LYP/6-
31G*).
Metal-polyene E Ri Eq Qm AE=E,;-Ey
system (Hartree) (A°) (kcal/mol) (a.u) (Hartree)
CoHyLi (2) -357.04515 | C2-Li=2.0584 141.41 0.294823 0.09508
CoH(oCN (2)Li(2) | -449.28648 | C2-Li=2.0740 130.98 0.344380 0.09418
CoHoCN (5) Li (2) | -449.29822 | C2-Li=2.0920 130.37 0.337202 0.10443
CoHNa (2) -511.80260 | C2-Na=2.4290 117.83 0.483759 0.05626
CsH(CN (2) Na (1)* | -604.05125 | C1-Na=2.4308 111.72 0.447912 0.07608
CsH,oCN (5) Na (3)"| -604.07330 | C3-Na=2.5413 117.57 0.505684 0.08718
CyH 1K (3) -949.41836 | C3-K=2.7826 100.47 0.659999 0.06022
CoH\oCN (3)K (1)° | -1041.6908 | C1-K=3.0227 100.83 0.696237 0.08051

® Na, which was originally on C2 moves towards C1 and resides between C1 and

CN to interact with CN, C1-Na=2.4308 and Na-CN=2.5998.

® Na moves towards C3 and interacts with the CN; note that Na-N=2.4183, but

C3-Na=2.5413 and the complex has almost the same E,.

¢ K, which was originally on C3 moves towards C1 and resides between C1 and CN
to have strong interaction with CN.

From Table 3.13, it can be seen that E; of CoH;(CN (2) Li (2) and

CyH(CN (2) Na (2) are less in comparison with their parent systems, namely,

CoH;Li (2) and CgHNa (2). In the former set of complexes, Li possesses a

higher charge (due to less efficient cation - 7 interaction) and its distance from

the carbon (C2) is larger than that in CoH;,Li (2). However, charge on Na in
CoH (CN (2) Na (1) is lesser than that on Na in CoH;;Na (2). Na moves away

from C2 to a position from where it will have an effective interaction with the
CN group. The C2-C-N bond angle that was 179.1° in CoH,;CN (2) distorts
towards the metal and it becomes 167.02° in CoH,(CN (2) Na (1), which

indicates a slight interaction between the metal and CN group.
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There are systems in which the stabilization energy increases as the
result of CN substitution. In such cases, the metals possess increased charges,
which implies decreased cation-n interaction. These metals, though doped on
different carbons, move to positions where they will have efficient interaction
with the CN group. For example, in CoH;(CN (5) Na (3), Na, which was
originally doped on C2, moves towards CN (substituted on C5) and rests at a
position between C3 & C4. The distances of Na from different carbons are the
following: C2-Na=3.4709 A°’, C3-Na=2.5413 A°’, C4-Na=2.8132 A’, C'-
Na=2.5015 A® (C' is the carbon of CN group). Similar is the case with
CoHoCN (3) K (1). Here K, doped on C3, moves away from C3 and remains
at a position closer to both C1 & C!. The distances of K from different
carbons are the following: C3-K=3.0527 A°, C2-K=3.0734 A°, C1-K=3.0227
A’ C'-.K=2.7703 A°. The bond angle C3-C!-N that was originally 179.1°,
changes to 169.18°. The increased value of Eg is due to the enhanced
electrostatic interaction between the metal and the CN group, which renders
extra stability to the system, compensating the loss of stability due to the

diminished cation- 7 interaction in the system.

To get a clear picture on the electrostatic interactions present in the
system, the Mulliken charges on the carbons may be helpful. In Table 3.14,
the Mulliken charges on the carbons of Li/Na/K substituted CoH;, &
CoH,CN are presented for the comparative study.
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Table 3.14: Mulliken charges (a.u) on the carbons of Li/Na/K substituted
CoH,; & CoH;CN (B3LYP/6-31G*)

System Cl C2 c3 c4 Cs c6 C7 Cs C9
CoHy 0491 | -0.105 | -0.100 | -0.122 | -0.126 | -0.122 | -0.125 | -0.060 | -0.358
CoH,,CN (2) 0458 | 0204 |-0221 | -0.119 | -0.169 | -0.116 | -0.169 | -0.046 | -0.417
CoH, Li (2) 0.445 | -0.079 | -0.238 | -0.095 | -0.144 | -0.119 | -0.139 | -0.057 | -0.372
CoH1oCN (2) Li (2) 0476 | 0.100 | -0.262 | -0.105 | -0.135 | -0.122 | -0.133 | -0.058 | -0.365
CoH;Na (2) -0.475 | -0.105 | -0.226 | -0.111 | -0.157 | -0.119 | -0.144 | -0.056 | -0.377
CoHoCN (2) Na (1) -0.536 | 0.142 | -0.184 | -0.131 | -0.130 | -0.123 | -0.132 | -0.058 | -0.366
CoH, K (3) -0.455 | -0.098 | -0.253 | -0.157 | -0.211 | -0.116 | -0.153 | -0.056 | -0.385
CoH,,CN (3) -0.414 | -0.073 | 0.067 | -0.155 | -0.170 | -0.110 | -0.166 | -0.048 | -0.410
CoH,CN (3) K (1) -0.488 | -0.104 | 0.002 | -0.155 | -0.160 | -0.115 | -0.143 | -0.057 | -0.373

There is substantial increase in the negative charges on the carbons in
the vicinity of substituted CN group, but the carbon to which CN is attached
possess a positive charge. More charge on the carbons promotes strong
electrostatic attraction with the metal. However, there is also a repulsive
interaction between the metal and the nearest carbon as it carries a positive
charge. Therefore, the net change in E; due to the electrostatic interaction will
be negligible. The second contribution comes from cation- 7 interaction. The
C-C bond lengths may offer more explanation regarding the nature of cation-
7 interaction. C-C bond lengths of different metal polyenes are given in Table

3.15.

Table 3.15: C-C bond lengths (AO) in Li/Na/K substituted CoH» & CoH;;CN
systems (B3LYP/6-31G*).

System C1-C2 | C2-C3 | C3-C4 | C4-C5 | C5-C6 | C6-CT | CT7-C8 | CB8-C9
CoH )2 1.4983 | 1.3469 | 1.4461 | 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442
CoH,Li(2) 1.4008 | 1.4087 | 1.4365 | 1.3644 | 1.4351 | 1.3597 | 1.4453 | 1.3461
CoH,(CN(2)Li(2) | 1.4175 | 1.4135 | 1.4343 | 1.3647 | 1.4350 | 1.3592 | 1.4456 | 1.3455
CoH;Na(2) 1.4036 | 1.4043 | 1.4251 | 1.3718 | 1.4304 | 1.3628 | 1.4433 | 1.3475
CoH,(CN(2)Na(1) | 1.4455 | 1.3861 | 1.4218 | 1.3690 | 1.4313 | 1.3613 | 1.4442 | 1.3463
CoHy; 1 K(3) 1.3752 | 1.4200 | 1.4041 | 1.3932 | 1.4281 | 1.3666 | 1.4413 | 1.3490
CoH;(CN(3)K(1) | 1.3695 | 1.4381 | 1.4409 | 1.3652 | 1.4353 | 1.3599 | 1.4452 | 1.3463
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It can be seen from the C-C bond length values that the delocalised pi
cloud along C1, C2 & C3 is perfect in CoH; Li (2) & CoH,;Na (2), somewhat
depleted in CoH,(CN (2) Li (2) and totally disrupted in CoH,(CN (2) Na (1).
Hence, the contribution from cation-n interaction towards the Eg, will be less.
So there will be a decrease in E; for CoH;oCN (2) Li (2). However, in
CoHoCN (2) Na (1) there is extra electrostatic interaction between the Na and
the CN, which explains why it is having almost the same Eg. Similarly, in
CoH ;K (3), potassium interacts with the pentadienyl segment with a
delocalised electron cloud. Such a pi cloud is almost nonexistent in CoH;,CN
(3) K (1). But, since there exists a strong K-CN interaction, the complex has a

slightly improved Eg; value.

The optimized structures of these are more suggestive which are given

in Figure 3.9 (B3LYP/6-31G*).

(c) CoH1(CN(B)K(1)

Figure 3.9: Optimized structures of Li/Na/K substituted CoH,;CN
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3.4 Discussion

On metal substitution, the metal turns to a cation and takes a position
above the carbon skeleton. Further, the sp’ carbon (C1) undergoes a change of
hybridization to sp’. Thus, a metal-substituted polyene is essentially cation-

polyenic anion system, or in other words, a cation-nt system.

As the result of metal substitution, there occurs a rearrangement of C-C
bond lengths along the carbon skeleton. The bond lengths inside the polyenic
fragment with which the metal interacts attain almost identical values,
suggesting a total delocalisation inside that fragment (see Tables 3.7(a) and
3.7(b). A comparison of bond lengths of free and metal substituted Co system
is presented in Figure 3.10.
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Figure 3.10: Comparison of C-C bond lengths in CoH,; and its Li/Na/K
substituted complexes

The metal-polyenes are characterized by high E;. The E, decreases as
the length of the polyene increases (see Table 3.2). For example, the E; of
CsH;Li (2) is 161.88 kcal/mol. But for CoHj,Li (2), the value 1s 141.41
kcal/mol and for Ci3H;sLi (2), it is 130.20 kcal/mol. The high E of these



complexes is greater than the usual ionic bond strength. Such a high value
indicates the stabilization achieved by the system due to some other
interaction in addition to the strong Coulombic interaction between the cation
and the polyenyl anion. The extra stability of the system is explained in terms
of the intimate interaction between the cation and the pi cloud of the polyene.
As the length of the polyene increases, the covalent character of the polyenyl
anion increases and hence the strength of the ionic interaction decreases,
which accounts for the decrease in Ey. A graph comparing the Ey of the

different isomers of CoH;;K and C;3H,sK is presented in Figure 3.11.
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Figure 3.11: Comparison of the E of K-isomers of Cy & C,; systems

The cation- pi cloud interaction involves two components- the
interaction between the point charges on the metal and on the carbons of the
interacting segment (type I interaction) and the interaction of the cation with
the delocalised pi cloud, oscillating along this polyenyl fragment (type II

interaction).
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3.4.1 Stability of isomers in metal polyenes

The most stable metal-polyenes of lithium and sodium have the general
formula C,H,,+2M (2), where M = Li or Na. On the other hand, in potassium-
polyenes, potassium is always stationed above an odd carbon, which is the
centre of a polyenic fragment (see Figures 3.3 and 3.4). Potassium-polyene
achieves more and more stability by assuming a higher symmetry (from C, to
C, point group) by moving to the top of the central odd carbon. The diverse
behaviours of these alkali metals suggest that the stability of the metal-
substituted complexes is not simply governed by the simple cation-anion
interaction (ionic interaction) alone, but other factors characteristic of cation-nt
interactions (such as stability of the polyenic segment, size of the dopant,
symmetry of the product, etc.) also appear to contribute to the stability of the

system, which we shall consider below.

3.4.1.1 Coulombic interaction between cation and carbon skeleton

(Type I interaction)

In the stable isomers of potassium—polyene systems, K carries higher
positive charge than Li and Na. For instance, in the species CoH M, Mulliken
charges (B3LYP/6-31G*) of Li*, Na" and K" are 0.295, 0.484 and 0.695
respectively (See Table 3.2). Further, the odd carbons of the chain possess
considerably higher negative charge than the even carbons. The two terminal
carbons carry maximum negative charge, which steadily decreases towards
the centre of the carbon chain (Table 3.3). For instance, the Mulliken charges
(B3LYP/6-31G*) on different carbons in CoHj;K (3) are C1 = -0.455, C2 =-
0.098, C3 =-0.253, C4 =-0.157,C5=-0.211,C6 =-0.116, C7=-0.153, C8 =
-0.056, C9 = -0.385. Thus, the preferential affinity of K towards odd carbons
(see Figure 3.4) may be explained in terms of the attractive Coulombic
interactions between them. The net charges on the carbons of different species

given in Table 3.4 are shown graphically in Figure 3.12. From the Figure, it
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can be seen that Li and Na, attached to the even carbons haye two
neighbouring carbons with higher negative charge. On the other hand, K
interacts with a carbon of highest negative charge. On warping, it attains
further interaction with two more neighbouring carbons of significant

negative charges.

—=—COH11Li (2)
0.1 C9H11Na (2)
i ] ~3%—COH11K (5)
B
I 0
§ 008
£
£ 01 -
g
= 015 -
=
0.2 -
-0.25
carbons of the polyene

Figure 3.12: Comparison of Mulliken charges on carbons of CgH,, and its
L1/Na/K substituted complexes.

However, this simple model based on Coulombic interaction is
msufficient, since the affinity of lithium and sodium in their stable isomers is
towards even carbons carrying lower negative charge (Figure 3.3). Further,
the cation doped at the terminal carbon carrying the maximum negative
charge, usually does not stick on to it, but moves towards a carbon carrying
lesser charge. The role of other factors contributing to stability is thus

apparent.
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3.4.1.2 Interaction between cation and n- electron cloud (Type II interaction)

The results show that Li* and Na' preferentially interact with a 3-
carbon, 4 7 electrons (allyl) fragment. However, K* interacts with a 5-carbon
(6 m electrons), 9-carbon (10 = electrons) or 13- carbon (14 n electrons)
fragment, producing stable isomers with the metal stationed over the middle
carbons (i.e., the 3™, 5™ 7" carbon) of these polyenic fragments (see Table
3.2 and Figure 3.4). We note that a 9-carbon fragment is obtained by the
fusion of two pentadienyl groups. Similarly, a 13-carbon fragment is obtained
by the fusion of three pentadienyl groups and so on. This means that in all its
complexes, K* always interacts with a polyenic fragment carrying a cloud of
(4nt+2) m-electrons (n = number of pentadienyl groups fused together in the
polyenic segment), in contrast with Li" and Na” which prefer to interact with a
fragment of four-electron cloud. Hence, the proposal by Burke and Jesperson
[3] that “the isomers containing 3-carbon 4 m-electron interaction sites appear
favoured”, is limited to the Li and Na polyenes only, but not true with K-
polyene. Our results suggest that for potassium (and higher members of the
group), the stability appears to be associated with an interaction between the
cation and (4n+2) 7 electrons, rather than 4 ©t electrons. Therefore, in addition
to the interaction of Type I, the number of interacting n electrons, in other
words, the size of the m electron cloud also holds the key to the stability of the

K-polyenes.

The reduction in the charge of the cation from +1 to a lower value in
the complex is indicative of this cation — 7 cloud interaction (Type II). In the
complex with the anion (CoH;;), for instance, the Mulliken charges
(B3LYP/6-31G*) of Li*, Na" and K* reduced from 1 to 0.295, 0.484 and
0.695 respectively (Table 3.2). Thus, n electrons of the polyenic system

‘flow’ towards the cation resulting in an interaction between the cation and
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the m cloud attributing stability to the complex. The flow of & electrons is
maximum for lithium (lowest charge), signifying maximum stabilization of
the Li-complex via this mechanism. The charge of the cation also indicates
that the Type I interaction of electrostatic nature is maximum with K and least

with Li.

The energies of reaction (Er) of different metal-polyenes were
determined as the difference between the total energy of the optimized metal-
polyene and the sum of the energies of the corresponding metal cation and
polyenic anion (The stabilisation energy, Eg, is then the negative of Eg). The
lithium-polyene has got the highest E;, compared to its sodium and potassium
counterparts (see Table 3.2). For example, the E; in kcal/mol of CsH;;Li (2)
is 141.41, that of CoH;Na (2) is 117.83 and that of CoH ;K (5) is 100.47,
indicating maximum stability for the Li-polyene, in agreement with the
maximum 7 electron flow found for it. We have noted that the charge of Li"
in the complex is low unlike in pure ionic compounds (e.g., LiCl) leading to
relatively poor Coulombic interaction. Yet, the Eg is maximum for Li-
polyene, which is evidently due a significant contribution towards stability by
cation—n cloud interaction of type II. The situation is just the opposite in K-
polyene, i.e., maximum Coulombic interaction (Type I) and minimum cation—
n cloud interaction (though the pi cloud is large), because of the high point

charge, the Na-polyene taking an intermediate position.

However, the question, why do Li and Na prefer to a smaller n-
electron cloud for stability, remains to be answered. A plausible explanation

may be found in terms of the size and charge of the dopant.
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3.4.1.3 Size of the dopant

An examination of the stable isomers of different systems suggests that
as the size of the cation increases, it tends to move towards the centre to attain
maximum stability (Table 3.2). At larger size, the cations can effectively
interact with more carbon atoms and presumably with a larger m-electron
cloud. Hence K will have its stable isomers when it is stationed above the 3™
or 5™ or 7™ carbon of the chain, as observed. This is in agreement with the
experimental observation made by Gokel [5] that the diacetylene 1is
appropriate to bind Na*, but too small to bind K. On the other hand, lower
members Li and Na have their most stable isomers when they are stationed at
the 2™ carbon of the terminal 3-carbon (allyl) pocket. They can also form less
stable isomers by getting trapped at three carbon pockets with middle carbon
at 4, 6, 8, etc., displaying their affinity towards even carbon. It is interesting to
note that in any of the methods, HF / MP2 / B3LYP, on geometry
optimization, we have not obtained an isomer with Li interacting with a 5-
carbon or larger segment like potassium. Due to its smaller size, Li can be
easily accommodated in a 3-carbon segment on an even carbon, inviting good
Coulombic interactions with the neighbouring odd carbons even without
warping. Also, Li* develops a strong interaction with the delocalised = cloud
of the allyl system. This explains why we have the stable isomers CoH;;Li (2)
and CoHy;Li (4), but never CoH;,Li (3) and CsH;,Li (5). The possibility for a
3-carbon 4-electron segment with an odd carbon at the centre interacting with
Li is totally ruled out, since such a system will have a highly unstable
polyenic arrangement as the extended conjugation of the chain will be
disturbed which will destabilize the system. The same reasons can answer the
formation of CoH;;Na (2) and CyH,,Na (4). However, the larger sized sodium
forms a less stable isomer CyH;Na (5) indicating the tendency to be

contained in larger fragments, which is seen matured with K, and possibly
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with higher members. Thus, as we move down the group, the dopants tend to
attach to the odd carbon inviting an interaction with more carbons around it

(and hence the bent structure).

The preferential binding of Li and Na to the 2™ carbon from the
terminal may be explained in terms of the stabilization attained by the
polyenic part via modified extended conjugation, which will be partially
disturbed when the metal is attached to 4™ or 6™ etc. carbon [For instance, in
CoH,(Li, Li (2) isomer has 3 double bonds in conjugation, whereas Li (4)
isomer has only 2 double bonds in conjugation and one in isolation (see Table
3.7(a)]. On the other hand, the Coulombic interactions between the higher
members like K, Rb, etc., and the polyenic carbons are strong enough to
exceed the destabilization energy resulting from the loss of conjugation and

hence such complexes are fairly stable.

Table 3.2 shows a general decrease in the charge of the cation in the
complex signifying a strong interaction between the cation and the m-electron
cloud (Type II interaction). The gradation of the charge from K to Li clearly
indicates the enhancement of cation—n cloud interaction with a decrease in the
size of the cation. This is in agreement with the results (both experimental and
computational) reported for cation-benzene complexes [6]. Further, this is an
additional driving force for the confinement of the cation in an allylic pocket

(e.g., Li & Na) or in a wider polyenic pocket (e.g., K).
3.4.14 Symmetry of the metal-polyene

It may be noted from Table 3.2 that in the most stable isomer of K-
polyenes, K' is always positioned over the central odd carbon, except in Co-
system. Even in the Cy- system, the expected K (5) isomer is obtained when
calculations were done with a higher basis set (6-311+G*). When the chain

length increases, the most stable isomer is invariably the one with K" on the
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central odd carbon followed by an enhancement in symmetry from C,; to C,
as seen in C3-system. If the central carbon is even (as in C;-system), in the
most stable isomer, K* takes the position above the odd carbon next to the
central carbon, exhibiting its preference to odd carbon over symmetry. The
above behaviour of potassium prompts us to suggest that an increase in
symmetry (from C, to C;) of the metal-polyene also contributes to the stability
of the isomer. This speculation derives weight from the fact that among the 6
stable isomers of C,sH;K (with K above C3, C5, C7, C9, C11 and C13), the
isomer C,sH;K (13) is found to be the most stable on geometry optimization
[Table 3.6(a)].

On the other hand, the symmetry factor plays a major role in Li and Na
polyenes when the polyene has an even carbon at the centre. In such cases, Li
and Na tend to move towards the centre to form symmetrical structures. Thus
in C; system, we have C;;H,3Na (6) as the most stable isomer. This trend
may be expected in higher polyenes also. Since the energy difference is very
low, even the slight effects due to the basis sets may alter the order of
stability. However, as a general rule, we can state that the metal polyenes tend
to form symmetrical structures; and when other factors are favourable,

symmetrical structures will have maximum stability.
3.4.2 Prominence of cation-r interaction

The results obtained for substituted polyenes support the prominence
of cation-n interaction. When electron-donating groups like CHj; are
introduced into the polyene on the same carbon on which metal resides, there
occurs an increase in the Eg of the K-polyenes. For Li and Na, the Ey
decreases slightly (Table 3.10). The E difference between CqH;;Li (2) and
CsH,0CH; (2) Li (2) is 0.07 kcal/mol; between CoH,;Na (2) and CoH,oCH; (2)
Na (2) is 0.45 kcal/mol; but C4H,,CH; (3) K (3) is higher in energy by 1.78

kcal/mol than CoH;,K (3). Since the M-C distances increase and charges on
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the metals decrease, the Coulombic considerations should give a decreased Eg
value. But instead, the energy remains almost the same (for Li & Na) or
slightly increases (for K). This can be explained only in terms of enhanced

cation-Tt interaction.

When electron-donating group is present in the polyene, there will be
an enhanced pi electron cloud. The metal ion interacts more efficiently with
this pi-cloud. The decrease in the charge on the metal may be due to this
enhanced interaction. This stabilizes the metal-polyene too, as evident from
the E values. The increased distance between the metal and the carbon may
be due to the presence of CH; on the same carbon. It is evident from the B. E
values that the substitution of methyl group on C5, the central carbon of the
polyene, evokes no substantial change in the energy. The inability of CHj; to
effect considerable modification to the delocalised electron cloud over C1, C2
and C3 portion of the polyene supports the already reported property of
cation-m interaction-that the substituent effects are inductive rather than

mesomeric [7].

The results with polyenes having electron-withdrawing group also
support this conclusion (Table 3.13). CoH,(CN (2) Li (2) has an Eg lesser by
10.43 kcal/mol than CoHLi (2). The efficient cation--n interaction
decreases as the result of decrease in the m-electron density. The increased
charge on Li, Na and K indicates the decreased cation-n interaction. The
electron-withdrawing group in the polyene depletes or totally disrupts the
delocalised electron cloud and hence chance for efficient cation-w interaction

is minimized (See Table 3.15 for C-C bond lengths).

The data given in Table 3.2 is also supportive of this interaction. In
most cases, the isomers of lower energy have the metals with higher Mulliken

charges, but with reduced metal-carbon distances (For e.g., among the
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isomers CogH;Na (2) & (4), the former has higher Eg. The charges on Na in
two species are 0.483759 and 0.534838 and Na-C (i) distances are 2.4290 and
2.4105 respectively). Naturally, if Coulombic interactions were the deciding
factor in metal polyenes, it should ensure higher stabilization energy for
species with higher charge on metal and lower M-C (i) distance. Since the
stabilization energy is in the reverse order, a still more prominent interaction
should be present in these systems. The nature of the delocalised electron
cloud along the polyenyl fragment with which the metal interacts suggests

that cation--7t interaction could be that force of stabilization.

3.5 Conclusion

The studies on metal substituted polyenes suggest that cation-n
interaction is an important binding force to be reckoned with in metal
polyenes. The larger sized metals have a tendency to go for type I interaction
for stability, which brings in peculiar structural changes in the complex.
These structural changes (especially the warping in K-polyenes) are
significant phenomena for the future. Addressing this property may lead us to
new compounds, whose structures are being modified by metal substitution.
Also, the metal binding ability of conjugated polyenes arising out of their
delocalised pi cloud may be employed to convert them as potential metal

carriers in appropriate fields.
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CHAPTER 4

ALKALI METAL DOPED CONJUGATED
POLYENES

4.1 Introduction

In the previous chapter, we were discussing the effect of metal
substitution to conjugated polyenes. Since we wanted to mimic a metal
doping like situation, exactly the same that exists in conducting polymers [1],
doping of alkali metals to conjugated polymers, starting from Cs system, was
studied. The odd and even systems are separately studied in order to assess
the effect of terminal methyl group in the substrate polyene during doping.
The studies gave certain interesting results, which would help us to peep into
the possible mechanism playing in conducting polymers. Also, it could give
us a good opening in our studies involving biomolecules having polyenic

chain with extended conjugation.

4.2 Doping of alkali metals to odd numbered all-trans conjugated

polyenes

On doping the alkali metals into odd numbered, all-trans polyenes and
subsequent optimization, we get certain complexes, characterized by very low
binding energies (Ey). When compared with the products of metal
substitution, Li doped complexes are somewhat similar. The complexes
formed by doping Na are totally different, especially those obtained for lower
polyenes. For K, such complexes are different when the polyenes are small;
but they slowly attain the characteristics of metal-substituted polyenes as the
length of the polyene increases. The different isomers obtained, when Li, Na
and K were doped into CsHg, C;H;o, CoH/, and C,,H,4 are given in Table 4.1
along with their total energy (E), stabilisation energy (Eg), shortest metal-
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carbon distance (Ri), charge on the metal (Qy) and HOMO-LUMO energy
gap (AE).

Table 4.1: Stable isomers of Li, Na and K complexes of Cs, C;, Co and C,,
systems with their important characteristics (B3LYP/6-31G*).

Metal-doped Stable E Eq Ri Qm E=E,-Ey
polyene isomers * (Hartree) (kcal/mol) (A% (a.u) (Hartree)
CsHgLi CsHgLi (4) -202.81878 | 10.01 C4-Li=2.0982 0.064539 0.06736
CsHgNa CsHgNa (5) -357.59556 | 02.01 C5-Na=2.9592 -0.076969° | 0.06840
CsHgK CsHgK (5) -795.20549 | 01.65 C5-K=3.5267 -0.066163 | 0.05557
C;H,Li C;HyLi (6) [ -280.23245 | 15.11 C6-Li=2.0608 0.244287 0.06190
C;H,oLi (3) -280.22758 | 11.91 C3-Li=2.0693 0.202398 0.05715
C;HoNa C;HNa(7) | -435.00278 | 02.65 C7-Na=2.8172 -0.03712 0.05148
C;HgNa(4) [ -435.00076 | 01.21 C4-Na=3.3739 -0.09910 0.05534
C;H oK C:H, (K (7) -872.61249 | 02.09 C7-K=3.3660 | -0.01862 0.03840
C;H K (6) -872.61239 | 02.02 C6-K=3.2039 0.049492 0.03317
C;H K (4) -872.61116 | 01.55 C4-K=3.7458 -0.085664 | 0.03840
CoH),Li CoH;Li (8) -357.64512 | 18.61 C8-Li=2.0605 0.277739 0.06524
CoHy,Li (6) -357.63836 | 14.59 C6-Li=2.0538 0.280595 0.05447
CgH,,Li (3) -357.63961 | 15.13 C3-Li=2.0577 0.276513 0.06018
CgH);Na CoHy;Na (9) | -512.41082 | 03.41 C9-Na=2.7096 0.018860 0.04309
CyH;Na (6) | -512.40643 | 00.97 C6-Na=2.7083 0.052152 0.03223
CyH;Na (4) [ -512.40786 | 01.21 C4-Na=3.3418 -0.099071 | 0.04287
CoH K CoH 2K (8) [ -950.02215 | 04.61 C8-K=2.9960 0.289659 0.03086
CoH 2K (6) -950.01991 | 03.30 C6-K=3.0130 0.287108 0.02770
CoH,:K (4) -950.01930 | 02.71 C4-K=3.0204 0.219703 0.02815
CHy,Li Cy Hy4Li (10) | -435.05622 | 20.97 C10-Li=2.0612 | 0.290707 0.06683
C\Hy,Li(8) | -435.05045 | 17.62 C8-Li=2.0530 0.328364 0.05983
C HyLi(5) | -435.04956 | 17.06 C5-Li=2.0540 0.326850 0.05879
CyHyLi(3) [ 435.05052 | 1741 C3-Li=2.0579 0.294349 0.06181
Ci1H4Na CyHy4Na(11)| -589.81914 | 04.20 C11-Na=2.6357 | 0.075670 0.03856
Cy Hy4Na (7) | -589.81584 | 02.15 C7-Na=2.7963 0.052930 0.02939
C, H;4Na (6) | -589.81570 | 02.04 C6-Na=2.8174 0.032573 0.02936
C,H;4Na (4) | -589.81536 | 01.35 C4-Na=3.2533 -0.09689 0.03347
CnHK CHi K (9) | -1027.43218 | 06.73 C9-K=2.9193 0.434572 0.03050
CyHiK (7) | -1027.43081 | 06.09 C7-K=2.8994 0.486464 0.02763
C H 4K (6) -1027.43061 | 05.89 C6-K=2.9003 0.462644 0.02766
C Hi,K (4) | -1027.42904 | 04.68 C4-K=2.9163 0.382695 0.02721

® The numeral in parentheses corresponds to the carbon above which the metal is stationed.
® The values in bold italics are the negative charges on the alkali metals.

126



The large distance between the metal and polyenic carbon implies
decreased interaction between the metal and the polyene. There is significant
change in the carbon- carbon bond length values, but the intense warping, as
in the case of potassium-substituted polyenes, is missing, especially in the
lower polyenes. The Mulliken charges on the doped atoms show that in some
isomers, especially in lower polyenes, Na and K exist as their negative ions
[e.g., CsHsK (1), C;H oNa (1), CoH,Na (4), etc.].

The charges on the carbons of the free and metal-doped systems are

presented in Tables 4.2(a) to (d) (B3LYP/6-31G*).

Table 4.2(a): Mulliken charges (a.u) on the carbons of CsHg and its metal-

doped complexes

System Cl C2 C3 C4 CSs
CsHg -0.490 -0.105 -0.100 -0.059 -0.359
CsHgLi (4) -0.478 -0.112 -0.174 -0.143 -0.379
CsHsgNa (5) -0.492 -0.098 -0.101 -0.057 -0.405
CsHgK (5) -0.495 -0.100 -0.105 -0.069 -0.387

Table 4.2(b): Mulliken charges (a.u) on the carbons of C;H;, and its metal-

doped complexes

System Cl C2 C3 C4 Cs C6 C7

CsHyp -0.490 -0.105 -0.100 -0.122 -0.126 -0.059 -0.358

CsHoLi (6) | -0.485 -0.121 -0.104 -0.117 -0.209 -0.116 -0.431

C;HoLi (3) -0.468 -0.172 -0.135 -0.228 -0.117 -0.063 -0.376

CsHoNa (7) | -0.492 -0.103 -0.102 -0.118 -0.128 -0.058 -0.424

C;HioNa(4) | -0.497 -0.098 -0.117 -0.143 -0.122 -0.058 -0.351

C7H 10K (7) -0.492 -0.103 -0.102 -0.120 -0.133 -0.070 -0.406

C7H 0K (6) -0.492 -0.106 -.103 -0.130 -0.161 -0.101 -0.400
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Table 4.2(c): Mulliken charges (a.u) on the carbons of CoH;, and its metal-

doped complexes.

System Cl C2 C3 C4 C5 Cé C7 C8 c9

CoHi, -0.491 | -0.105 | -0.100 | -0.122 | -0.126 | -0.122 | -0.125 | -0.060 | -0.358

CoH,oLi (8) | -0.486 | -0.117 | -0.102 | -0.134 | -0.132 | -0.111 | -0.218 | -0.101 | -0.438

CoHypLi(6) | -0.486 | -0.121 | -0.100 | -0.121 | -0.217 | -0.165 | -0.206 | -0.038 | -0.381

CoHppNa(9) | -0.491 | -0.106 | -0.101 | -0.123 | -0.129 | -0.120 | -0.130 | -0.060 | -0.443

CoH\;Na(6) | -0.491 | -0.106 | -0.096 | -0.139 | -0.179 | -0.175 | -0.143 | -0.056 | -0.360

CoH;K(8) | -0.487 | -0.115 | -0.101 | -0.132 | -0.135 | -0.153 | -0.199 | -0.112 | -0.425

CoH,2K(6) | -0.489 | -0.116 | -0.099 | -0.170 | -0.186 | -0.183 | -0.175 | -0.060 | -0.374

Table 4.2(d): Mulliken charges (a.u) on the carbons of C,;H,4 and its metal-

doped complexes.

System Cl1 C2 C3 C4 Cs Cé6 C7 C8 C9 | Cl10 | Cl11

C Hy, -0.491 | -0.105 | -0.010 | -0.123 | -0.126 | -0.123 | -0.125 | -0.122 | -0.124 | -0.060 | -0.358

C H\4Li(10) | -0.487 | -0.114 | -0.100 | -0.132 | -0.129 | -0.132 | -0.134 | -0.106 | -0.225 | -0.094 | -0.440

ChHiLi(8) | -0486 | 0117 | -0.102 | 0136 | -0.131 | 0.112 | -0.223 | -146 | -0.225 | -0.035 | -0.383

CyHy4Na(11) | -0.490 | -0.107 | -0.100 } -0.125 | -0.127 | -0.124 | -0.130 | -0.120 | -0.133 | -0.162 | -0.458

CyHisNa(7) | -0.490 | -0.107 | -0.101 | -0.125 | 0.126 | -0.114 | -0.191 | 0.173 | -0.121 | -0.060 | -0.361

C1H14K(9) -0.487 -0.116 | -0.099 ] -0.135 | -0.130 | -0.134 | -0.143 | -0.161 | -0.218 | -0.111 | -0.438

CuHK(7) | -0.486 | 0.121 | -0.101 | -0.139 | -0.133 | -0.185 | -0.206 | -0.186 | -0.191 | -0.059 | -0.384

From the Mulliken charges given above, it can be found that the trend
followed in metal doping is the same as that of substitution. The metals
generally show a tendency to spare a portion of their valence electrons to the
pi-system and develop partial positive charge (Table 4.1) so that they can bind
with the pi-system by cation-m interaction. Li and K as cations (though with
lesser charge on them) move over the n-cloud and interact with the carbons of
higher charges on either side of their nearest carbon. The net charge on the
carbons (obtained by summing up the charges on the hydrogens) will give
more clarity to this idea. For scrutiny, the net charges on the carbons of a few

metal-doped and undoped C, systems are given in Table 4.3.
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Table 4.3: Net Mulliken charges (a.u) on the carbons of free and Li/Na/K

doped CoH,>.
System Cl C2 C3 c4 C5 c6 c7 c8 C9
CoH); -0.018 | 0.020 | 0.018 | -0.001 | -0.005 | .00004 | -0.003 | 0.065 | -0.076

CoH,Li (8) | -0.042 | -0.005 | 0.0005 | -0.030 | -0.029 | 0.003 | -0.079 | 0.042 | -0.138

CoHpLi(6) | -0.043 | -0.011 | 0.005 | -0.002 | -0.075 | -0.027 | -0.069 | 0.074 | -0.135

CoH;Na(9) | -0.019 | 0.018 0.016 | -0.003 | -0.008 | 0.003 | -0.003 | 0.079 | -0.105

CoHNa(6) | -0.019 | 0.020 0.027 | 0.0001 | -0.037 | -0.033 | -0.004 | 0.073 | -0.078

CoH;K(8) | -0.034 | 0.0003 | 0.008 | -0.020 | -0.020 | -0.030 | -0.079 | 0.018 | -0.133

CoHK(6) | -0.033 | 0.001 0.015 | -0.046 | -0.062 | -0.060 | -0.051 | 0.059 | -0.109

The net charges on carbons suggest why the metals prefer to some
positions when they are doped to the system. The carbons in the interacting
segment are having slightly larger negative charge. Thus, in the doped
systems too, there exists a feeble electrostatic interaction between the carbons
and the cation, which may be the stabilizing factor for such complexes. As per
the observations, the doping brings in more influence on Li and K. They lose
some of their electrons to the polyene to make them partially positive and the
polyene, partially negative. On the other hand, Na is almost unaffected and it
remains almost in its free state keeping a large distance from the terminal
carbon of the polyene. This may account for the peculiar behaviour of Na-

doped polyene.
4.2.1 Position of the metal on the polyene

The doping of metals to odd numbered polyenes gave different types of
isomers for different metals. Here, the metals are found not exactly above a
single carbon, but above a carbon-carbon bond, often at the middle of it.
Though they are above the carbon skeleton, they are not perpendicular to the
carbon chain. They prefer to lie as far from the sp° end as possible to achieve
better stability. The selected metal-carbon distances and bond angles for a few

systems to highlight the above statements are given in Table 4.4.
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Table 4.4: Metal-carbon distances and metal polyene bond angles

selected systems.

in some

System C(i+ 10)-M C(i);M C (i- 10)-M MCG)CG+1) | MC@HH()
(A% (A) (A%) (deg.) (deg.)
CHp,Li (8) | C9-Li=2.0955 | C8-Li=2.0605 C7-K=2.1841 71.53 116.52
CoHp,Li (6) | C7-Li=3.2197 | C6-Li=2.0538 | C5-Li=3.1485 77.17 110.78
CoH,5Na (9) C9-Na=2.7096 | C2-Na=3.2421 91.73
CsH;;Na (6) | C7-Na=3.0534 | C6-Na=2.7083 | C5-Na=2.7175 90.72 98.92
CoHK (8) | C9-K=3.2057 | C8K=2.9960 | C7-K=3.0236 85.96 102.23
GH K (6) | C7-K=33370 | C6-K=3.0130 | C5-K=3.0249 91.01 97.64

On doping to polyenes, Li always gave the most stable isomer with the

general formula, C,H; 3 Li (n-1). Thus we have CsHglLi (4), C;H,(Li (6),

CoH),Li (8), etc., as the most stable isomers in their respective systems. In

other isomers too, the metal is near to an even carbon, a trend that it exhibited

in substitution to polyenes. When coming closer to the sp® carbon, it stays

over the third carbon- still, the 2™ sp® carbon from that end [The exception is

CsHgLi (2)- see Figure 4.1 (b)]. Examples for the less stable isomers are
C;H,oLi (3), CoH;Li (3), Ci1Hysli (3), etc. The optimized structures of a few

stable isomers given below in Figure 4.1 will explain more.

(a) CsHgli (4)
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(g) CiiHisLi (3)
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(b) Ci1Hy4Li (10)
Figure 4.1: Optimized structures of stable isomers of Li-doped polyenes
(B3LYP/6-31G*)

On the other hand, Na-doped polyenes showed some peculiar
behaviour. The most stable isomers in all the cases were those in which the
metal stays above the terminal sp2 carbon, the general formula being C, H,.;3
Na (n). Thus we have C;H(Na (7), CoH,Na (9) and C;H;4Na (11) as the
most stable isomers of Na for C;, Cy and C;; systems. Other stable isomers of
higher energy have the metal closer to an even carbon in almost all the cases-
a trend similar to that seen in metal polyenes. For a detailed analysis, the

structures of some of the Na-isomers are given in Figure 4.2.

(a) CsHgNa (5)

(b) C7H10Na (7)
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(c) CsHoNa (4)

(e) CoH2Na (6)

(f) CoH;Na (4)

(g) Ci1HisNa (11)
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(h) C;H 4Na (6)

Figure 4.2: Optimized structures of stable isomers of Na-doped polyenes
(B3LYP/6-31G*)

When K was doped to the polyenes, except for lower ones (CsHs and
C-H,o), the trend is almost the same as that of Li doping. The most stable
isomer has the metal over the terminal allyl fragment. The general formula of
the isomer is C,H..+3 K (n-1). To be precise, K resides over the bond between
Cn-1 & Cn-2. Examples are CoH ;K (8), C;{H 4K (9). In lower systems like
Cs and C;, K is negatively charged and form isomers, which show a
resemblance to the trend of Na. Figure 4.3 reveals some of the features of

these complexes.

(a) CsHsK (5)

(b) C/H1K (6)
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(c) CoH 15K (8)

(t) C11H14K (6)

Figure 4.3: Optimized structures of the stable isomers of potassium doped
polyenes (B3LYP/6-31G*)

4.2.2 Doping- induced changes in the molecular parameters

As a result of metal doping, there occur substantial changes in the
values of carbon- carbon bond lengths, bond angles and dihedral angles. The
changes are, however, not so intense as in the case of metal substitution. It
may be a pointer to the feeble interaction in these complexes resulting in very

low stabilisation energy.
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4.2.2.1 Enhanced delocalisation of the electrons

The bond length values in metal free polyenic system CoH;,, polyenic
anion (CgH;;)” and metal-doped polyenes are given in Table 4.5 for a

comparison.

Table 4.5: C-C bond lengths (AO) in CoH,,, (CoH;;) ~ and the stable Li/Na/K
doped CqH,, (B3LYP/6-31G*)

System | C1-C2 | C2-C3 | C3-C4 | C4-CS5 | C5-C6 | C6-C7 | C7T-C8 | C8-C9

CoHy3 1.4983 | 1.3469 | 1.4461 | 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442

(CoHp1) " 1.3613 | 1.4277 | 1.3864 | 1.4047 | 1.4047 | 1.3864 | 1.4277 | 1.3613

CHLi(8) | 1.4986 | 1.3603 | 1.4259 | 1.3906 | 1.3973 | 1.4204 | 1.4103 | 1.4086

CeHppLi(6) | 1.4985 | 1.3618 | 1.4263 | 1.4034 | 1.4153 | 1.4135 | 1.4419 | 1.3532

GCHpLi(3) | 1.5097 | 1.4044 | 1.4151 | 1.4180 | 1.3996 | 1.3891 | 1.4271 | 1.3580

CoHpNa(9) | 1.4978 | 1.3492 | 1.4421 | 1.3621 | 1.4319 | 1.3671 | 1.4307 | 1.3664

CoHpNa(6) | 1.4976 | 1.3507 | 1.4435 | 1.3765 | 1.4265 | 1.3764 | 1.4453 | 1.3482

CHK(8) | 1.4985 | 1.3534 | 1.4362 | 1.3714 | 1.4262 | 1.3844 | 1.4248 | 1.3710

CoHK(6) | 1.4982 | 1.3540 | 1.4404 | 1.3823 | 1.4205 | 1.3824 | 1.4412 | 1.3523

It is evident from the bond length values that there is extensive
delocalisation in the doped polyenes in the portion excluding the sp> carbon,
which is somewhat different from the pattern in polyenyl anion. The terminal
single bond involving the sp’ carbon is almost unchanged. There is total
delocalisation in the fragment interacting with Li (the bond length values are
very close); partial delocalisation in the fragment interacting with K; but the
fragment interacting with Na has poorly delocalised pi electron cloud (See
values in bold letters in Table 4.5). The efficiency of delocalisation is in the
order Li-doped complex > K-doped complex > Na-doped complex. It may be
noted that the charge density of the dopant varies in the same order (see Table

4.1).
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4.2.2.2 Distortion to the carbon skeleton of the polyene

With regard to the distortion due to doping, which is indicated by the

deviation in the bond angles and dihedral angles, it is observed that the K-

doped complexes are more distorted than their Na and Li counterparts. In fact,

in Na-complexes, the carbon skeleton remains almost unchanged. The Li-

complexes exhibit almost similar traits as the Li substituted polyenes. The

bond angles and dihedral angles of the metal-polyene complexes, given in

Tables 4.6 & 4.7, highlight the effect of metal doping on the carbon skeleton.

Table 4.6: Selected bond angles in free CoH;, and the most stable Li/Na/K-
CoH,> complexes (B3LYP/6-31G*).

System HCIC2 | CIC2C3 | C2C3C4 | C3C4C5 | C4C5C6 | C5C6CT7 | C6CT7C8 | CTIC8CY | C8C9H
CoHy, 111.30 | 125.14 | 124.49 | 124.52 | 124.41 | 124.64 | 124.24 | 124.64 | 121.53
CHpLi(8) | 111.42 | 12537 | 125.81 | 124.87 | 125.17 | 126.27 | 123.25 | 125.51 | 120.71
CoHpNa(9) | 111.34 | 125.13 | 124.56 | 124.56 | 124.43 | 124.89 | 124.01 | 125.75 | 121.22
CoHpK(8) | 111.59 | 125.03 | 125.22 | 124.61 | 125.16 | 125.55 | 124.63 | 126.08 | 121.42

Table 4.7: Selected dihedral angles in free CyH,, and the most stable Li/Na/K-
CoH,; complexes (B3LYP/6-31G*).

System HCIC2C3 | C1C2C3C4 | C2C3C4C5 | C3C4C5C6 | CACSC6CT | C5C6CTC8 | C6CTCBCY | CTCBCIH
CoHny 0.0 180.0 -180.0 -180.0 180.0 180.0 -180.0 0.0
CoHpLi(8) | -0.11 179.97 -179.95 179.95 -179.25 | 176.89 -168.27 | -27.58
CsH;Na(9) | 0.35 180.0 -179.83 179.91 -179.81 179.89 -177.96 | -6.31
CoH2K(8) | -0.46 -179.83 179.50 -179.68 178.10 -175.19 | 162.22 -10.65

As the result of alkali metal doping, slight distortion in the planarity of

the carbon skeleton takes place; but the distortion does not turn out as a

visible bent as that we found in K substituted polyenes (see Figure 4.4).
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(a) CoH ;2K (8)

(b) CH 2K (6)

(c) CoH; K (5)

Figure 4.4: Potassium doped and substituted Cy systems (B3LYP/6-31G*)
4.2.3 Enhancement of the conductance

The values of HOMO-LUMO gap of all the isomers of metal-doped
systems are presented in Table 4.1. The HOMO and LUMO energy (Ey & E;)
values indicate that the metal-doped species are having more conductance
than the metal substituted polyenes. The values of a few systems are

compared with the corresponding metal-free systems in Table 4.8.
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Table 4.8: Values of HOMO-LUMO energy gap of some metal-free and
metal-doped polyenic systems (B3LYP/6-31G*).

System Ey EL AE =E;- Ey
(Hartree) (Hartree) (kcal/mol)
C7Hio -0.20081 -0.03841 101.91
C7H,oLi (6) -0.11214 -0.05024 38.84
C;H;oNa (7) -0.10867 -0.05719 32.30
C;H, 0K (7) -0.09366 -0.05526 24.10
CoHi2 -0.19034 -0.05269 86.38
CoH),Li (8) -0.11733 -0.05209 40.94
CoHj»Na (9) -0.10985 -0.06676 27.04
CoH 2K (8) -0.09530 -0.06444 19.36
CiiHis -0.18318 -0.06239 75.80
CiiHi4Li (10) -0.12104 -0.05421 41.94
CiiHisNa (11) -0.11159 -0.07303 24.20
CiH14.K (9) -0.09911 -0.06961 19.14

The conductance has increased considerably by the metal doping as is
evident from the HOMO-LUMO gap. The values show that potassium doping
gave the maximum conductance whereas the lithium doping effected a
minimum only. Also, it can be noticed that the conductance was almost
doubled when metals were doped instead of being substituted (Compare
Tables 3.9 and 4.8). As the chain length increases, the conductance also
increases, which points to the possible effect of metal doping in long
polyenes. It should be recalled that the PA chain, an enlarged form of
conjugated polyenes, attains electrical conductance when doped with alkali

metals [2].
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4.2.4 Formation of different isomers

We have found that the segment interacting with the doped metal is the
part excluding the sp’ carbon and hence the odd-even numbering is less
significant here. Table 4.1 provides the list of stable isomers obtained when
Li, Na and K were doped to the polyenes ranging from Cs to C;,. These
isomers bring out the general features of alkali metal-doped polyenes. Only Li
shows a uniform character- its most stable isomer in all the metal-doped
systems is C Hp.3Li(n-1). Thus we have CsHgLi (4), C;H,oLi (6), CoH oL (8),
etc., as the stable isomers of different systems. Isomers of higher energy are
also possible for these systems. In all of them, Li tends to attach on to an even
carbon. The C-C bond lengths in different isomers show that Li always

interact with an allyl fragment with delocalised electron cloud (Table 4.5).

As for Na, apart from the most stable isomer with the general formula
C,H,+3Na (n), there are other isomers; but they are of very low Eg. All of
them tend to attach to an even carbon, which is the part of an allyl fragment.
Examples for Na isomers with higher energy or lower Eg are C;H,(Na (4),

CoH;,Na (6), CoH;Na (4), C1H;4 Na (7), etc.

K-doped polyenes do not follow a general pattern. In Cs and C;
systems, most stable isomers are CsHgK (5) and C;H (K (7). But when we
reach CoH,,, the most stable isomer becomes CoH;,K (8), others isomers
being CoH 5K (6) and CoH ;K (4). In Cj1H,4 the stable isomers are C;1H ;4K
9), C,\H4K (7), C;1Hi4K (6) and C;H ;K (4). However, it should be
remembered that the metal is very often above a C-C bond rather than being
above a carbon. Also, since the interacting part is the fragment with
conjugated double bond, the odd even distinction becomes less relevant in

odd polyenes.
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The number of isomers possible in each system can be predicted easily.
Since all the metals interact possibly with an allyl fragment, each allyl
fragment can contribute one stable isomer. Thus, Cs system can have one, C;
can have two, Cy can have three and so on, the number increasing with

increase in the length of the polyene.

It is remarkable that the different isomers of the same system differ by
small amounts of energy. For example, in C;; system, the most stable
C;iHisK (9) differs from the nearest isomer C;H;4K (7) by mere 0.64
kcal/mol. Energy difference between C;;H 4K (7) and C;{H 4K (6) is just 0.20
kcal/mol. On the other hand, the most stable Li isomer differs in energy by
appreciable amounts from its counterparts of lesser E. In Cy system, CoH,,L1
(6) is higher than CoH,,Li (8) in energy by 4.02 kcal/mol. However, the lower
Li-isomers are mutually very close in their energies. The same is the case with

Na-isomers of different systems.

In order to get a better understanding of metal doping to polyenes,
doping to even polyenes, where the sp> carbon is absent, is also necessary.
Hence some samples of even polyenes are also doped with alkali metals and

the results are presented in the next section.

43 Doping of alkali metals to even numbered all-trans conjugated

polyenes

Since substitution of metals in an even numbered conjugated polyene
is a planar substitution delivering no significant result (See discussion in
3.2.1) we considered the even polyenes for doping reactions only. Even
numbered all trans polyenes are almost similar to the odd polyenes with
regard to doping, as they differ only by a non-interacting CHj group. Hence,
the doping of alkali metal atom into conjugated even polyenes should give

identical products as those obtained for odd polyenes. In order to verify this
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assumption, we studied the doping of alkali metals to three polyenes, namely
CsHg, CgHj and C,oH;,, the first one closer to C;H,,, second closer to CoH;,
and the last closer to C,;H,4. True to our expectations, the doping to CsHsg,
CgH,o and C,oH,, gave almost identical products, with comparable binding
energies. This suggests that as in odd polyenes, doping in even polyenes also
results in weak interactive forces between the metal and the polyene.
Mulliken charges on the doped metals were also in the same range as in the
metal-odd polyene complexes. A difference was that the number of isomers
was less, as the even polyene is symmetric with respect to the two terminals.
The stable isomers obtained on alkali metal doping with some of their

characteristics are presented in Table 4.9.

Table 4.9: The stable isomers of Li/Na/K doped Cg, Cg and C, systems with
their important characteristics (B3LYP/6-31G*).

Metal-polyeng Stable E E Ri Qum AE=E;-Ey
complex isomers * (Hartree) | (kcal/mol) (A" (a.w) (Hartree)
ColsLi CHeLi(2) | -24091360 | 15.10 | C2-Li=2.0615 | 0.261470 | 0.06556
C¢HsNa CeHsNa (1) | -395.68241 02.50 | C1-Na=2.7913 | -0.012103 | 0.04992
CeHK CHK (2) | -833.29241 | 02.16 | C2-K=3.0572 | 0.183787 | 0.03316
CeHyoLi(2) | -31832596 | 1925 | C2-Li=2.0617 | 0.285942 | 0.06776
CsHyoLi CiHpli(4) | -31831948 | 1547 | C4-Li=2.0526 | 0.308065 | 0.05818
CiHoNa (1) | -473.00065 | 03.51 | Cl-Na=2.6814 | 0.048531 | 0.04225
CsHjoNa CgHoNa(4) | -473.08654 | 0142 | C4-Na=2.6268 | 0.151541 | 0.03363
CHK 2) | 91070279 | 0531 | C2-K=2.9679 | 0357919 | 0.03167
CsHioK C:HK (5) | -910.70066 | 04.17 | CS-K=2.9623 | 0389450 | 0.02821
CoHpli (2) | -395.73684 | 2143 | C2-Li=2.0622 | 0.296187 | 0.06876
CioH oLi CoHpli(4) | -395.73126 | 1821 | C4-Li=2.0552 | 0335609 | 0.06223
CoHpNa(2) | -550.49839 | 0445 | C2-Na=2.5661 | 0.229626 | 0.03356
CioH;Na CiHpNa(5) | -550.49620 | 03.09 | C5-Na=2.5628 | 0.250329 | 0.03235
CHpK(3) | -988.11293 | 07.43 | C3-K=2.8872 | 0.491595 | 0.03175
CioH K CioHK(5) | -988.11185 | 07.06 | C5K=2.8605 | 0.566187 | 0.02912

? The numeral in parentheses corresponds to the carbon to which the metal is
having smallest distance.
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The charges on the metals and the carbons of the polyenyl chain play a

significant role in the formation of different isomers. The Mulliken charges on

each carbon of the polyene and of the complexes obtained via metal doping
are presented in Table 4.10(a), 4.10(b) & 4.10(c) (B3LYP/6-31G*).

Table 4.10(a): Mulliken charges (a.u) on the carbons in C¢Hg and its stable

Li/Na/K-doped complexes
System Cl C2 C3 C4 Cs C6
Ce¢Hs -0.355 -0.060 -0.122 -0.122 -0. 060 -0.355
CgsHsLi (2) -0.432 -0.113 -0.209 -0.115 -0.168 -0.376
CsHsNa (2) -0.427 -0.059 -0.124 -0.119 -0.162 -0.355
CsHsK (2) -0.410 -0.112 -0.178 -0.148 -0.064 -0.366

Table 4.10(b): Mulliken charges (a.u) on the

carbons in CgH,( and its stable

Li/Na/K-doped complexes

System Cl C2 C3 c4 Cs C6 C7 C8
CsHio -0.060 | -0.122 | -0.123 | -0.122 | -0.122 | -0.060 | -0.356
CegHpLi(2) | -0.438 | -0.100 | -0219 | -0.110 | -0.131 | -0.132 | -0.065 | -0.370
CsHpli(4) | -0.381 | -0.038 | -0212 | -0.161 | -0.216 | -0.119 | -0.065 | -0.377
CgHpNa (1) | -0.448 | -0.061 | -0.129 | -0.121 | -0.126 | -0.123 | -0.061 | -0.358
CsHNa (4) | -0.364 | -0.057 | -0.151 | -0.182 | -0.182 | -0.151 | -0.057 | -0.365
CsHiK (2) | -0.430 | -0.113 | -0.204 | -0.160 | -0.134 | -0.133 | -0.063 | -0372
CeHK (5) | -0.378 | -0.061 | -0.182 | -0.189 | -0.189 | -0.182 | -0.061 | -0.378

Table 4.10(c): Mulliken charges (a.u) on the carbons in C;oH;, and its stable
Li/Na/K-doped complexes

System Cl C2 c3 c4 cs c6 c7 c8 c9 C10
CioHp 0356 | 0060 |-0123 |[-0122 |[-0123 | -0123 |-0122 [-0123 |-0060 |-0.356
C,oH,,Li(2) 0.440 | -0.093 |-0.226 | -0.105 |[-0.134 |-0131 |[-0127 | -0.131 |-0062 | -0.367
C,oHpLi(4) 20383 | 0036 |-0225 |-0.146 |-0223 | -0.111 |-0130 |[-0.134 |-0064 [-0371
C,0H,Na(2) 0427 |-0m6 |-0182 | -0128 | -0133 |.0u28 | -0125 |-0129 |[-0061 | -0.364
CoH;;Na(5) 0370 | 0056 |-0.161 | -0.181 | -0.194 | -0.155 |-0.123 | -0.129 | -0.061 | -0.368
C1oH12K(3) 0441 | -0.112 | -0.222 | 0166 | 0146 | -0136 | 0128 | -0.136 | -0.060 | -0.372
CoHK(5) 0387 | 0060 | -0.194 | -0.188 |-0.211 | -0.194 | -0134 | -0.142 |-0062 |[-0379
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The distribution of charges indicates that there is an enhanced charge
concentration in the region where the metal resides in the metal polyenyl
complex. The charge distribution extends over a pentadienyl segment in cases
where the metal is closer to an odd carbon. Examples are C;;H;,K (3) and
CioH12K (5). A clear picture emerges when the net Mulliken charges on the

carbons in different systems are examined. They are presented in Table 4.11.

Table 4.11: The net charges (a.u) on the carbons of C,oH;, and its Li/Na/K

doped complexes.

System Cl C2 C3 C4 Cs Cé6 C7 C8 c9 Cl10
CioHy2 -0.070 | 0.066 | 0.001 0.002 | 0.001 0.001 0.002 | 0.001 | 0.066 [-0.070
CioHppLi(2)  |-0.134 | 0.054 | -0.084 | 0.012 | -0.028 -0.023 | -0.019 | -0.021 | 0.051 | -0.105
CioH5Li(4) | -0.134 | 0.079 | -0.084 (-0.004 | -0.080 -0.006 | 0.024 | -0.027 | 0.045 |-0.114
CioHi2Na(2) |-0.110 | 0.027 | -0.054 (-0.002 | -0.015 -0.013 | -0.011} -0.014( 0.058 }-0.094
CioHioNa(5) |-0.101 | 0.066 | -0.028 (-0.043 | -0.058 -0.022 | -.003 {-0.015 | 0.054 |-0.101
CioHi2K(3) |-0.165 | 0.014 | -0.110 (-0.047 | -0.036 -0.029 |-0.021 | -0.030 | 0.050 |-0.117
CieHK(5) {-0.139 | 0.051 | -0.081 |-0.071 | -0.097 -0.078 |-0.025 | -0.039{ 0.045 | -0.132

4.3.1 Position of the metal

In C¢Hsg, CsH;p and C,gH,,, Li behaved in the same pattern as in the
odd polyenes- that the metal stationed above even carbons in its stable
isomers and the most stable isomer has it over the 2™ carbon. Na behaved
differently in the three systems; in CsHg complex, it has only one isomer i.e.,
C¢HgNa (1), in CgH;, complex, its two isomers are CgH;oNa (1) and CgH;oNa
(4) whereas in CjoH;, complex, the two isomers are C;oH;;Na (2) and
C0H2Na (5). For K, the trend is different in these systems, the different sets
of isomers being CsHsK (2) for C¢Hg, CsH, K (2) and CsH ;oK (5) for CsHio
and C;oH 2K (3) and C,oH 2K (5) for C;oH;,. There are two factors to be noted
here before terming the above phenomena as irregular. As the metal moves

towards the centre of the polyene, the odd-even difference assumes less
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significance in even numbered conjugated polyenes. Secondly, in most of the
isomers, the metals are actually residing almost at the centre of the C(i)-
C(ix1) bond [C(i) is the carbon to which the metal has the shortest distance].
The different isomers of C, system and their metal-carbon distances and

relevant bond angles are presented in Table 4.12.

Table 4.12. Metal carbon distances and metal polyene bond angles in some
selected systems (B3LYP/6-31G*).

System CG-1)-M C(i)-0 M C(i+10)-M MCE)C(i+1) | MC@)H(G)
(AY) (A") (A) (deg.) (deg.)
CoHpLi(2)* | 2.0997 2.0622 2.1790 75.12 117.30
CicHyLi (4) 2.1647 2.0552 2.1605 74.52 115.16
CoHiNa @ |  2.6060 2.5661 2.7759 82.97 106.05
CoHiNa(%) | 2.5673 2.5628 2.9354 90.87 98.17
CiHiK (3) 2.9277 2.8872 3.2420 91.61 92.73
CioH K (5) 2.9127 2.8605 3.1566 88.72 96.54

* The numeral in parentheses corresponds to the carbon to which the metal is
having smallest distance.

It can be found from Table 4.12 that Li in C;oH;;Li (2) is between
carbons C1 & C2. Similarly, Na in C,;H;,Na (5) is between C4 & C5. The
same trend is retained in other systems also. In CgHoLi (2), lithium is over
C1-C2 bond (C1-Li = 2.097; C2-Li = 2.062) and in CgH,cLi (4), the metal is
over C4-C5 bond (C4-Li = 2.05; C5-Li = 2.15). Similarly, in CgH,(K (2), C2-
K =2.968 and C3-K =2.978 and in C,(H2K (5), C4-K =2.9127 and C5-K =
2.8605. All these indicate that the doped metals are situated above the C-C
bond. The bond angles (Table 4.12) suggest that the metals reside
approximately vertically above the carbon atoms. The structures of the
different free polyenes and the stable isomers of their metal-doped complexes

are given in Figure 4.5.
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(b) CeHsLi (2)

(c) C¢HgNa (1)

(e) CsHyo
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(k) CsHy0K (5)
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(D CioHi2

(@) C1oH12K (3)
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(r) CioH 2K (5)

Figure 4.5: Free CsHj, CgH,¢and C,gH,, and the stable isomers of their
Li/Na/K doped complexes (B3LYP/6-31G¥*)

4.3.2 Doping induced changes in the molecular parameters

The doping of the metal in a conjugated polyene of even number
causes significant changes to the molecular parameters such as bond lengths,
bond angles and dihedral angles. The structural deviation is very much
evident from the figure itself (Figure 4.5). As the polyenic chain length

increases, these changes become more and more pronounced.
43.2.1 Change in carbon- carbon bond lengths

For a comparison of the changes in the C-C bond lengths, the
optimized bond length values of the free C,,H;, and its stable isomers of

Li/Na/K doped complexes are given in Table 4.13.

Table 4.13: Optimized C-C bond lengths (AO) in free C,H,; and its Li/Na/K
doped complexes (B3LYP/6-31G*)

System Cl1-C2 C2-C3 C3-C4 C4-C5 C5-C6 Co6-C7 C7-C8 C8-C9 C9-C10

CyoHjz 1.3446 | 1.4468 | 13573 1.438 1.3598 1.438 1.3573 1.4468 | 1.3446

CioHipLi (2) | 1.4042 | 1.4106 | 1.4243 | 1.3874 | 1.4025 | 1.4057 | 1.3819 | 14315 | 1.3546

CoH;Li (4) | 1.3511 1.4446 | 1.4110 | 1.4122 | 1.4166 | 1.4007 | 1.3875 | 1.4282 | 1.3570

CioH\;Na(2) | 1.3827 | 1.4187 | 13894 | 1.4158 | 13791 | 1.4220 | 1.3686 | 1.4393 | 1.3493

CioHiaNa(4) | 1.3510 | 1.4418 | 13818 | 1.4170 | 1.3930 | 1.4265 | 1.3700 | 1.4379 | 1.3502

CioHiK(3) | 1.3765 | 1.4194 | 13956 | 1.4136 | 1.3876 | 1.4156 | 13744 | 1.4358 | 1.3521

CioHK (5) | 1.3556 | 1.4367 | 1.3926 | 1.4101 | 1.4004 | 1.4189 | 1.3791 | 1.4326 | 1.3545
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As the result of extended conjugation, there is considerable
delocalisation of the electron cloud in the C,oH,, system, which is clear from
the C-C bond lengths. This delocalisation is further enhanced as the result of
metal doping. For Li-doped complexes, the delocalisation is more efficient,
especially inside the polyenic fragment above which the metal is residing (the
bond length values are close to one another). This may be taken as an
evidence for the interaction between the Li* and the pi-electron cloud. In Na
and K-doped complexes, there is enhanced oscillation of the pi-electrons, but
to a lesser extent in comparison with Li complexes. In all these complexes,
the doped neutral metal atom loses some of its electron (for e.g., in C;oH,,L1
(2), the charge of the metal increased from zero to ca. 0.296), which may be

the contributing factor to the stabilization of such complexes.
4.3.2.2 Distortion of the carbon skeleton of the polyene

The distortion in the carbon skeleton can be determined by comparing
the bond angles and dihedral angles of the free polyene and that of the metal-
doped polyenes. Selected bond angles and dihedral angles in free C;oH;, and
Li/Na/K doped C,oH;, are given in Tables 4.14(a) & 4.14(b).

Table 4.14(a): Selected bond angles in free C;oH;, and the most stable
Li/Na/K- CoH;, complexes (B3LYP/6-31G*).

System HICIC2 | C1C2C3 | C2C3C4 | C3C4CS | C4C5C6 | C5C6CT | C6CTC8 | CTCRCY

CioHz 121.54 124.56 124.26 124.55 124.43 124.43 124.55 124.26

CioHpLi(2) | 119.46 125.91 125.15 125.99 124.96 124.70 125.38 124.19

CioH2Na(2) | 120.87 126.06 124.63 125.56 124.75 124.67 125.05 124.22

CpH;2K(3) | 121.07 126.56 124.47 126.11 125.37 124.85 125.56 124.24
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Table 4.14(b): Selected dihedral angles in free C;oH,,; and the most stable
Li/Na/K- C,oH;, complexes (B3LYP/6-31G*). |

System HICIC2C3 | CIC2C3C4 | C2C3C4CS | C3C4C5C6 | C4CS5C6CT | C5C6CTC8 | C6CTC8CY | CTIC8CICIO
CioH)z 0.0 180.0 -180.0 180.0 -180.0 180.0 -180.0 180.0
CioH2Li(2) -26.42 169.79 -175.68 179.16 -179.83 179.96 -179.99 179.95
CioHNa(2) | -14.55 163.29 -176.11 179.23 -179.81 179.87 -179.96 179.94
CioH12K(3) 12.49 158.23 -169.93 179.29 -179.66 179.07 -179.88 179.94

The bond angle and the dihedral angle values show that there is

considerable distortion taking place as the result of metal doping to even

numbered conjugated polyenes. However, the parabola type warping that we

found with K substitution in odd numbered polyene has not been achieved.

Also it should be noted that the distortion increases as the length of the

polyene increases. As the length of the polyene increases, the positive charge

on the doped metal also increases.

4.3.3 Increase in the conductance

The HOMO and the LUMO energies (Ey & Ep) and their differences in

the free polyenes and their Li/Na/K- doped complexes are given in Table 4.15.

Table 4.15: HOMO-LUMO difference in free C¢Hg, CsH;o, CioH;2 and their
Li/Na/K- doped complexes (B3LYP/6-31G*).

System EH EL AE = EL- EH
(Hartree) (Hartree) (kacl/mol)

C¢Hg -0.20923 -0.04436 103.46
CeHsLi (2) -0.11694 -0.05138 41.14
CeHsNa (1) 0.11169 0.06177 31.33
CsHsK (2) -0.09423 -0.06107 20.81

CgH,o -0.19700 -0.05771 87.41
CsHyoLi (2) 0.12155 0.05379 45.52
CsHioNa (1) -0.11274 -0.07049 26.51

CsH oK (2) -0.09818 -0.06651 19.87
CioHj2 -0.18870 -0.06672 76.54
CoH 2L (2) -0.12473 -0.05597 43.15
CioH2Na (2) -0.11204 -0.07848 21.06
CioH12K (3) -0.10181 -0.07006 19.92
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Due to the metal doping in conjugated polyenes, the conductance has a
substantial increase as indicated by the decreased HOMO- LUMO gap. The
alkali metals, being good reducing agents, provide their electrons to the
already delocalised electron system which enhances charge carrier ability and

thereby the conductance.
4.3.4 Formation of different isomers

Doping of alkali metals to even polyenes gave different isomers. As in
the case of odd polyenes, here too only Li shows a uniform character- the
most stable isomer in the three systems has the general formula C H,.,Li (2)
and the second isomer has the general formula C H,,Li (4). In general, the

isomers of Li show an affinity towards the even carbons.

In the case of Na, its most stable isomer in C¢ and Cg systems has the
general formula C.H,.,Na (n), whereas in C,y system it becomes C,,H;,Na
(2). In the C,y system, Na loses some of its electrons to attain a charge of
0.2296 and moves to the second carbon to have effective interaction with the
allylic fragment. The second isomer for Na-doped Cg system is CgH,(Na (4)
whereas that of C, system is C;oH;,Na (5).

K too gives different isomers for different systems. The most stable
isomer in Cg and Cg systems are CcHgK (2) and CgH;¢K (2) respectively. On
the other hand, the most stable isomer in C;o system is C;oH;K (3). The
second isomer in all the systems studied, which is of slightly higher energy,

has the metal over the C5, with the general formula C,H,..K (5).

The energy difference between the different isomers of the same
system is very low for K/Na-complexes, but considerably high for Li-
complexes. For example, C,oH,K (3) and C,oH,K (5) differ by 0.37 kcal/mol
only and the Na- isomers of the same system differ by 1.36 kcal/mol.

However, for Li isomers, the energy difference is higher. From Table 4.9, it
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can be noted that C,H,,Li (2) is lower in energy by 3.22 kcal/mol than the
second stable isomer of the system, CoH/,Li (4). It may be assumed that the
interactive forces rendering stability to the K and Na isomers are almost the
same irrespective of their position on the polyene. On the other hand, for Li-
complexes, such forces get minimized as the metal moves towards the center

of the polyene.
4.4 Alkali metal doping to substituted polyenes

When metals are doped to the polyenes, the interaction arises due to
the flow of electron from the metal to the polyene. When electron-donating
groups are present in the polyene, they will enhance the electron cloud in the
polyene and hence electron flow from the metal to the polyene will be
retarded. This implies that there will be less intense interaction between the
polyene and the metal. i.e., lesser stability to the product. On the other hand,
when electron-withdrawing groups are present, there will be relative decrease
of pi cloud in the polyene. Then, the electron flow from the metal to the
polyene will be more. i.e., more stability to the metal-doped substituted
polyene. Thus the trend will be exactly the opposite of what we found in

metal substitution to substituted polyenes.
4.4.1 Metal doping to CoH;CH;

Alkali metals were doped to CoH;;CHj; and the E; and other parameters
of the complexes thus obtained were determined. They were compared with
those of the metal-doped complexes to find out the effect of substitution on Eg
and other parameters. In Table 4.16 the different characteristics of Li/Na/K
doped CoH,, and CoH,,CHj; (8) are presented (B3LYP/6-31G*).
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Table 4.16: The most stable Li/Na/K doped complexes of CoH;, and
CoH,1CH; (8)

Metal-polyene E Eq Ri Qm AE=E,-Ey

system (Hartree) (kcal/mol) (A (a.u) (Hartree)
CoHi5Li (8) -357.64512 18.61 C8-Li=2.0605 0.277739 0.06524
CoH,;CH;(8)Li (8) -396.96091 17.56 C8-Li=2.0820 0.267949 0.06283
CoH;,Na(9) -512.41082 03.41 C9-Na=2.7096 | 0.018860 0.04309
CoH,;CH;(8)Na(9) -551.72875 03.68 C9-Na=2.7326 | -0.007821 0.04637
CoH K (8) -950.02215 04.61 C8-K=2.9960 0.289659 0.03086
CsH; CH;3(8)K (8) -989.33979 04.52 C8-K=3.0221 0.232285 0.03413

From the E values we can infer that Li-doped and K-doped polyenes
are having more stability than their substituted polyene counter parts [i.e.,
CoH,Li (8) is more stable than CoH,;CHj3 (8)Li (8)]. In such systems, metals
have lower charges on them, but the metal- carbon distance exhibits an
increase of ca. 0.03 A’. There is modification in the conductance of the
system too - Na and K complexes show lower values, whereas Li complexes
show higher values. In Na-doped substituted polyenes, Na possesses a small
negative charge (-0.0078). This shows that the electron flow is from the
polyene to the metal. Hence introduction of electron donating group slightly
increases the energy of stabilization of that complex. However, for Li and K
doped substituted polyenes, the Eg, is actually decreasing- a direct effect of

electron donating group.

In Table 4.17, the Mulliken charges on different carbons of different

systems are presented.
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Table 4.17: Mulliken charges (a.u) on the carbons of Li/Na/K doped
CqH,,CH; and free CoH,;CH; (B3LYP/6-31G*).

System Cl | C2 C3 C4 Cs5 Cé6 C7 Cs8 C9
CoHj, -0.491| -0.105 | -0.100 | -0.122| -0.126| -0.122 | -0.125 | -0.060| -0.358
CoH,,CH; (8) -0.491| -0.106 | -0.100 | -0.126 | -0.119|-0.122 |-0.177 | 0.237 | -0.413
CoH,,Li (8) -0.486| -0.117| -0.102 | -0.134| -0.132| -0.111 | -0.218| -0.101] -0.438
CsH,,CH;(8)Li (8) | -0.486 | -0.117{ -0.102 | -0.137| -0.127| -0.110 | -0.276| 0.173 | -0.472
CoH;,Na(9) -0.491| -0.106| -0.101 | -0.123| -0.129| -0.120 | -0.130| -0.060] -0.443
CoH,,CH;(8)Na(9) | -0.491| -0.106| -0.100 | -0.126| -0.121 | -0.117 | -0.181| 0.235 | -0.489
CoH ;K (8) -0.487| -0.115{ -0.101 | -0.132| -0.135| -0.153 | -0.199 | -0.112{ -0.425
CoH;,CH5(8)K (8) | -0.488| -0.113| -0.101 | -0.133| -0.126| -0.147 | -0.242| 0.181 | -0.467

The charges on the carbons show that the introduction of methyl group

brings in a positive charge on C8. However, the charges on other carbons

show an increase as the result of methyl substitution. The charge

accumulation is on those carbons in the polyenyl fragment, which interact

with the metal.

How are the bonds affected by the introduction of methyl group in to

the polyene? It will be partially revealed by the C-C bond lengths in the

system. The C-C bond lengths in different systems are given in Table 4.18.

Table 4.18: C-C bond lengths (AO) in Li/Na/K doped CoH,;; & CoH;,CH;
systems (B3LYP/6-31G*).

System C1-C2 | C2-C3 | C3-C4 | C4-CS5 | C5-C6 | C6-CT7 | CT-C8 | C8-C9
CoHia 1.4983 | 1.3469 | 1.4461 | 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442
CoH,Li (8) 1.4986 | 1.3603 | 1.4259 | 1.3906 | 1.3973 | 1.4204 | 1.4103 | 1.4086
CoH,,CH; (8)Li(8) | 1.4987 | 1.3595 | 1.4272 | 1.3885 | 1.4008 | 1.4186 | 1.4187 | 1.4119
CsH;Na (9) 1.4978 | 1.3492 | 1.4421 | 1.3621 | 1.4319 | 1.3671 | 1.4307 | 1.3664
CoH,,CH;(8)Na(9) | 1.4980 | 1.3483 | 1.4436 | 1.3599 | 1.4362 | 1.3634 | 1.4449 | 1.3676
CoH K (8) 1.4985 | 1.3534 | 1.4362 | 1.3714 | 1.4262 | 1.3844 | 1.4248 | 1.3710
CoH,;CH; (8)K (8) | 1.4984 | 1.3515 | 1.4390 | 1.3667 | 1.4324 | 1.3787 | 1.4373 | 1.3720
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The bond length values show that there is slight modification in the
delocalised electron cloud of the polyene, as the result of methyl substitution.
This change is more prominent in the portion that interacts with the metal. It
may be assumed that the electron donating nature of methyl group stalls the
electron flow from the metal to the polyene. A decrease in the delocalisation
of the pi cloud along the polyene is the result, which is manifested by the
bond length values.

The structures of the new complexes are given below in Figure 4.6.

(c) CHy 1 CH;3 (8)K (8)

Figure 4.6: Optimized structures of Li/Na/K doped CoH,,CH; (8)
(B3LYP/6-31G*)
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4.4.2 Metal doping to CoH;;,CN

When an electron-withdrawing group is used as the substituent in the
polyene, the result of metal doping should be different altogether. In presence
of such groups, the delocalised pi cloud of the chain will be depleted and the
flow of electron from the doped metal to the polyene will be enhanced. As a
result, metals will possess increased charge, and will interact with the polyene
with more intensity. Accordingly, the E values will be higher than that of
metal-doped polyenes. Such changes are observed when CN group is a
substituent in the polyene. The different characteristics of metal-doped
CoH(iCN and metal-doped CyH,, are presented in Table 4.19 for further
study.

Table 4.19: The most stable Li/Na/K doped complexes of CoH;, and CoH,;,CN
(B3LYP/6-31G*)

Metal-polyene E Eq Ri Qm AEEHEL-
system (Hartree) | (kcal/mol) (A°) (a.u) (Hartree)
CoH,,Li (8) -357.64512 18.61 C8-Li=2.0605 | 0.277739 0.06524
CoH CN(8)Li(8) | -449.89169 21.65 C8-Li=2.0738 | 0.330579 0.07656
CoH;;Na (9) -512.41082 03.41 C9-Na=2.7096 | 0.018860 0.04309
CoH;iCN(8)Na(9) | -604.66116 09.95 C9-Na=2.5385 | 0.373629 0.05886
CoH,K(8) -950.02215 04.61 C8-K=2.9960 | 0.289659 0.03086
CoH; ICN(8)K(8)* | -1042.27633 11.50 C8-K=2.8408 0.597047 0.05056

* K moves towards the CN to have strong interaction with it. Hence it is away
from carbons C7, C8 & C9, but is closer to CN. Note that K-CN = 2.8326 A°

The energy values suggest that the electron-withdrawing group in the
polyene is actually stabilizing the system by promoting the flow of electrons
from the metal to the polyene. As a result, the metals possess enhanced
charges in the complex. The metal-carbon distances have decreased in Na and

K doped complexes, but increased in Li doped complex. Another notable
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change is in the value of HOMO-LUMO energy difference. Substitution of an

electron-withdrawing group adversely affects the conductance of the system.

The Mulliken charges on the carbons of CyH;;CN, metal-doped CoH),
and metal-doped CoH;,CN are given in Table 4.20.

Table 4.20: Mulliken charges (a.u) on the carbons of CoH;;CN, Li/Na/K
doped CoH;CN and Li/Na/K doped CsH{, (B3LYP/6-31G*).

System Cl | C2 | ¢3 | c4 C5 C6 C7 C8 C9
CoHy, -0.491 | -0.105 [ -0.100 | -0.122 [ -0.126 |-0.122 [-0.125 |-0.060 | -0.358
CoH; CN (8) -0.493 | -0.100 | -0.102 | -0.119 | -0.124 |-0.121 [-0.160 | 0.204 | -0.379
CoH,,Li (8) -0.486 | -0.117 | -0.102 | -0.134 | -0.132 | -0.111 |-0.218 | -0.101 | -0.438
CsH,;CN(8)Li(8) |-0.490 | -0.108 | -0.102 | -0.130 [-0.125 |[-0.115 | -0.221 | 0.035 | -0.454
CoH;Na(9) -0.491 | -0.106 | -0.101 | -0.123 | -0.129 |[-0.120 |[-0.130 |[-0.060 | -0.443
CsH,;CN(8)Na(9) | -0.489 | -0.111 | -0.100 | -0.133 [ -0.121 |-0.140 | -0.159 | 0.106 | -0.495
CoH K (8) -0.487 | -0.115 | -0.101 | -0.132 | -0.135 | -0.153 | -0.199 |-0.112 |-0.425
CoH .CN(8)K(8) | -0.487 [ -0.117]-0.100 | -0.143 | -0.123 |-0.188 | -0.201 | 0.057 | -0.469

The Mulliken charges on the carbons of Li/Na/K doped CoH;;CN show

that the doping of alkali metals results in an increase of the negative charge

(in comparison with the CsH;;CN), especially in the fragment of interaction.

The carbon carrying the CN group possesses a positive charge.

The C-C bond lengths given in Table 4.21 will give an idea about the

distribution of electrons along the polyene.

Table 4.21: C-C bond lengths (A" in Li/Na/K doped CoH;, & CoH;,CN
systems (B3LYP/6-31G*).

System Cl1-C2| C2-C3| C3-C4 | C4-C5 |Cs5- Co6- C7- C8-C9
Cé C7 C8
CoHi, 1.4983 | 1.3469 | 1.4461 1.3563 1.4406 | 1.3560 | 1.4476 | 1.3442
CoH1CN (8) 1.4973 | 1.3471 | 1.4454 1.3565 1.4401 | 1.3544 | 1.4590 | 1.3519
CoH5Li (8) 1.4986 | 1.3603 | 1.4259 1.3906 | 1.3973 | 1.4204 | 1.4103 | 1.4086
CoH;iCN(8)Li(8) | 1.4980 | 1.3538 | 1.4348 1.3751 1.4150 | 1.3960 | 1.4309 | 1.4306
CyHy;Na (9) 1.4978 | 1.3492 | 1.4421 1.3621 1.4319 | 1.3671 | 1.4307 | 1.3664
CoH;;CN(8)Na(9) | 1.4986 | 1.3507 | 1.4401 1.3665 1.4261 | 1.3748 | 1.4287 | 1.4257
CoH 12K (8) 1.4985 | 1.3534 | 1.4362 1.3714 1.4262 | 1.3844 | 1.4248 | 1.3710
CoH,CN(8)K(8) | 1.4991 | 1.3512 | 1.4399 1.3674 1.4299 | 1.3832 | 1.4336 | 1.4123
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The C-C bond lengths show that CoH;;CN (8) Li (8) and CoH;CN (8)
Na (9) are characterized by a modified delocalised pi cloud along the polyenic
fragment where the metal is stationed. The bond lengths suggest that the
density of the pi cloud is slightly depleted, still the efficiency of the
interaction is retained/ magnified as the result of electron flow to the system.
CoH;,CN (8)K (8) also has a partially delocalised electron cloud with which

the metal is interacting.

The structures of different metal-doped substituted polyenes are
presented in Figure 4.7.

(c) CoH11CN (8) K (8)

Figure 4.7: Optimized structures of Li/Na/K doped CoH;;CN (8)
(B3LYP/6-31G*)
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4.5 Discussion

The metal-doped polyenes, whether odd or even, are characterized by
low stabilisation energy, low charge on the metal, high conductance,
extensively delocalised C-C bonds in the polyene and a less distorted carbon
skeleton. The Eg value increases as the length of the carbon skeleton
increases. A uniform pattern for these complexes with regard to the position
of the metal is attained only after they reach a particular length. For Li, from
C, system onwards, a regular pattern is observed. For K, it is from Cy system
onwards. In the case of Na, still larger polyenes are needed so that it follows
the pattern of Li and K doped polyenes. The variation of E with respect to
the length of the polyene is presented in Figure 4.8.

N .
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Binding energy(kcal/mol)
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C5H8Li (4) C6H8Li (2) C7H10Li (6) C8H10LI (2) CO9H12Li(8) C10H12Li  C11H14Li
(2) (10)
Different Li-doped polyenes

Figure 4.8: E values of the most stable isomers of Li-doped polyenes

The underlying mechanism, which controls the properties of metal-
doped polyenes, could be the same as that in conducting polymers. In
conducting polymers, the doped metal loses its outermost electron to the
polymer part. This causes an electron delocalisation along the backbone of the
polymer chain [1]. The cation then interacts with the polymer, possessing an

anionic character. Hence, the metal-doped polymers are termed as salts [1].
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Our observations have revealed that in metal-doped polyenes, the same type
of mechanism is taking place. The doped metal loses some of its electron
while the polyene acquires a partial negative charge and a delocalised electron
cloud. The subsequent interaction between the two species stabilizes the
system. The increasing E in proportion to the length of the polyene and

charge on the metal may be solid evidences for this mechanism.
4.5.1 Stability of the isomers of metal-doped polyenes

In general, the most stable metal-doped polyene complex has the metal
stationed over the 2™ carbon from the terminal, or rather over the allyl
fragment (see Tables 4.1 & 4.9). The doped metal possesses a charge of 0.20
a.u and above. The exception for Li is its complex with Cs system [charge on
Li in CsHg Li (4) is 0.065 a.u] and for Na & K are their complexes with CoH,
and lower polyenes. Such complexes are characterized by very low Eg. In
some of these complexes, Na and K carry even negative charges. For
example, in C;H;(K (7), K carries —0.019 a.u. Similarly in C;H,(Na (7), Na

carrtes —0.037 a.u.

Comparatively high E, the smallest being 10.01 kcal/mol for C5
system, characterizes almost all the Li-doped polyenes. As the length of the
polyene increases, the Eg energy also increases. Except for CsHsLi (4), in all
the Li-polyene complexes, Li has somewhat high charge that is almost equal
to the charge on it in the Li-polyenes like C;HqLi (2), CoHy;Li (2) etc. For
example, in Co system, Li has a charge of 0.295 when it was substituted and
0.278 when it was doped. Similarly, in C;,; system, Li has a charge of 0.300 in
substitution and 0.291 in doping. The most stable Li-isomer has the metal
over the terminal allyl fragment, very often near to C2, at a distance between

2.05and 2.1 A°.
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On the other hand, Na-doped polyenes are characterized by small E.
This varies from 2.01(in Cs system) to 4.5 kcal/mol (in C;y & C;, systems).
Usually, these values are smaller than its K- counterparts. For small polyenes,
the metal is almost in its free state, very often having a charge, positive or
negative, lesser than 0.1 a.u. Its stable isomer has the metal over the terminal
sp carbon at a large distance, between 2.55 and 3.5 A’. In complexes, where
the metal possesses the negative charge, the Na-C distance will be very large.
As the length of the polyene increases, Na tends to attain higher charge and
moves to the second carbon in its most stable isomer of that system (e.g.,

CioH2Na (2)- Table 4.9).

The low Eg of Na-doped complexes may be explained in terms of the
explanation given by Zhu and Lu [3] for the low energy of adsorption for Na
in graphite. According to them, the SOMO (singly occupied molecular
orbital) of Na atom, being at the middle point between the HOMO and
LUMO of graphite layer, cannot form a stable interaction with either the
HOMO or LUMO. Exactly the same situation takes place when Na is doped
in conjugated polyenes. For example, when Na is doped in CsHs, the SOMO-
HOMO difference is 0.08026 Hartree and SOMO-LUMO difference is
0.08461 Hartree. This means Na will have no efficient interaction with the
polyene. As a result, the Eg values of Na-doped polyenes will be
comparatively lower than that of Li and K doped polyenes. Note that the
SOMO-HOMO and SOMO-LUMO differences for Li and C¢Hg are 0.07586
and 0.08901 Hartree respectively and that for K and C¢Hg are 0.10265 and
0.06222 Hartree respectively.

K-doped polyenes are also characterized by low Eg. But in higher
polyenes, it attains a significant value (1.65 kcal/mol in Cs system and ca. 7.5
kcal/mol in C,y system). In small polyenes, the charge on the metal will be

very small, but it increases as the length of the polyene increases (-0.07 a.u. in
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Cs system and ca. 0.50 a.u. in C,, system). The K-carbon distance also varies
considerably- from 3.5A° to 2.9 A°. The most stable isomer has the metal
over the terminal allyl unit, over the C8-C7 bond in Cy system and over C2-
C3 bond in C;( system (see Tables 4.4 & 4.12).

Which are the interactions playing vital roles to stabilize these
systems? What are the factors guiding the formation of different isomers?
Low E values of these complexes imply that strong electrostatic interactions
are absent. However, since the E, increases with the increase in the charge on
the metal, discarding them totally from the discussion may not be appropriate.
Apart from Coulombic interaction, the possibilities for other types of
interactions such as cation-m interaction, ion-dipole interaction, van der

Waals’ interaction etc., are also explored.
4.5.1.1 Coulombic interaction

In lower polyenes, when metals are doped, a complex with a low Eg is
formed. For the first instance we may think of a Coulombic interaction.
However, the charge on the metal is so small that a Coulombic interaction
between the metal and the polyene culminating in an ionic bond cannot be
reasonably conceived. It is true; the metals do attain some positive charge in
larger polyenes, while the polyenes attain some amount of negative charge.
Still, it is not appropriate to call it purely as a Coulombic interaction. The Eg
energy range existing in these complexes [10 to 20 kcal/mol for Li
complexes, 2 to 5 kcal/mol for Na complexes and 1.5 to 7.5 kcal/mol for K

complexes] also supports this hypothesis.
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Figure 4.9: Mulliken charges on the carbons of CgH,; and its Li/Na/K
doped complexes

There are some more facts to be mentioned here. The first one is the
" large metal- carbon (polyene) distances (ca. 2.06 A’ for Li, 2.7A° for Na and
2.91 A for K) existing in these complexes, which do not favor an efficient
Coulombic intera;-tion. Secondly, the variation in E;; of different complexes
of the same metal is not justifiable in terms of pure Coulombic interaction
alone. For example, E;; of CoH,,K (8) 1s 4.61 kcal/mol and that of C,H;,K (9)
is 6.73 kecal/mol. The charges on K in these two complexes are 0.289659 and
0.434573 respectively and the K-C distances are 2.9960 A’ and 2.9193 A°. On
the other hand, the E; of CsHj,L1 (8) and CyH,4Li1 (10) are 18.61 and 20.97
respectively, while the charges of Li in these two complexes are 0.277739 and
0.290707 and Li-C distances are 2.0605 and 2.0612 respectively.

However, the electrostatic nature of this interaction cannot be ruled
out. It can be observed that when the charge on the metal decreases,
accordingly the E, also decreases and vice versa. There must be an
electrostatic interaction between the metal and the negatively charged carbons
of the polyene. In all the isomers formed, the carbons in the polyene closer to
the metals are found to have higher charges, which will result in Coulombic
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interaction to some extent. Also, in all the systems, the most stable isomer has
the metal associated with the terminal allyl segment [e.g. CoH;,Li (8)] or
pentadienyl segment [C; H;4K (9)]. The metal prefers to these terminal
segments due to the higher charge on the terminal carbon, which facilitates
stronger Coulombic interaction. Hence, we have to search for some other
interaction, which is feeble in nature, but involves some amount of
electrostatics in its functioning. Ion-dipole interaction and cation-7 interaction
are two such interactions, which are feeble in strength but involving

electrostatics.
4.5.1.2 Cation-r interaction

In alkali metal-doped polyenes, the dopant donates its outer electron to
the polyene. As the metal loses electron to the polyene, there occurs two
changes to the system simultaneously- formation of a cationic system above
the polyene and a slightly improved pi- electron cloud perpendicular to the
plane of the carbon skeleton of the polyene (See Tables 4.5 & 4.13). The
delocalisation is extensive in Li-doped polyenes, less intense in K-doped
polyenes and nominal in Na-doped polyenes. The partially ionized metal
stations above a polyenic fragment inviting interaction from it. The carbon-
carbon bond lengths along this fragment show that they are totally or partially
delocalised. This entails in reasonably strong cation-m interaction that
contributes to the stability of the system. The range of Eg in these complexes

also supports this proposal of cation- m interaction.

For example, in CoH),Li (8), Li interacts with the fragment with C-C
bond lengths of 1.4103 and 1.4086. Similarly, in CoH;,K (8), K is pocketed
by a fragment with C-C bond lengths of 1.3844, 1.4248 and 1.3710. However,
for Na, such a fragment with delocalised electron cloud is not identified in C,
system, as the metal exists almost in its unionized state. In cases where the

metal is partially ionized during doping, the system is fairly stabilized. For
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example, in CpHj;Na (2), Na has a higher charge (0.230) and hence it
stations over C2 inviting interaction from the allylic unit with a partially
delocalised electron cloud (C-C bond lengths are 1.3827 & 1.4187). This
accounts for the comparatively high E;; (4.45 kcal/mol) of C,oH;;Na (2). [For
more details see Tables 4.1, 4.5, 4.9 & 4.13]. Figure 4.10 gives a comparison
of the bond léngths in different metal-doped CgH,; system. Consecutive bond
lengths closer to 1.4 A’ indicate the presence of a delocalised electron cloud

and such a delocalisation is found in Li-isomer and to a certain extent in K-

1Somer.
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Figure 4.10: Comparison of C-C bond lengths in CoH;; and its Li/Na/K
doped complexes

Hence, as per the above discussion, there occurs an efficient metal-n
cloud interaction in Li-doped polyene, less efficient one in K-doped polyene
and least efficient one in Na-doped polyene. This explains why Li-doped
polyenes have fairly high E,, K-complexes have lesser and the Na-complexes

have the least E,,.
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Full-fledged formation of metal ions does not take place in metal-
doped lower polyenes. Hence, the possibility for an ion-dipole interaction

does not arise. Similar is the case with other non-covalent interactions.

These explanations go well with the stability of higher polyene
complexes; but in lower polyenes, such interactions are almost non-existent.
Their stability may be due to some other interactions of very feeble strength

and the best-suited one to explain these aspects is van der Waals’ interaction.
4.5.1.3 van der Waals’ interaction

Metal-doped lower polyene complexes (especially Na-doped
complexes) are characterized by very low Eg. For example, CsHgLi (4) has a
E of 10.01 kcal/mol, CsHgNa (5) has 2.01 kcal/mol, CsHgK (5) has 1.65
kcal/mol, CoH;,Na (4) has 1.21 kcal/mol. etc. In all such complexes, the metal
is almost in neutral state. In Cs complex, charge on Li is +0.064539, charge
on Na is —0.076969 and that on K is —0.066163. (In all the low energy Na-
doped complexes, Na has charges varying from —0.099 to +0.052). Hence, in
such complexes, an interaction involving electrostatics is not possible (see
Table 4.1: The M-C distances in them are also very high). The C-C bond
lengths in Cs complexes of Na and K (1.3508, 1.4509 & 1.3472, 1.4540
respectively) also rule out the possibility of such interactions. Hence, the only
interaction possible in such complexes is weak van der Waals’ interactions.

The small E; values confirm this conclusion.

The C-C bond lengths (1.3912, 1.4306) in Cs complex of Li explain
why it has a high Eg. Li, with a charge of +0.064539, interacts with the

partially delocalised pi cloud in Cs system and renders it some stability.

All these explanations relate the stability to the charge on the metal and

the delocalisation of the pi electrons. But they cannot explain why the metals
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prefer to certain positions in the polyene. This is guided by some other

factors.
4.5.1.4 Extended conjugation

A conjugate polyene is stabilized by extended conjugation. Even in
metal-doped polyenes, the tendency is to retain this conjugation. When the
doped metal is over the terminal allyl fragment, the system attains stability via
cation- pi interaction . In addition to that, further stabilization is also gained
by the retention of the conjugation in the polyene. Hence, the most stable
isomers in metal-doped polyenes have the metal over the terminal (allyl or
pentadienyl) fragment. Examples are CoH;,Li (8), CioH ;Li (2). As the metal
moves towards the center, the stabilization via extended conjugation will be
disturbed and hence such isomers are less favored. In all the metal-doped
complexes in our study, we have found them possessing higher energy than
those where the metal stays above the terminal segment (for details, Tables

4.1 &4.9).
4.5.1.5 Affinity towards odd/even carbons

As in metal polyenes, in metal-doped polyenyl complexes too, Li
retains its affinity towards the even carbon. Binding on to the middle carbon
of an allylic portion, Li efficiently interacts with it, stabilizing the system
considerably. Since the interaction of the metal is exclusively with the
polyenic part with conjugate double bonds, its isomers will have the metal
over the even carbon from either end of the polyene, the numbering starting
from the sp2 carbon. Thus, Li has its complex isomers with Cy system in
which the metal stays on C8, C6 and C3 (2™ sp? carbon from the sp° carbon
terminal). In Cy system, the isomers will have the metal over C2 & C4. As
the length of the chain increases, the affinity towards even carbon increases

and a slightly distorted carbon skeleton is formed.
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Na, when doped in lower polyenes, remains as such and stays away
from the polyene. It is having only a van der Waals’ interaction with the
terminal carbon. However, as the length of the polyene increases, Na slowly
attains positive charge, interacts with the even carbons and form complexes,
almost in the same fashion of Li. An improvement from the nave character in
lower polyenes to the refined and ordered character in higher polyenes is
visible in the case of Na. In longer systems, Na primarily prefers to even

carbons in stable isomers.

In lower polyenes, K behaves exactly like Na. It withholds its electrons
(hence low charge) and prefers to even carbons, which means an allyl-K
interaction. In such complexes, the metal possesses only a fraction of charge
and interacts from a larger distance (see Table 4.1& 4.9) and hence the size
factor does not play a significant role. However, as the length of the polyene
increases, K loses more of its valence electron, comes closer to the polyene,
attaches to odd carbons and interacts with a pentadienyl fragment evoking
slight warping to the carbon skeleton. Thus K forms CoH;5K (8), CoH 2K (6)
and CoH;,K (4) with Cq system, whereas it forms Cy,H,4K (9), C;H 4K (7),
C1Hi4K (6) and C;H,4K (4) with C,; system and C;oH;2K (3) & (5) with Cy

system.

On the basis of the above observations, we can predict that when alkali
metals are doped to long polyenes, the complexes obtained will exhibit more
or less the same characteristics of metal substituted polyenes, including the
warping of carbon skeleton. This implies that the distinction between doping

and substituting becomes irrelevant in the case of long conjugated polyenes.

4.5.2 Prominence of cation-r interaction

The analysis of the results obtained for the doping of alkali metals in

substituted polyenes gives some important insights. When an electron-
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donating group, CH3, was present in the Cy system, the Li & K complexes
were destabilized whereas the Na complex was stabilized (Table 4.16). In the
stabilized Na-complex, Na is carrying a negative charge. This means, the
presence of a group in the polyene, which enhances the electron cloud, will
promote the flow of electrons to Na and hence will render stability to the
system. On the other hand, when an electron-withdrawing group CN was
present, all the three systems were stabilized (Table 4.19). The influence of
these groups on the Eg; gives an idea about the interactions present in metal-

doped polyenes.

We have found that the stability of the metal-doped polyene is
dependent on the interaction between the metal and the delocalised electron
cloud of the polyene. For a doped metal, to have high charge, it should lose its
electron to the polyene. Usually, the metal ionizes to a certain extent only.
The electron lost by it, is gained by the polyene and its pi cloud gets modified.
The interaction between the polyene and the metal is the result of these two
steps. Any substituent, which retards either the loss of electrons from the
metal or the modification of the pi cloud, will destabilize the system. In
substituted polyenes, CH; group retards the flow of electrons from the metal
to the polyene as it itself enriches the pi cloud of the polyene. Hence, the Eg; is

low for methyl substituted metal-doped polyenes.

On the other hand, electron-withdrawing groups act in the reverse
direction. They abstract electron cloud from the polyene and facilitate the
electron flow from the metal to the polyene. This results in enhanced charge
on the metal and improved electron cloud in the polyene. As a result, type II
& 1 interactions in the system are considerably increased. Interaction between
the metal ion and the carbons of the polyene is the type I and the interaction

between the metal ion and the pi cloud is the type II. Therefore, the
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complexes with polyene, substituted by an electron-withdrawing group will
have high E,.

Both these observations highlight the presence of cation- m interaction
in metal-doped polyenes. Perhaps, the only significant interaction in such

complexes is cation- m interaction.

In CgH;;CN (8)Na (8) and CoH;,CN (8)K (8), there is another
stabilizing factor- the Na' and K", possessing higher charges interact with the
CN group. Apart from the enhanced cation- pi interaction, this electrostatic

interaction also accounts for the steep increase in the E,.
4.6 Conclusion

As the result of alkali metal doping in conjugated polyenes, there
occurs slight distortion to the carbon skeleton. The intensity of distortion
increases as the size of the polyene and that of the dopant increases. The
principal binding force in such complexes is found to be the cation-n
interaction. Since the effect of doping of alkali metals becomes significant
only when the polyene has a substantial size, we may suggest that this trend
will be matured in long polyenes like PA. As the size of the polyene
increases, the difference between substitution and doping may narrow down
and the complexes obtained in both type will exhibit almost identical
characteristics. As an example, we made a study on C;Hs, and C;3Hje. The
former was doped with K and the latter was substituted and doped with K.
The optimization results support our conclusion. HOMO-LUMO gap [26.17
kcal/mol for C;,H34K (16), 25.87 keal/mol for C33H36K (16) & 30.95 kcal/mol
for C33H;5K (17)] suggests that they have almost equal conductance. The
charges on potassium in these species [0.751029 a.u for C;HxK (16),
0.750359 a.u for C;3H3K (16) & 0.742741 a.u for C;3H3sK (17)] are very

close, suggesting almost identical interactions stabilizing them. Their
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structures (Figure 4.11) are also very similar. All these may be taken as
indications to suggest that the complexes obtained by doping and substituting
alkali metals to large polyenes exhibit almost identical chemical and electrical

properties.

(c) C3;H34K (16)

Figure 4.11: Optimized structures of C33H35K (17), C33H36K (16)
and C;,H;4 K(16) [B3LYP/6-31G*)
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CHAPTER 5

ALKALI METAL ION DOPED
CONJUGATED POLYENES

5.1 Introduction

We have found that the metal doping in conjugated polyenes renders a
partial anionic character to the polyene and the resulting cation-pi cloud
interaction is the stabilizing factor of metal-doped polyenes. This means, the
characteristics of such complexes are determined, at least partially, by the odd
electron oscillating along the carbons of the polyene. If cation-m interaction
plays a significant role in metal-doped polyenes, a still more pronounced
interaction would be there, if the metal is doped in the form of a cation to
such a conjugated polyene. There are reports about the high stabilisation
energy (Eg) of alkaline earth metal dication/benzene complexes {1]. In the
early studies of cation-m interaction, cations were introduced into the pi
system and their stabilisation energies were determined [2-6]. It has been
shown that the interaction between cation and graphite is important for the
development of battery materials [7]. Since conjugated polyenes possess a
delocalised electron cloud, the introduction of a cation must evoke strong
cation-n interaction. Therefore, a study of the effects of cation doping in
conjugated polyenes is significant not only from the academic point of view,
but such results may find application in the field of material manufacture.
With these targets fixed at, computational studies were performed on polyenic

systems,doped with alkali metal cations.
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5.2 Doping of alkali metal cations in odd numbered all-trans

conjugated polyenes

Cation doping to the odd numbered conjugated polyenes is
characterized by the formation of isomers of almost identical structures with
relatively high E. The carbon- metal distance (Ri) is increased in the case of
Li, decreased for Na and almost unchanged for K, in comparison with the
metal-doped systems. The delocalisation of the electron cloud (in the cation-
doped complexes) is enhanced with respect to the free polyene, but
diminished with respect to the metal-doped complexes. Selected properties
such as total energy (E), stabiligation energy (Ey), carbon- metal distance
(Ri), charge on the metal (Qy), HOMO-LUMO gap (AE) etc., of the stable
isomers of different cation-doped polyenic systems are given below in Table

5.1.

Table 5.1: The stable isomers of Li", Na" and K’ doped complexes of
different polyenes and their important characteristics (B3LYP/6-31G*).

2 1 Stable E Ri QM AE= EL-EH
Cation pcl)lyene E (Hartree) st
complex isomers * (kcal/mol) (A9 (a.w) (Hartree)
CsHgLi" CsHgLi" (4) -202.65462 35.15 2.2010 0.550549 0.19851
CsHgNa" CsHgNa™ (4) -357.47377 24.60 2.5669 0.695011 0.18476
CsHgK” CsHgK' (4) ~795.06280 15.53 3.0410 0.843074 0.18350
C,H,(Li" 6) -280.06720 38.92 2.1807 0.527501 0.15182
C'}I‘IwLi+
CHoLi'(4) -280.06485 37.52 2.1961 0.539862 0.16007
C,H(Na'(6) -434.84447 27.30 2.5526 0.683105 0.14993
C7H|0Na+
C;H(Na* (4) -434.84256 26.13 2.5585 0.684038 0.15297
C-H,(K" (6) -872.47242 17.54 3.0231 0.835848 0.15201
C7H K"
CH; )K" (4) -872.47077 16.57 2.9997 0.836555 0.15611
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CoH,,Li" (8) -357.47918 41.89 2.1654 0.506712 0.12237
CoH,Li" CoHpLi" (6) -357.47622 40.20 2.1798 0.532630 0.13469
CoH,Li* 3) -357.47629 40.24 2.1735 0.521020 0.13000
CngzNa+(8) -512.25488 29.34 2.5373 0.672217 0.12874
CoHp,Na' CoHNa'(6) | -512.25307 28.28 25549 | 0677762 | 0.13433
C9H12Na+(3) -512.25255 27.90 2.5666 0.674527 0.12855
C9H12K+(8) -949.88194 19.00 3.0148 0.829745 0.12756
CoH ;K" C9H12K+(6) -949.88061 18.27 2.9995 0.830787 0.13499
C9H|2K+(4) -949.87985 17.75 2.9836 0.829925 0.13287
C1|H|4Li+(10) -434.89058 44.37 2.1536 0.489496 0.10282
C|1H|4Li+(8) -434.88725 42.49 2.1611 0.518737 0.11348
CiHLi"
C1|H14Li+(5) -434.88694 42.26 2.1725 0.523874 011642
C|1H14Li+(3) -434.88745 42.62 2.1600 0.504341 0.10922
C1|H14Na+(10) -589.66505 31.03 2.5265 0.662813 0.10568
C.,H14Na+(8) -589.66311 29.98 2.5401 0.671003 0.11493
C“H|4Na+
C,;Hi4Na'(6) -589.66285 29.78 2.5480 0.671166 0.11742
C”H14Na+(4) -589.66256 29.58 2.5348 0.666328 0.11066
C11H14K+(10) -1027.29136 20.27 3.0021 0.825350 0.10881
C11H14K+(8) -1027.29006 19.58 2.9886 0.826622 0.11556
CyH K
C|1H14K+(6) -1027.28967 19.33 2.9831 0.825073 0.11790
C11H|4K+(4) -1027.28914 18.94 2.9663 0.825510 0.11430

* The numeral in parentheses corresponds to the carbon to which the metal is

having smallest distance.
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Comparatively high stabilisation energy values for the cation-doped
polyene complexes point towards strong interactive forces existing in them
(between the cation and polyene). The charges on the metals in different
complexes have decreased from +1 to different values between 0.5 and 0.85.

This indicates the electron flow from the polyene to the metal.

The Mulliken charges often explain why certain isomers are formed
and some are not formed. Also,they give a clue about the nature of interaction
existing in these complexes. The Mulliken charges on the carbons of free
polyenes and their cation doped complexes are given in Tables 5.2 (a), (b), (c)
and (d) (B3LYP/6-31G*).

Table 5.2(a): Mulliken charges (a.u) on the carbons of free CsHg and its Li'/

Na'/ K*doped complexes.

System Cl C2 C3 C4 C5
CsHs -0.490 -0.105 -0.100 0.059 -0.359
CsHgLi* (4) | -0.511 -0.044 0.204 -0.130 -0.323
CsHgNa® (4) | -0.510 -0.081 -0.179 -0.128 -0.359
CsHs K" (4) | -0.508 -0.097 -0.179 -0.124 -0.392

Table 5.2(b): Mulliken charges (a.u) on the carbons of free C;H;, and its
Li"/Na'/ K'doped complexes.

System Cl C2 C3 C4 G5 Cé C7

C-Hyo -0.490 | -0.105 -0.100 -0.122 -0.126 -0.059 -0.358

C;H,oLi"(6) | -0.509 -0.069 -0.112 -0.061 -0.240 -0.112 -0.347

C;H;oLi*(4) | -0.506 -0.069 -0.184 -0.229 -0.076 -0.073 -0.317

C/HoNa'(6) | -0.506 -0.078 -0.115 -0.095 -0.215 -0.119 -0.373

C;H;oNa'(4) | 0.508 | -0.097 [-0.172 [-0212 |-0.113 |-0.077 |-0.327

C-H oK'(6) | -0.504 -0.085 -0.117 -0.112 -0.217 -0.119 -0.401

C7H10K+(4) -0.506 -0.106 -0.169 -0.200 -0.162 -0.080 -0.340
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Table 5.2(c): Mulliken charges (a.u) on the carbons of free CoH;; and its Li'/
Na'/ K*doped complexes.

System C1 C2 C3 C4 C5 Cé6 C7 C8 C9

C:H,, -0.491 | -0.105 | -0.100 | -0.122 | -0.126 | -0.122 | -0.125 | -0.060 | -0.358

CoH)pLi" (8) | -0.506 | -0.072 | -0.109 | -0.092 | -0.137 | -0.064 | -0.243 | -0.104 | -0.361

CoH,Li" (6) | -0.506 | -0.077 | -0.109 | -0.076 | -0.232 | -0.209 | -0.095 | -0.070 | -0.324

CsHpNa'(8) | -0.504 | -0.079 | -0.108 | -0.099 | -0.141 | -0.095 | -0.219 | -0.115 | -0.382

CsH;Na'(6) | -0.504 | -0.084 | -0.114 | -0.110 | -0.213 | -0.201 | -0.123 | -0.075 | -0.331

CoH;;K'(8) | -0.502 | -0.085 | -0.109 | -0.105 | -0.145 | -0.117 | -0.225 | -0.118 | -0.400

CoH;K'(6) | -0.503 | -0.089 | -0.115 | -0.125 | -0.210 | -0.195 | -0.159 | -0.183 | -0.341

Table 5.2(d): Mulliken charges (a.u) on the carbons of free C;H;4 and its Li*/
Na'/ K*doped complexes.

System Cl C2 C3 C4 Cs Cé6 C7 C8 Cc9 Cl0 | Cl1

CuHys -0.491 | -0.105 | 0.010 | -0.123 | -0.126 | -0.123 | -0.125 | -0.122 | -0.124 | -0.060 | -0.358

Cy HLi'(10) | -0.505 | -0.076 | -0.106 | -0.095 | -0.133 | -0.096 | -0.138 | -0.066 | -0.245 | -0.098 | -0.371

ChHLi'(8) -0.505 | -0.077 | 0.108 | -0.097 | -0.136 | -0.073 | -0.240 | -0.194 | -0.114 | -.066 | -0.329

CH;4Na'(10) | -0.502 | -0.082 | -0.106 | -0.100 | -0.134 | -0.101 | -0.142 | -0.095 | 0.223 | -0.112 | -0.389

C, H;Na'(8) | -0.503 | -0.082 | -0.108 | -0.103 | -0.140 | -0.107 | -0.219 { -0.196 | -0.131 | -0.074 | -0.335

CHK'(10) | -0.500 | -0.086 | -0.106 | -0.104 | -0.135 | -0.106 | -0.146 | -0.117 | -0.230 | -0.116 | -0.406

CuHK'(8) -0.503 | -0.127 | -0.166 | -0.223 | -0.143 | -0.144 | -0.111 | -0.131 | -0.107 | -0.068 | -0.333

As in the previous systems studied, there is an enhanced charge
concentration in the region where the metal ion resides in the metal polyenyl
complex. In cases where the K* is the dopant, the carbons of the pentadienyl
segment with which the cation interacts, possess higher charges. e.g., are
CiH:K" (10) and C;H; K" (8). A clear picture emerges when the net
Mulliken charges on the carbons in different isomers are examined. For a
scrutiny, the net charges on the carbons of CoH;, and its different cation

doped species are presented in Table 5.3.
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Table 5.3: The net charges (a.u) on the carbons of CoH, and its Li*/Na'/K"
doped complexes (B3LYP/6-31G*).

System Cl C2 c3 C4 Cs Cé6 C7 C8 C9

CHy, -0.018 | 0.020 | 0.018 | -0.001 | -0.005 | .00004 | -0.003 | 0.065 | -0.076

CoHpLi" (8) | 0.062 | 0.091 | 0.045 | 0.068 | 0.020 0.108 -0.053 | 0.096 | 0.055

CoHy,Li'" (6) | 0.065 | 0.087 | 0.048 | 0.098 | -0.041 |-0.017 | 0.082 0.097 | 0.048

CoH;;Na'(8) | 0.049 | 0.077 | 0.038 | 0.054 | 0.010 0.068 -0.048 | 0.072 | 0.007

CgH;;Na'(6) | 0.053 | 0.074 | 0.038 | 0.055 | -0.036 |-0.022 | 0.044 0.085 | 0.030

CoHpK'(8) | 0.040 | 0.067 | 0.034 | 0.043 | 0.001 0.038 -0.066 | 0.052 } -0.037

CoHpK'(6) | 0.043 | 0.064 | 0.030 | 0.029 | -0.050 | -0.032 | -0.003 | 0.079 | 0.009

3.2.1 Position of the metal on the polyene

The different stable isomers obtained for Li’/ Na’/ K'doped CoH;,
systems as listed in Table 5.1 may suggest that all the cations have an affinity
towards the even carbon, i.e., 8, 6, 4 etc. It is true; the cations keep minimum
distance from the even carbons (Ci), but their actual position is almost at the
middle of the C(i)-C(i+1) bond. For e.g., in CoH;,K" (8), K is between C8 and
C7 (C8-K= 3.01, C7-K= 3.04 and C9-K= 3.28). The same is the case with
CoHy,Li" (8) and CoH;Na® (8). The large distance between the cation and
polyene decreases the Coulombic interaction, but the interaction of the cation

with the delocalised pi- cloud stabilizes the system.

For a detailed analysis, the different distances of the cation from
different carbons of the interacting segment and the relevant bond angles are

given in Table 5.4.
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Table 5.4: Cation- carbon distances (A’) and cation polyene bond angles

(degree) in some selected systems (B3LYP/6-31G*).

System C(i+ 10)-M C(i)(-)M C(-1 3-M MC@)C(@+1) | MC@H)H()

(A”) (A)) (AY) (deg.) (deg.)
CoHppLi™ (8) 2.3550 2.1654 2.2452 80.29 114.46
CoHppLi™ (6) 2.6527 2.1798 2.1939 93.97 105.43
CoH,,Na“(8) 2.7575 2.5373 2.6396 84.36 108.65
CyH,Na" (6) 2.9977 2.5549 2.5717 94.88 102.49
CoH oK (8) 3.2824 3.0148 3.0431 88.99 104.53
CoH 5K (6) 3.3099 2.9995 3.0700 90.72 101.51

The optimized structures of a few stable isomers of Li* doped polyenes
are given below in Figure 5.1 from which the effect of Li" doping can be

ascertained.

(b) C;H,0Li" (6)
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(e) CGH 12Li+ 3)

7 L4
Posoerereye,

() CriHyLi" (10)

@

() C 1H14Li+ 3)

°
(h) CuHiLi” (3)

Figure 5.1: Optimized structures of a few stable isomers of
Li" doped polyenes (B3LYP/6-31G*)
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From the figure, it can be seen that Li" prefers to station above some
even sp® carbon from the terminal. However, if the ion is closer to the sp’
carbon of the chain, it moves to the third carbon, again an sp” carbon, which
comes second from that side, if only the sp® carbons are considered. As the
ion moves towards the center, the correct position of the metal is between
adjacent carbons- an indication to the irrelevance in differentiating carbons

into odd and even.

The optimized structures of a few isomers of Na* doped polyenes are

presented in Figure 5.2.

(C) CgH 1 2Na+(8)

-

(d) CoH,Na'(6)
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(H C“H14Na+ (10)

(&) CyiH 14NaJr 4

Figure 5.2: Optimized structures of a few stable isomers of Na" doped
polyenes (B3LYP/6-31G¥*)

Except for the isomer in which the metal is at the terminal allylic
segment, all others are having the metal almost at the middle of the carbon-
carbon bond. In general, in all the isomers, the closest carbon of the polyene

to the metal is an even carbon.
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In Figure 5.3 optimized structures of a few stable isomers of K™ doped

polyenes are given.

D
‘&' PP

(a) CsHsK" (4)

(b) C/H oK™ (6)

() C9H12K+(8)

(d) CoHpK'(6)
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(e) C9H12K+(4)

-
} 2020202020
(e) C11H14K+ (10)
-
}—a—wwwmﬂa

(9 Ci1H1K" (6)

(8) CHiK™ (4)

Figure 5.3: Optimized structures of a few stable isomers of K* doped
polyenes (B3LYP/6-31G*)

The structures show that the cation-doped systems are less distorted
when compared with the metal-doped systems (see Figures 4.1-4.3). As the
size of the dopant increases, the tendency to form stable isomers with the

metal in the vicinity of sp> carbon decreases. Thus, when Li* forms C,HgsLi"
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(3) type complexes in Cq and higher systems, K™ never forms such complexes.

Na' rarely forms such complexes- true to its intermediate character trait.
3.2.2  Doping induced changes in the molecular parameters

In comparison with the metal doping, the cation doping evokes lesser
changes in the molecular parameters. The planarity of the carbon chain is
almost retained and the warping that we observed in the case of metal
substitution is totally missing. The stabilisation energy values suggest a strong

interaction; however, it evokes less distortion or induces no warping at all.
5.2.2.1 Change in the carbon- carbon bond lengths

The C-C bond length values partially explain the nature of the
interaction in cation-doped polyenes. The interaction is strong enough to
induce significant changes in carbon- carbon bond lengths. The interaction of
the cation seems to be limited to the polyenic part where the m-cloud is
oscillating. The carbon-carbon bond length values of free CoH;,, (CoH,;;)” and

cation doped systems are presented in Table 5.4.

Table 5.4: C-C bond lengths (AO) in CoH;,, (CoH; ;)™ and the most stable
isomers of Li"/Na*/ K" doped C¢H,, (B3LYP/6-31G¥).

System Cl1-C2 | C2-C3 | C3-C4 | C4-C5 | C5-C6 | C6-C7T | C7-C8 C8-C9

CoH), 1.4983 1.3469 | 1.4461 1.3563 | 1.4406 | 1.3560 | 1.4476 | 1.3442

(CoHyy) - 1.3613 1.4277 | 1.3864 | 1.4047 | 1.4047 | 1.3864 1.4277 1.3613

CoH,Li"(8) | 1.4902 1.3541 1.4331 1.3686 | 1.4222 | 1.3782 1.4516 | 1.3606

CoHpNa'(8) | 1.4920 | 1.3519 | 1.4369 | 13646 | 1.4292 1.3711 1.4529 )} 1.3574

CoH K '(8) 1.4933 1.3504 | 1.4397 | 13619 | 1.4348 | 1.3661 1.4519 | 1.3526

It is evident from Table 5.4 that the delocalisation of the n-cloud is not
as pronounced as in the case of metal doping. Further, we can say that there is
no localization of the delocalised electron cloud that we observed in metal

substituted polyenes. The terminal carbon-carbon bond is only marginally
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affected which suggests the limited interaction of the cation with the sp

carbon.
5.2.2.2 Structural distortion of the polyene

For evaluating the cation-induced structural change of the polyene, the
bond angles and the dihedral angles were studied. The comparatively
insignificant deviations in them suggest the retention of the original structure
to a certain extent even after the cation doping. For a closer study, the bond
angles and dihedral angles of the Li'/ Na'/ K'doped CoH;, and the free CoH5
are presented in Tables 5.5(a) & (b)

Table 5.5(a): Selected bond angles (degree) in free CoH,, and the most stable
Li"/Na'/K'- CoH,, complexes (B3LYP/6-31G*).

System HICIC2 | CIC2C3 | C2C3C4 | C3C4C5 | C4C5C6 | C5C6CT | C6CIC8 | C7C8C9 | C8COHI
CoH,; 111.30 | 125.14 | 124.49 | 124.52 | 124.41 | 124.64 | 124.24 | 124.64 | 121.53
CoHp,Li*(8) 110.42 | 12538 | 122.55 | 124.95 | 122.29 | 125.80 | 123.41 | 124.85 | 121.50
CoH,;Na'(8) 110.55 | 125.36 | 122.85 | 124.98 | 122.72 | 125.71 | 123.57 | 125.49 | 121.45
CoH K (8) 110.65 | 125.34 | 123.15 | 124.96 | 123.17 | 125.60 | 123.87 | 125.39 | 121.52

Table 5.5(b): Selected dihedral angles (degree) in free CoH,, and the most

stable Li*/Na'/K" - CH,;, complexes (B3LYP/6-31G*).

System HICIC2C3 | C1C2C3C4 | C2C3C4C5 | C3C4C5C6 | C4C5C6CT | C5C6CTC8 | C6C7C8CY | CTC8CIHS
CoHuy 0.0 180.0 -180.0 | -180.0 | 180.0 180.0 -180.0 0.0
CoH,Li'(8) | -0.23 -179.69 | 17931 |-178.52 | 178.76 |-176.56 | 17133 | -178.83
CoH|;Na"(8) | -0.29 -179.54 | 179.09 |-178.52 | 178.15 |-177.09 | 175.14 | -178.59
CoHK'(8) | -0.45 -179.59 | 179.57 | -179.09 | 179.51 |-179.13 | 174.60 | -178.37

Among the three cation-doped complexes of CgH,5, Li"™-C4H;, complex

shows maximum distortion, which, in comparison with the Li substituted
CoH,; and Li doped C¢H,, is the poorest. The minimal distortion for the
carbon backbone in K- C4H,, complex is not even comparable with the

distortion in CoH; ;K (3), though it is somewhat closer to K-doped CoH;,. But
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it should be borne in mind that the intensity of distortion may not be a pointer
to the intensity of interaction. Of the two species, K'- CoH,, and K- CyH,,, the

former is more stable though it has a less distorted structure.
5.2.3 Increase in the conductance

The HOMO and the LUMO energies and their differences in free

polyenes and their Li'/Na"/K"- doped complexes are given in Table 5.6.

Table 5.6: HOMO-LUMO difference in free CoH;, and Li"/Na'/K*- CoHi,

complexes

System Ex EL AE =E- Ey
(Hartree) (Hartree) (kcal/mol)
CsHs -0.21767 -0.01519 127.06
CsHsLi* (4) -0.41569 -0.21718 124.57
CsHgNa" (4) -0.39337 -0.20861 115.94
CsHgK™ (4) -0.37259 -0.18909 115.15
C7H,o -0.20081 -0.03841 101.91
C7HoLi" (6) -0.36931 -0.21749 95.27
C;HoNa' (6) -0.35201 -0.20208 94.08
CH; K" (6) -0.33699 -0.18498 95.39
CoHi2 -0.19034 -0.05269 86.38
CoH,Li*(8) -0.33659 -0.21422 76.79
CoH;Na'(8) -0.32200 -0.19756 80.79
CoH 2K (8) -0.31126 -0.18370 80.05
CnHus -0.18318 -0.06239 75.80
CiHisLi" (10) -0.31286 -0.21004 64.52
CiHj4Na' (10) -0.29999 -0.19431 66.32
CiHuK (10) -0.29094 -0.18213 68.28

The HOMO-LUMO energy difference for different systems shows that
there is only a slight increase in the conductance of the polyene as the result
of cation doping. However, it is significantly lesser than the conductance

attained/effected by the metal doping or metal substitution. The low
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conductance may be due to the lesser extent of delocalisation of pi electron
cloud along the polyene (see Table 5.4). Here too, it is noteworthy that as the
length of the polyene increases, there is increase in the conductance of the
species. However, it seems that there is no any specific order of ascendance or

increase in the case of different cations.
5.2.4 Formation of different isomers

Table 5.1 provides the complete list of stable isomers obtained when
Li", Na" and K* were doped to the polyenes ranging from Cs to C,,. These
isomers bring out the general features of alkali cation-doped polyenes. It can
be seen that the different isomers of the same system differ by a small
quantity of energy. For example, Li (6) & Li (4) isomers of C;H,, are
separated by 1.4 kcal/mol. Similarly, the K (10) & K (8) isomers of C;;H4
differ by 0.69 kcal/mol only. Li (10) & Li (8) isomers of the same system
differ by 1.88 kcal/ mol. The small energy difference between the isomers
may be an indication to the possibility of cation jump from one position to

another at the availability of slight energy to the system.

The number of isomers possible for each system depends on the
number of allyl fragments possible in the given system (The nature of isomers
shows that there exists a cation- allyl interaction in cation-doped polyenes).
Since the fragment of the polyene that interacts with the cation excludes the
sp> carbon, the counting should be done excluding terminal sp° carbon. Thus
Cs system can have only one stable isomer, C; can have two, Cy can have
three and so on. Since the energy difference between the isomers is very
small, especially for longer polyenes, the hopping of metal ion throughout the
chain will be easier, which signifies the possibility of drastic changes in the

electric properties of the material.
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5.3 Doping of alkali metal cations in even numbered all-trans

conjugated polyenes

Even polyenes are similar to odd polyenes; they differ only by a non-
interacting methyl group. Hence the odd and even systems will have almost
the same characteristics. Only two even systems (i.e., CgH;o & CoH;;) were
analyzed with cation doping and they agreed with the predictions made above.
The E; of the cation-polyene complexes was of the same order as in odd
polyene complexes. The stable isomers of Li’/Na"/K" doped CgH;o & CoH)»

with their important characteristics are given in Table 5.7.

Table 5.7: The stable isomers of Li'/Na'/K" doped CgH; and C,oH,, systems
with their important characteristics (B3LYP/6-31G*)

System Stable isomers * E Eq R(l, Qu
(Hartree) | (kcal/mol) (A°) (a.n)

CsH,Li'(2) -318.15430 38.92 2.1738 0.519264

CgHoLi" CsH oLi"(4)° -318.15160 37.37 2.1977° 0.543167
CsH,oNa' (2) -472.93099 26.98 2.5466 0.680043

CsHioNa™ | CH,oNa' (5) -472.92936 26.03 2.5753 0.685368
CsH, oK' (2) -910.55871 17.09 3.0269 0.834315

CsHiK CsH oK' (5) -910.55755 16.43 3.0390 0.835748
CioHsLi* (2) -395.56638 41.79 2.1608 0.499876

CioHpLi" | ¢\ H,Li* (4) -395.56303 39.87 2.1719 0.529096
CioHj;Na' (2) -550.34164 28.97 2.5341 0.669012
CioHiNa' | ¢\ oH),Na* (4) -550.33963 27.81 2.5496 0.677123
CioHpK' (2) -987.96849 18.54 3.0102 0.828669

CioHiK™ | CHpK' (4) -987.96711 17.77 3.0000 0.830407

? The numeral in parentheses corresponds to the carbon to which the metal is having

the smallest distance.
® The metal is exactly at the middle of C4-CS5 bond.
¢ C4-Li=C5-Li=2.1977

Similar to the cation doping in odd polyenes, here too, high

stabilisation energy is obtained for the Li-isomers, the order being the same,
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i.e., Li> Na > K. In all the isomers, the metal ions are stationed almost above

the C-C bond. Also, towards the center, the odd- even distinction becomes

irrelevant in a conjugated polyene of even carbons.

The formation of different isomers for different polyenes may be

explained in terms of the Mulliken charges. The values are presented in

Tables 5.8(a) & (b).

Table 5.8(a): Mulliken charges (a.u) on the carbons in CgH,, and its stable
Li"/Na‘/K"-doped complexes (B3LYP/6-31G*).

System Cl C2 C3 C4 Cs Cé C7 C8
CsHiyo -0.060 | -0.122 | -0.123 | -0.122 | -0.122 | -0.060 | -0.356
CgHoLi'(2) | -0.354 -0.108 | -0.240 -0.064 -0.133 -0.092 -0.073 -0.314
CgH,oLi'@) | -0.319 -0.072 -0.084 -0.219 -0.219 -0.084 -0.072 -0.319
CsHoNa'(2) | -0.377 | -0.118 -0.215 -0.096 -0.137 -0.098 -0.072 -0.322
CgHoNa'(5) | -0.365 -0.057 0.151 -0.182 -0.182 -0.151 -0.057 -0.365
CgH oK' (2) | -0.397 -0.119 | -0.219 -0.117 -0.140 -0.105 -0.071 -0.329
CgH oK' (5) | -0.378 -0.061 -0.182 -0.189 -0.189 -0.182 -0.061 -0.378
Table 5.8(b): Mulliken charges (a.u) on the carbons in C;¢H;; and its stable
Li*/Na*/K"-doped complexes (B3LYP/6-31G*).

System Cl c2 C3 c4 cs C6 C7 C8 9 C10
CioH iz -0.356 | -0.060 | -0.123 | -0.122 | -0.123 | 0.123 | -0.122 | -0.123 | -0.060 | -0.356
CioHpLi'(2) | -0.366 | -0.101 | 0243 | 0066 | -0.136 | -0.095 | -0.129 | -0.095 070 | -0.319
CioHp,Li'(4) | -0.326 | -0.068 | -0.104 | 0203 | -0.234 | -0076 | -0.131 | -0.097 | -0.072 | -0.320
CioH,Na'(2) | 0386 | -0.114 | 0220 | -0.096 | -0.140 | -0.101 | -0.129 | -0.100 | -0.069 | -0.326
CioH;;Na'(4) | 0332 | -0075 | -0.126 | -0.200 | -0.214 | -0.110 | -0.136 | -0.103 | -0.071 | -0.326
CioHpK' (2) | 0403 | -0.117 | 0226 | -0.117 | -0.144 | -0.107 | -0.130 | -0.104 | -0.068 | -0.331
CioHpK (4) | 0342 | -0077 | -0.159 | -0.195 | -0.210 | -0.127 | -0.137 | -0.108 | -0.071 | -0.331

It may be concluded that the doped metal ions prefer to a carbon where

maximum charge-charge interaction is possible. In other words, wherever the

cation resides, there the net charge is negative. In order to illumine this fact,
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the net charge on the carbons of different cation-doped isomers of C,oH;,

system is presented in Table 5.9.

Table 5.9: The net charges (a.u) on the carbons of C;oH;, and its
Li"/Na"/K" doped complexes (B3LYP/6-31G*).

System Cl C2 C3 C4 C5 Cé6 C7 C8 Cc9 | Cl10

CioH,; -0.070 0.066 0.001 0.002 0.001 0.001 0.002 0.001 0.066 | -0.070

CmleLi*(Z) 0.048 0.097 | -0.055 | 0.104 0.020 0.063 0.026 0.063 0.090 0.043

CioHpLi"(4) | 0043 0.097 0.073 | -0.012 | 0.045 | 0.096 | 0.027 0.061 0.087 0.045

C\H;Na’(2) | 0.001 0.073 | -0.050 | 0.066 | 0.010 | 0.051 0.019 | 0.052 | 0.085 0.025

C\oH;;Na'(4) | 0027 | 0.085 0.040 | -0.022 | -0.038 | 0.053 0.018 0.049 | 0.083 0.028

CioHpK  (2) | -0.041 | 0.052 | -0.068 | 0037 0.002 0.041 0.015 0.043 0.081 0.011

CioHpK (4) | 0008 | 0078 | 0032 | 0.041 | 0051 | 0027 | 0010 | -0.004 | 0.080 | 0014

5.3.1 Position of the metal

The most stable isomer for all the systems with any of the metal ion
doped has the same formula, C,H,.,M'(2). When other isomers of higher
energy are considered, CioH;, has all of them with the metal over C4. In
CgH,o, all of them are near to C5. However, the position is in between C4 and
C5 in either system, which shows a preference to the C4-C5 bond. Another
feature to be noted is that the doped cation is not exactly at a vertical position,
but resides in a slightly slanted position. A close examination of the relevant
values, ftaken from the optimized data file of some of the isomers is given in

Table 5.1d, - will pronounce the above features more clearly.
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Table 5.10: M"-carbon distances and metal polyene bond angles in some
selected isomers of Li*/Na'/K" doped C,oH,, (B3LYP/6-31G¥)

System C(3i-1)-M C(3i)- M C@i+1)-M | MC(G)C@+1) | MC@)H()

(A% (A% (A" (deg.) (deg.)
C.OHIZLF(Z) 2.3374 2.1608 2.2437 73.91 114.94
C,OHIZLi+(4) 2.6038 2.1719 2.1993 71.62 106.75
C,oleNa*(Z) 2.7399 2.5341 2.6406 77.79 109.23
CoH ,2Na+(4) 2.9829 2.5496 2.5750 74.52 102.59
C10H12K+ 2) 3.2710 3.0102 3.0403 77.28 104.83
C,OH,2K+ 4) 3.3157 3.0000 3.0638 78.69 101.48

Figure 5.4 gives more details on the isomers and the positions of the
metals. In comparison with the metal-doped systems, cation-doped systems
are less distorted and the chain almost retains its planarity. No bent is visible

even in large systems-a noted deviation from metal-doped polyenes.

(b) CsHyoLi" (4)
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(2 CioH oLi" 2
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(k) CioH1oK" (2)

>

(1) CioH12K" (4)

+

Figure 5.4: The optimized structures of a few stable isomers of Li'/Na'/K
doped complexes of CgH;q and CoH;, (B3LYP/6-31G*)
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5.3.2  Doping induced changes in the molecular parameters

Compared to the metal doping, the cation doping brings in only minute
changes to the structural parameters. The less intensity may not be due to the
absence of strong interaction, because the stabilisation energy values of these
complexes are very high. The flow of electron towards the cation may be
reducing the pi-electron cloud that may have a dampening effect on the

distortion of the carbon skeleton.
5.3.2.1 Change in the C-C bond lengths

Since the carbon- carbon bond lengths will suggest whether a bond is
localised or delocalised, the optimized C-C bond lengths of free polyene and
its cation-complexes are given in Table 5.11 for a closer examination. The
positioning of such a delocalised electron cloud is also significant in judging

the nature of interaction existing in cation doped polyenyl complexes.

Table 5.11: Optimized C-C bond lengths (A®) in free C,oH,, and its most
stable Li*/Na'/K" doped complexes (B3LYP/6-31G*).

System cic2 | c2¢3 | c3c4 | cacs | cs«c6 | c6C7 | C1-C8 | C8-CY | C9ClO
CioHys 1.3446 | 1.4468 | 13573 1.438 1.3598 1.438 1.3573 | 1.4468 | 1.3446
CioHpLi'(2) | 1.3619 | 1.4495 | 1.3809 | 1.4183 | 13732 | 14242 | 1.3653 | 14399 | 13471
CioHpLi'(4) | 13450 | 14482 | 13701 | 1.4521 | 13754 | 1.4303 | 13632 | 14417 | 1.3463
CioHppNa'(2) | 13585 | 1.4513 | 13732 | 14528 | 13686 | 14286 | 1.3626 | 14422 | 1.3461
CioHppNa'(d) | 13450 | 14484 | 13672 | 14502 | 13712 | 14343 | 13612 | 14434 | 1.3455
CioHiKY(2) | 13533 | 1.4506 | 13678 | 14319 | 13656 | 14317 | 13608 | 1.4436 | 13454
CioHpK ) | 13451 | 14494 | 13639 | 1.4449 | 13673 | 14361 | 13600 | 14445 | 1.3451

The values show that the delocalisation of the electron cloud is less
intense in the segment above which the metal is stationed. At the same time,
there is enhanced delocalisation, (though not so intense as in metal-doped
polyenes), along the carbon skeleton than the parent polyene, as indicated by

the values.
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5.3.2.2 Distortion to the carbon skeleton

Intensity of distortion to the carbon skeleton may be found out from

the bond angles and the dihedral angles. Apparently, as the Figure 5.4

suggests, the distortion is very minimum. However, an interaction that

amounts to a stabilisation energy of about 42 kcal/mol cannot leave the

system totally undisturbed. For a close examination, the bond angles and

dihedral angles of free C;;H;, and its most stable Li’/Na’/K" doped

complexes are given in Tables 5.12(a) & (b).

Table 5.12(a): Selected bond angles (degree) in free C,oH;, and the most
stable Li’/Na'/K*- C;oH,, complexes (B3LYP/6-31G*).

System HICIC2 | CIC2C3 | C2C3C4 | C3C4CS5 | C4C5C6 | C5C6CT7 | C6CTC8 | CTC8CY
CioH12 121.54 124.56 124.26 124.55 124.43 124.43 124.55 124.26
CioHiaLi"(2) 121.47 124.91 123.44 125.84 122.37 124.94 122.68 124.54
CioHi2Na"((2) 121.49 125.58 123.55 125.77 122.75 124.97 122.96 124.53
CioH12K'(2) 121.60 125.44 123.88 125.63 123.2 124.94 123.24 124.52

Table 5.12(b): Selected dihedral angles (degree) in free C,oH,;, and the most
stable Li*/Na'/K" - C,oH,, complexes (B3LYP/6-31G*).

System HIC1C2C3 | C1C2C3C4 | C2C3C4CS5 | C3C4C5C6 | C4C5C6CT | C5C6CTC8 | C6CTCRCY | CTCBCOHCIO
CiHj2 00.00 -180.0 -180.0 -180.0 180.0 180.0 180.0 180.0
CioHLi"(2) -10.07 -171.81 | -176.34 178.65 -178.55 179.24 -179.73 179.85
CiHNa'((2) | -06.44 -175.65 | -176.87 178.01 -178.54 179.13 -179.65 179.80
CioH2K'(2) -04.76 -174.66 | -179.09 179.55 -179.14 179.71 -179.77 179.94

As the bond angles and dihedral angles suggest, there is only minor

distortion to the carbon skeleton, in comparison with the metal polyenes.

However, there is a significant deviation from the dihedral values of free

polyene when cations are doped. This suggests that there exist some strong

interactive forces between the cation and the polyene. They account for the

high stabilisation energy of these systems.
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5.3.3 Increase of conductance

A minor increase in conductance may be observed in the cation-doped
polyenes. The HOMO and LUMO energies of the free polyenes and their

cation-doped complexes are given in Table 5.13.

Table 5.13: HOMO-LUMO difference in free CgH;,, CioH;, and their
Li"/Na'/K" - doped complexes.

System En EL AE=E;- Ey
(Hartree) (Hartree) (kcal/mol)
CsHig -0.19700 -0.05771 87.41
CgHjoLi" (2) -0.34860 -0.22142 79.81
CgHjoNa' (2) -0.33343 -0.20370 81.41
CsH 1K™ (2) -0.32167 -0.18939 83.01
CioHi2 -0.18870 -0.06672 76.54
CioHoLi™ (2) -0.32251 -0.21601 66.83
CigH2Na' (2) -0.30925 -0.19968 68.76
CioH12K' (2) -0.29986 -0.18723 70.68

The increase in conductance for the cation-doped polyenes is very
negligible in comparison with the high conductance exhibited by metal-doped
polyenes. Since the cation does not donate an electron to the pi-cloud of the
polyene, but abstracts some of the electron cloud, there is no chance for a
vastly improved conductance. That explains why cation-doped polyenes have

lesser conductance in comparison with the metal-doped polyenes.
5.3.4 Formation of different isomers

As in the case of odd polyenes, here too, different isomers of cation-
doped polyenes are formed. All of them retain a general characteristic that the
metal ions in them prefer to settle above a C-C bond. The different isomers
are close in energies. For example, C,oH,Li (2) & (4) differ by 1.92 kcal/mol;
CioH2K (2) & (4) differ by 0.77 kcal/mol. The different isomers are possible
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because of the possible cation-allyl interaction. Therefore, the number of
possible isomers is equal to the number of allyl fragments present in the

polyene.
5.4 Alkali metal ion doping to substituted polyenes

We have already presented the results of alkali metal cation doping to
conjugated polyenes. In order to evaluate the effects of substituents in the
polyene on the characteristics of cation-doped polyenes, cation doping was
done on substituted Cy system. The groups substituted on the polyene were
CH; and CN, representatives from electron-donating and electron-

withdrawing groups.
5.4.1 Metal ion doping to CoH,;;CH;

When electron-donating groups are present in a system, it would
enhance the electron cloud of the system. Accordingly, electrophilic reactions
or interactions will be favoured. Hence, from the reaction results, we can
conclude whether the interaction is electrophilic or not. The characteristics of
the Li*/Na'/K" doped complexes of CoH;, and CoH,,CH; (8) are presented in
Table 5.14.

Table 5.14: The most stable Li'/Na‘/K" doped complexes of CyH,, and
CoH,,CH; (8) [B3LYP/6-31G*]

Metal-polyene E Eq Ri Qm AE=E;-Ey
system (Hartree) (kcal/mol) (A% (a.w) (Hartree)
CoHoLi" (8) -357.47918 41.89 2.1654 0.506712 0.12237
CoH;;CH;(8)Li"(8) | -396.79826 42.93 2.1928 0.496498 0.12355
CyH;Na'(8) -512.25488 29.34 2.5373 0.672217 0.12874
CoH,,CH;3(8)Na'(8) | -551.57321 29.88 2.5762 0.663888 0.12357
CoH K™ (8) -949.88194 19.00 3.0148 0.829745 0.12756
CoH, CH3(8)K'(8) | -989.19970 19.23 3.0380 0.831213 0.12685
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From Table 5.14, it is clear that the presence of electron donating
group, CHj, is actually stabilizing the system by increasing its E. The metal-
carbon distance is larger for Li*/Na'/K' doped substituted polyenes, in
comparison with free polyene counterparts. But the charge on the metal is less
in Li" and Na" doped complexes; but K has more charge on it in CgH,;CH;
(8)K*(8) than that in CoH,K" (8).

The Mulliken charges on different carbons in different systems are

presented in Table 5.15 for comparing the interactions in them.

Table 5.15: Mulliken charges (a.u) on the carbons in Li’/Na’/K* doped
CoH,,CH; (8) & CoHy (B3LYP/6-31G*)

System Cl C2 C3 C4 C5 Cé C7 C8 C9
CsH;1CH; (8) -0 491 | -0.106 | -0.100 | -0.126 | -0.119 | -0.122 | -0.177 { 0.237 | -0.413
CgH,Li" (8) -0.506 | -0.072 | -0.109 | -0.092 | -0.137 | -0.064 | -0.243 | -0.104 | -0.361
CoH,,CH;(8)Li"(8) | -0.506 | -0.074 | -0.109 | -0.096 | -0.132 | -0.061 | -0.293 | 0.180 | -0.413
CoH ;Na'(8) -0.504 | -0.079 | -0.108 | -0.099 | -0.141 | -0.095 | -0.219 | -0.115 | -0.382
CoH, CH;(8)Na*(8) | -0.503 | -0.081 | -0.108 | -0.102 | -0.136 | -0.090 | -0.274 | 0.183 | -0.436
CoH ;K™ (8) -0.502 { -0.085 | -0.109 | -0.105 | -0.145 | -0.117 | -0.225 | -0.118 | -0.400
CoH,,CH3(8)K*(8) | -0.501 | -0.086 | -0.109 | -0.108 | -0.140 | -0.112 | -0.280 | 0.180 | -0.462

There is an increase in the charges on the carbons of the polyenic

segments interacting with the metals, but the same on other carbons are

slightly less. The carbon carrying the substituent carries positive charge.

A close analysis of the C-C bond lengths in different cation-doped
systems will give certain indications, regarding the nature of electronic
distributions in those complexes. Hence, the C-C bond length values in such

systems are presented in Table 5.16.
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Table 5.16: C-C bond lengths (A®) in
CoH,; (B3LYP/6-31G*)

Li'/Na'/K* doped CoH,;,CH; (8) &

System Cl1-C2| C2-C3| C3-C4 | C4-C5 | C5-C6 | C6-CT | CT-C8 | CB8-C9
CoHjoLi" (8) 1.4902 | 1.3541 | 1.4331 | 1.3686 | 1.4222 | 1.3782 | 1.4516 | 1.3606
CoH,;CH5(8)Li"(8) | 1.4907 | 1.3534 | 1.4343 | 1.3673 | 1.4250 | 1.3761 | 1.4650 | 1.3651
CoH;;Na'(8) 1.4920 | 1.3519 | 1.4369 | 1.3646 | 1.4292 | 1.3711 | 1.4529 | 1.3574
CoH CH3(8)Na'(8) | 1.4924 | 1.3513 | 1.4380 | 1.3634 | 1.4320 | 1.3691 | 1.4664 | 1.3614
CoH 2K (8) 1.4933 | 1.3504 | 1.4397 | 1.3619 | 1.4348 | 1.3661 | 1.4519 | 1.3526
CoH;;CH3(8)K'(8) | 1.4936 | 1.3500 | 1.4405 | 1.3610 | 1.4372 | 1.3646 | 1.4639 | 1.3563

In comparison with Li"/Na*/K" doped C5Hj,, the C-C bond lengths in
Li"/Na"/K* doped CoH;,CH; (8) are slightly modified, the modification

extending throughout the chain. In either case, a perfectly delocalised electron

cloud spread over a particular segment, as in the case previous systems, is not

observed here.

The structures of above complexes of substituted polyenes are given in

Figure 5.5.

(b) C9H11CH3(8)N3+(8)
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(c) CoH;CH; (8)K(8)

Figure 5.5: Optimized structures of Li’/Na"/K" doped complexes of CoH,,
and CoH,,CH, (8) [B3LYP/6-31G*]

5.4.2 Metal ion doping to CoH;;,CN

Introduction of an electron-withdrawing group to a conjugated polyene
will decrease the available electron cloud. Hence, any interaction favoured by
enhanced pi electron cloud will be retarded by such substitution. In cation-
doped systems, the cation interacts with the polyene to give a stable complex
and hence the introduction of electron withdrawing groups in the polyene will
destabilize the system. However, if the new entrant can have direct interaction
with the cation, the system will be strongly stabilized. If highly polarized
systems are present, such interactions will take place, rendering extra stability
to the system. The products obtained when cations are doped on CoH;;CN (8)

and CgH ,, along with their characteristics are classified in Table 5.17.

Table 5.17: The most stable Li’/Na'/K" doped complexes of CqH;, and
CoH, CN (8)-(B3LYP/6-31G*)

Metal-polyene E Eq Ri Qum AE=E-Eqy
system (Hartree) | (kcal/mol) (A (a.w) (Hartree)
CsH,Li" (8) -357.47918 41.89 2.1654 0.506712 0.12237
CoH CN(B)Li(6)* | -449.71921 40.23 2.3833 0.518909 0.12053
CoH;Na'(8) -512.25488 29.34 2.5373 0.672217 0.12874
C9H“CN(8)N3+(6)b -604.49861 30.82 2.8101 0.674467 0.12247
CoH,K' (8) -949.88194 19.00 3.0148 0.829745 0.12756
CoH;,CN(8)K(8)° -1042.13737 27.80 5.2451 0.901772 0.11546

*Li" doped on C8 moves on to C6 to have effective interaction with the CN group.

® Na* doped on C8 moves on to C6 to have effective interaction with the CN group.

¢ K", doped on C8, moves away from the polyene and sticks on the nitrogen of CN group.
K-N=2.6438
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From Table 5.17, the result of cation doping to substituted polyene can
be analyzed. In comparison with the cation-doped free polyenes, substituted
polyene-cation complexes of Li are less stable. For Na' and K*, such
complexes are highly stabilized via the electrostatic interaction between the
metal and the CN group. All the metals move away from the interacting
polyenic segment and establish a partial bonding with the nitrogen of CN. The
charge on the metal increases slightly for Li" and Na’, but makes a jump in
the case of K*. The conductance of the system also increases as the result of

substitution.

The Mulliken charges on the carbons in cation-doped free polyenes

and cation —doped substituted polyenes are presented in Table 5.18.

Table 5.18: Mulliken charges (a.u) on the carbons in Li"/Na’/K* doped
CoH;CN (8) & CoH;, (B3LYP/6-31G¥*)

System Cl C2 C3 C4 Cs Cé6 C7 C8 C9
CoH;,CN(8) -0.493( -0.100| -0.102 -0.119 | -0.124 | -0.121 | -0.160 | 0.204 | -0.379
CoH,,Li" (8) -0.504 -0.072 { -0.109 -0.092 | -0.137 | -0.064 | -0.243 | -0.104 | -0.361
CoH,;CN(8)Li*(6) -0.504 -0.079 | -0.106 -0.117 | -0.125 | -0.227 | -0.167 | 0.167 | -0.345
CoH;,Na'(8) -0.504 -0.079 | -0.10§ -0.099 | -0.141 | -0.095 | -0.219 | -0.115 | -0.382
CoH,,CN(8)Na'(6) | -0.503 -0.085 | -0.104 -0.128 | -0.133 | -0.192 | -0.174 | 0.171 | -0.350
CoH K (8) -0.502 -0.085 | -0.109 -0.105 | -0.145 | -0.117 | -0.225 | -0.118 | -0.400
CoH; CN(8)K'(8) -0.498 -0.091 | -0.103 -0.113 | -0.122 | -0.118 | -0.154 | 0.196 | -0.367

The polyenic carbons that are closer to the metals have comparatively
higher Mulliken charges. However, in the case of CoH;;CN (8)K'(8), such a
phenomenon is not visible. It may be due to the migration of metal from the

polyenic carbons to the exclusive interaction with the nitrogen of CN group.

The carbon- carbon bond lengths in different cation-doped complexes,

which give a measure of the extent of delocalisation, are given in Table 5.19.

202




Table 5.19: C-C bond lengths (AO) in Li*/Na'/K" doped CoH,,CN (8) & CoH,,

(B3LYP/6-31G*)

System C1-C2 | C2-C3| C3-C4| C4-C5| C5-C6 | C6-C7 | C7T-C8 | C8-C9
CoH,Li" (8) 1.4902 | 1.3541 | 1.4331 | 1.3686 | 1.4222 | 1.3782 | 1.4516 | 1.3606
CoH; |CN(8)Li"(6) | 1.4912 | 1.3525 | 1.4373 | 1.3662 | 1.4396 | 1.3655 | 1.4784 | 1.3473
CoH ;Na'(8) 1.4920 | 1.3519 | 1.4369 | 1.3646 | 1.4292 | 1.3711 | 1.4529 | 1.3574
CoH,|CN(8)Na'(6) | 1.4925 | 1.3511 | 1.4398 | 1.3639 | 1.4403 | 1.3617 | 1.4723 | 1.3491
CoH 2K (8) 1.4933 | 1.3504 | 1.4397 | 1.3619 | 1.4348 | 1.3661 | 1.4519 | 1.3526
CoH;;CN(8)K(8) | 1.4950 | 1.3488 | 1.4422 | 1.3589 | 1.4369 | 1.3568 | 1.4560 | 1.3557

The C-C bond lengths show that neither in the cation-doped free

polyenes nor in the cation-doped substituted polyenes, the metal interacts with

a highly delocalised electron cloud. Instead, as the result of cation doping,

there develops a more separation between the C-C double bond and single

bond (less delocalisation) in the substituted polyenes in comparison with the

same in cation-doped free polyenes.

The optimized structures of the cation-doped substituted polyenes are

given in Figure 5.6. The position of the metal gives a clue about the nature of

interaction existing in them.

(a) CoH, CN (8) Li" (6)
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(b) CoH11CN (8) Na™ (6)

(c) CH;CN (8) K™ N)*

* K”, doped on C8, moves away from the polyene and is bonded to the
nitrogen of CN

Figure 5.6: Optimized structures of Li'/Na*/K" doped CoH;;CN (8)
(B3LYP/6-31G*)

From the structures, it can be seen that interaction of the metals are
primarily with the nitrogen of the CN group. This is maximum for K* and
minimum for Li". Hence, the stabilization of these complexes is primarily via

the coulombic interaction between the cation and the CN.
5.5 Discussion

Alkali metal ion-doped odd and even polyenes possess considerably
high Eg, which increases as the length of the polyene increases (For Li-
complexes, 35.15 kcal/mol in Cs system, 38.92 kcal/mol in C; system and
41.89 kcal/mol in Cy system). The carbons of the polyene have slightly
diminished Mulliken charges (see Figure 5.7), but the metal has a charge that
is much higher than its charge in the corresponding metal polyene. The charge

on the metal decreases as the length of the polyene increases (0.551 a.u in Cs
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system, 0.528 a.u in C; system and 0.489 au in C;; system- all for,Li). The
conductance increases slightly as the result of cation doping, but the increase
is far below than their metal-doped counter parts. Also, these complexes are
characterized by a larger metal- polyene distance (2.201 A’ in Cs system,
2.181 A" in C; system and 2.165 A’ in Cy system), which also decreases as
the length of the polyene increases. Details can be had from Tables 5.1 & 5.7.
The distortion to the carbon skeleton as the result of cation doping is very
negligible [see Tables 5.5(a) & (b), 5.12(a) & (b) and Figures 5.1- 5.4].

—e—COH12

—m— COH12Li+ (8)

0.15 C9H12Na+ (8)
| —*—COH12K+ (8)

Mulliken charge(a.u)

Carbons of the polyene

Figure 5.7: Mulliken charges on different carbons of CgHj; and its
Li"/Na' /K" doped complexes.

5.5.1 Stability of the isomers of Alkali metal ion doped polyenes

The relatively high E; is a strong evidence to infer that powerful
interactions are present in cation-doped polyenes. However, this interaction
cannot be any of the conventional binding forces. Since the interacting species
of the system are a cation and a polyene, ion- ion interaction, mutual sharing

of electrons or extension of lone pair of electron for bonding are not possible
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in this system. Strictly speaking, the stability of the complex can be explained
only in terms of the non-covalent interaction, cation-n cloud interaction.
There are reports that the major attractive contributions to this high
stabilisation energy emerge from electrostatic and induction energies [8]. The
electrostatic energy arises due to the charge-charge interaction and the
induction energy arises due to the interaction between the HOMO of the n-
system and the LUMO of the cation. We have already classified them as the
Type 1 and Type II interactions, which collectively contribute to the total

cation-7 interaction.

Unlike the metal substituted and metal-doped systems, the cation-
doped polyenes do not have extensively delocalised C-C bonds and localized
pi cloud above the allylic unit interacting with the metal (Table 5.4 & 5.11).
In general, the most stable metal ion -doped polyene complex has the metal
stationed over the 2™ carbon from the terminal, or rather over the terminal
allyl fragment. In other isomers too, the metal ions are closer to the even
carbons. However, it should be noted that when the metal moves towards the
center, it resides over a bond and not on a particular carbon (Table 54 &
5.11). Though there is a flow of electron from polyene to the metal as
evidenced by the decreased charge on the cation, there is improved
delocalisation of the electron cloud in the carbon chain (see Tables 5.4 &

5.11).
5.5.1.1 Cation-r interaction- type I or type II?

The polyene possesses a pi electron cloud, which is partially
delocalised along the carbon skeleton. When the cation is placed at a site
perpendicular to the carbon skeleton, there takes place a flow of the pi cloud
from the polyene to the degenerate p-orbitals of the cation- a partial p-p
overlapping. Thus, the stabilizing interaction in cation-doped complex is

efficient cation- 7 interaction. This interaction is made possible by the small

206



energy gap between these two levels. For example, the energy difference
between the HOMO of CgH,; (-0.19034 Hartree) and the closest UMO of Li*
(-0.16801 Hartree) is 0.0223 Hartree (Actually, the LUMO of the metal ion is
s-orbital with an energy value much lower than the HOMO of the polyene and
hence the probable interaction will be with the p-level, having an energy
closer to that of HOMO and having the same symmetry). Similarly, with Na",
the energy gap is 0.03991 Hartree and with K', it is 0.07673 Hartree. The
interaction between the polyenic pi cloud and the cation stabilizes the system
and this accounts for the high Ey of the system. The cation- pi cloud

interaction is manifested by the decreased charge on the doped cation.

The efficiency of the interaction, as manifested by high Eg, suggests
that the cation-m interaction in cation-doped polyenes is predominantly
Coulombic in nature (type I interaction). The highly charged metal ion is
involved in strong charge- charge interaction with the negatively charged
carbons of the polyene. Since, no polyenic segment with highly delocalised
electron cloud is there to pocket the cation, intense cation- allyl/polyenyl
interaction (type II interaction) must be negligible. (Figure 5.8 given below)
The small energy difference between the different isomers of the same system
(see Figure 5.9) indicates that the position of the metal has only slight
influence on the energy of the system. However, a mild interaction of the
cation with the whole n-cloud oscillating along the carbon skeleton is

possible, which is almost the same in all the isomers.
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Figure 5.8: C-C bond lengths in CsH,; and its Li"/Na'/K" doped complexes
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Figure 5.9: E,, of the different isomers of C;oH;,K"

In fact, the same type of pn-p interaction is found in metal substituted

polyenes. It is due to this extra interaction in those systems that they have

been stabilized by an energy value, much higher than the usual ion- ion
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interaction energy. On the other hand, the stabiligation in metal-doped
polyenes is due to a less efficient s-n* interaction, which contributes only
slightly to the Eg. (In metals, the HOMO is s-orbital from which the electron
flows to the polyene during the complex formation. The LUMO of the
conjugated polyene is a m*orbital and hence the interaction is weak s-m*

overlapping). Thus, the E in metal-doped polyenes is comparatively low.
5.5.1.2 Affinity for even carbons

The important and most stable isomer has the general formula,
C.HpsM (2) for all odd polyenes and C,H,.;M (2), for all even polyenes,
where M=Li"/Na'/K". In most other isomers, the metals tend to attach to the
even carbons of the chain. Thus we have CoHj, M (8), CoHja M (4), CgH oM
(4) etc., where M=Li"/Na*/K". It is interesting to note that in CgH;oLi (4), Li
is exactly at the middle of the C4-C5 bond with equal distance to C5 too. We
have to note that in CgH,y, C4 & CS5 are identical. The affinity for even
carbons may be explained in terms of the higher charges carried by the
carbons of the interacting segment. Also, when the metal is closer to even
carbons, the extended conjugation is less disturbed which also contributes to

the stability of the system.
5.5.1.3 Insignificance of the size of the metal

In cation-doped polyenes, the metals are at larger distances from the
polyene (in Cy system Li* is at a distance of 2.165 A°, Na" at 2.537 A and K"
at 3.015 A® —for details see Tables 5.1 & 5.7). Therefore, the size of the cation
is less significant in deciding the position of the metal in the complex. Hence,
the interactions of cations like K™ with larger polyenic segments and the
consequent warping in the region in order to increase the charge-charge
interaction between the metal ion and the carbons of higher charge are absent

from the complex. As a result, warped cation-doped polyenyl complexes are
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not obtained. The symmetry factor, which had some role in the stabilization of
metal polyenes, is also insignificant; in even polyenes due to the absence of a
central carbon and in odd polyenes, due to the restriction of cation-polyene
interaction into the segment of sp’ carbons. However, in isomers in which the
metals are almost in the middle, the metals tend to stay over the central bond
to attain a better symmetry. Examples for such isomers are CgH,oLi" (4),
CgH oNa' (5), CsH oK' (4), etc.

5.5.2 Prominence of Cation-Pi interaction

The detailed analysis of the cation doped systems shows that cation-n
interaction is the major binding factor in cation-doped polyenes. Geometry
optimizations with substituted polyenes also support our conclusion. When
cations were doped to polyenes with electron donating group (CHj3), the Eg
was found to be increasing (Table 5.14). The electron-donating group
enhances the pi cloud; the pi cloud then strongly interacts with the cation to
yield a more stable product. On the other hand, the electron-withdrawing
groups will destabilize the system, as it will decrease the electron cloud of the
polyene. Hence the Ei of the system will be less. However, when we
performed the calculation with CN, there occurred an increase in the Eg of the
system due to the direct interaction between the metal and the CN group. Still,
the Li-complex shows a decrease in the total Ey as the result of substituting

CN group in the polyene (see Table 5.17).

5.6 Conclusion

The cation-doped conjugated polyenes are stabilized by high amount of
energy. There are no significant structural changes for the complexes. The
principal binding force existing in them is found to be cation-n interaction in
which the type I interaction is more prominent. Calculations show that the Eg,

in C;H,,Li" (6) is almost equal to the Eg in Li-C¢Hs complex (the former has a
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E,; of 38.92 kcal/mol whereas the E; of the latter is 38.3 kcal/mol) [9]. Since

the Ey is large enough to make them potential metal ion carriers, the

application of these complexes in biological world may be explored further.

5.7
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CHAPTER 6

SUMMARY AND CONCLUSION

6.1 Introduction

The computational studies on the addition of alkali metals or alkali

metal ions to conjugated polyenes reveal certain important and peculiar

features. These important features, which were presented and discussed in the

previous chapters, are summarized and their possible applications and

extensions are highlighted in this chapter.

6.2 Summary

6.2.1 Alkali metal substitution to conjugated polyenes

The substitution of alkali metals on the sp’ carbon (C1) of conjugated

all-trans odd polyenes (C,H,.3) causes the following changes in the polyene:

(@)

(i)

(iii)

C1 undergoes a change of hybridisation from sp° to sp° resulting
in a polyenic anion (Co.Huo) " and the metal (M) moves in the
form of a cation on to the i™ carbon, producing isomers of the
general formula C,H,+,M (i), where i= 2,4,6...for Li and Na and
i=3,5,7...forK.

The most stable isomer of Li and Na polyenes is the one in
which the metal resides above the even carbon C2. This

structure preserves maximum extended conjugation.

The most stable isomer of K-polyenes is the one in which the
metal resides above the central odd carbon or above the odd

carbon closer to the centre- i.e., the most stable isomer will

possess a higher symmetry.
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(iv)

)

(vi)

(vii)

(viii)

(ix)

(xi)

The interaction of Li and Na is with an allyl fragment in which
there is a delocalised electron cloud and that of K is with a
pentadienyl fragment or with fused multiples of pentadienyl

fragments, having delocalised electron cloud.

There occurs a rearrangement of C-C bond lengths along the
carbon skeleton and a distortion to the carbon skeleton with

considerable deviations in the bond angles and dihedral angles.

For K-substitution, the distortion of the carbon skeleton turns

out into a dramatic warping.

The conductance increases substantially as indicated by a huge
decrease in the HOMO-LUMO gap (e.g., in Cy system, about 30

to 60 % increase).

The metal polyenes derive stability through (i) ionic interaction
between the metal cation and polyenic anion (ii) cation-carbon
skeleton interaction (Type I interaction) and (iii) cation-n cloud
interaction (Type II interaction). Type II and Type I interactions

are together termed as cation-7 interaction.

The interaction of the metal with the polyene enhances the
delocalisation of the n-electrons, which can lead to an

enhancement in the conductance of the metal-polyene.

The stabilization energies (Ey) of the metal-polyenes are

relatively high since the binding involves ionic interaction, in

addition to the cation-w interaction.

The small differences in the Eq of the isomers, especially with
K-polyenes, suggest the possibility of the movement of the

metal ion along the carbon chain.

213



(xii)  For a given metal, the E decreases as the chain length of the
polyene increases and for a given polyene, Eg is maximum for

Li and minimum for K.
6.2.2 Alkali metal doping to conjugated polyenes

Though alkali metal doping to conjugated polyenes does not evoke
dramatic changes to the carbon skeleton, the following features characterize

such complexes:

(1) The most stable isomer of Li-doped odd polyene has the general
formula C H,.;Li (n-1) and that of Li-doped even polyene has
the general formula C,H,,Li (2). Thus, in the most stable

isomer, Li lies above the 2™ sp” carbon from the sp>-terminal.

(i) The most stable isomer of Na-doped polyenes has different
structures: in lower polyenes, Na is above the terminal sp°
carbon and in higher polyenes, it is above the 2" sp? carbon

from the terminal.

(iii) The most stable isomer of K-doped polyenes has the metal
above the 3™ sp® carbon from the terminal. Lower polyenes

show exceptions by assuming positions at 1 and 2.

(iv)  The positions of the metal in other isomers are similar to that in
substituted polyenes. This is especially so as chain length

increases

(v) The bond lengths are rearranged and the carbon skeleton is
distorted as in substituted polyenes. Extensive delocalisation of

electron cloud along the carbon skeleton is also observed.
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(vi) The conductance of the doped polyenes increases to a large
extent as indicated by the huge reduction in the HOMO-LUMO
gap (e.g., in Cq system, about 50 to 65 % increase).

(vii) The metal-doped polyenes achieve stability by developing into a
system involving cation-n interaction via. the partial flow of
electron from the metal to the polyene. The ionic interaction,

found in the substituted polyenes, is absent.

(viii) The interaction of the metal with the polyene is cation-n
interaction (mainly Type II). However, as the length of the
polyene increases, charge on the metal also increases and hence

Type I interaction becomes significant.

(ix) The E; of the doped polyene is low due to the absence of ionic
interactions. However, the Eg increases as the chain length

increases.

(x)  When the chain length increases, the characteristics of the
substituted and doped polyene tend to merge in terms of
position of the metal, charge on the metal, metal-carbon
distance, number of isomers, HOMO-LUMO gap etc. (e.g., K-
doped C3,H34 and K-substituted C33H; —see 4.6).

6.2.3  Alkali metal cation doping to conjugated polyenes

The doping of alkali metal ions to the conjugated polyenes evokes no
considerable changes on the structural parameters of the polyene. The
following features characterize the alkali metal ion-doped conjugated

polyenes:
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(i)

(i)

(iii)

(iv)

W)

(vi)

(vii)

The stable isomers have the metal over an even carbon, the most
stable isomer being the one in which the metal is above the 2" sp?

carbon from the terminal, irrespective of the nature of the metal.

The general formula of the most stable isomer of any odd system is

C,H,.sM" (n-1) and any even system is C,Hp:oM' (2).

Metal ion doping slightly modifies the delocalised electron cloud
along the carbon skeleton, but evokes negligible distortion to the
planarity of the polyene, the distorting effect being in the order
Li™>Na"™>K".

The increase in the conductance of the complex is also negligible

(e.g., about 10% increase in Co system).

The system achieves stability via. cation-w interaction (mainly Type

D

The interaction of the cation with the polyene causes a partial flow
of electron from the = cloud to the cation. The delocalisation of the
electron cloud along the carbon skeleton is also very poor. This
results in a very little change in the conductance of the cation-

doped system.

These complexes are having higher E than that of the metal-doped

polyenes.

6.2.4 General features of metal addition to conjugated polyenes

The detailed analysis and discussions of alkali metal-substituted

polyenes (chapter 3), alkali metal-doped polyenes (chapter 4) and alkali metal

ion-doped polyenes (chapter 5) show that cation- 7 interaction is a significant

binding force existing among them. The former two systems, which are
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enriched by an electron given by the alkali metals, behave almost identically
as the polyenes attain a critical length. For instance consider the results
obtained for potassium doping in C;,H34 and potassium substitution in Cs3Hse
(see 4.6). The cation-doped polyenes differ from the other two in their
electronic and structural parameters. Since the first and second systems differ
from the third essentially by the presence of an extra electron in the n*-level
of the polyene, we may conclude that the electronic and structural differences

exhibited by them are due to this extra pi-electron in the polyene.

Comparison of the net Mulliken charges on the different carbons of
various polyenic systems will explain more about the electron flow and the
subsequent changes in the electrostatics along the polyene. The net Mulliken
charges on the carbons of Cy system in its various forms (free, anionic, Li-

substituted, Li-doped and Li*-doped) are given in Table 6.1

Table 6.1: The net Mulliken charges (a.u) on different carbons of CoH,,,
(CsH11), CoHyyLi (8), CoHyoLi (8) and CoHy,Li" (8) (B3LYP/6-31G*).

System Cl C2 C3 C4 Cs Co6 C7 C8 Co | Qu’

C9H12 -0.018 | 0.020 0.018 -0.001 | -0.005 | 0.00004 | -0.003 | 0.065 -0.076

(C9H1 l)' -0.283 | 0.019 -0.123 -0.050 | -0.127 | -0.050 -0.123 | 0.019 -0.283

CgH]]Li (8) -0.141 | 0.068 -0.097 0.019 -0.041 | -0.012 -0.033 | 0.055 -0.114 | 0.2948

C9H]2Li (8) -0.042 | -0.005 | 0.0005 | -0.030 | -0.029 | 0.003 -0.079 | 0.042 -0.138 | 0.2777

-+ .
C9H12L1 (8) 0.062 0.091 0.045 0.068 0.020 0.108 0.053 | 0.096 0.055 0.5067

? Charge on Li
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A comparison of the net charges on the carbons of different systems is

given in Figure 6.1.

—
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Carbons in the polyene

Figure 6.1: Comparison of the net charges on different carbons of the CoH,»,
(CgHy,), CoHyyLi (8), CoHysLi (8) and CoHyLi" (8).

The net charges on the different carbons of the free CoHi,, (CoHyy),
CoHj,Li (8), CoHy,Li (8) and CsHy,Li" (8) are given in a graphical form. From
the graph, it can be seen that when metal is substituted on the polyene [e.g.,
CoHy L1 (2)], except the 2" and 4™ carbons, all others carry more negative
charge. In metal-doped system [e.g., CoH,,Li (8)], only C6 has lesser negative
charge than the carbons of free polyene whereas in cation-doped system [e.g.,
CgHj,Li" (8)], only one carbon (C7) has more negative charge. This gives an
idea on the nature of the electron flow during the metal substitution, metal

doping and metal ion doping in free polyenes.

The important characteristics of the free, anionic, metal-substituted,
metal-doped and metal ion doped polyenes and the observed parameters that

explain them are given in Table 6.2.
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Table 6.2: Important characteristics of CoH;, and its alkali metal

substituted/doped, metal ion doped complexes (B3LYP/6-31G*).

CHy | CHy, | CH;, | CHyy | CHyp | CoHyp | GHyy | CoHyz | CoHyp

System | CoHliz | GHu' | jvey | 1i8) | Lit8) | Na(2) | Na(@) | Na*®) K(7) | K(®) | K' (8)

Eq --- - 141.41| 18.61 41.89 | 117.83 | 0341 29.34( 100.47| 04.61 | 19.00
AE 86.38 | 67.80 | 59.66 | 40.94 76.79 35.30 27.04 | 80.79 | 37.79 | 19.36 | 80.05
Ri - - 2.0584} 2.0605 | 2.1654 | 2.4290 | 2.7096 | 2.5373| 2.7826| 2.9960| 3.0148

C9-C8 | 1.3442| 1.3613 | 1.4008| 1.4086 | 1.3606 | 1.4036 | 1.3664 | 1.3574| 1.3752} 1.3710| 1.3526

C8-C7 1.4476| 1.4277 | 1.4087| 1.4103 | 1.4516 | 1.4043 | 1.4307 | 1.4529| 1.4200| 1.4248| 1.4519

C7-C6 | 1.3560; 1.3864 | 1.4365| 1.4204 | 1.3782 | 1.4251 | 1.3671 | 1.3711| 1.4041| 1.3844| 1.3661

C6-C5 1.4406| 1.4047 | 1.3644] 1.3973 | 1.4222 | 1.1.3718] 1.4319 | 1.4292| 1.3932| 1.4262| 1.4348

C9C8C7C6 | -180.0{ -180.0 | -172.5} -168.27 | 171.33 | -172.0 | -177.96 | 175.14] -150.6] 162.22| 174.6

Structural . Slightly | Slightly . Slightly . Slightly
features Planar| Planar |Distorted distorted | distorted Distorted| Planar distorted Warped|Distorted distorted
Qum -—-- - 0.2948| 0.2777 | 0.5067 | 0.4838 | 0.0189 | 0.6722| 0.6600; 0.2897| 0.8297

Qco -0.358] -0.428 | -0.445( -0.438 | -0.361 | -0.475 | -0.443 | -0.382| -0.455] -0.425]| -0.400

Qcs -0.060} -0.045 | -0.079{ -0.101 | -0.104 | -0.105 | -.0.060 | -0.115{ -0.098| -0.112] -0.118

Qc7 -0.125) -0.176 | -0.238| -0.218 | -0.243 | -0.226 | -0.130 | -0.219} -0.253} -0.199{ -0.225

Qcs -0.122{ -0.113 | -0.095| -0.111 | -0.064 | -0.111 | -0.120 | -0.095| -0.157| -0.153| -0.117

E,= Stabilisation energy of the system in kcal/mol; AE= LUMO-HOMO gap in kcal/mol;
Ri= shortest metal-carbon distance (A%); C9-C8, C8-C7, C7-C6 & C6-C5=C-C bond lengths
(A%; C9C8CT7C6 = dihedral angle (deg.); Qum = Mulliken charge on the metal (a.u); Qcs,

Qcs, Qc7and Qc¢= Mulliken charges on carbons (a.u).

Table 6.2 gives the relevant data with respect to CoH;, as the substrate,
featuring the important characteristics of the three systems we have studied. It
is evident from the table that the presence of a metal above the polyene
having a delocalised electron cloud is directly related to the conductance of
the system. Also, it gives a clue about the relation of charge on the metal and
stability of the complex formed. The importance of an extra electron in metal-
polyene system for invoking structural deviations is also well exemplified.
Based on the evaluation of metal-substituted, metal-doped and metal ion

doped systems and the data presented in Table 6.2, an attempt is made to
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converge the important characteristics of metal/cation added conjugated

polyenes as follows:

(@)

(i)

(iii)

(iv)

)

(vi)

Cation-doped polyene constitutes a natural cation-m system and is
stabilized by cation-n interaction involving cation-carbon skeleton
interaction (electrostatic, Type I) and cation-n cloud interaction (non
electrostatic, Type II). On the other hand, metal-substituted and
metal-doped polyenes develop into cation-m systems by the partial
flow of electron from the metal to the polyene and thereby get

stabilized by cation-m interaction.

In metal added (substituted/doped) systems as well as the cation
added systems, smaller atoms (Li & Na) prefer to interact with an
allyl fragment of the polyene, whereas larger atoms (K & Rb)

generally prefer to a pentadienyl fragment or its multiples.

Generally, interaction of the metal enhances the charges in the
carbons of the allyl/pentadienyl fragment and also enhances the
delocalisation of the m-electrons in the fragment (as seen from the C-

C bond lengths- Table 6.2).

Enhancement of the charges on the carbon atoms leads to stronger
Type 1 interaction, whereas enhanced delocalisation implies a

stronger Type II interaction.

In all the three systems, several isomers differing in stabilisation
energies are possible for a given metal and polyene, depending on the

positions of the metal above the carbon skeleton.

The metal takes position above the carbon skeleton so as to derive
maximum stability via. (1) enhancing delocalisation of m-electrons

and (2) imparting maximum charges to the carbons.
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(vii)

(viii)

(ix)

)

(xi)

(xi1)

(xiii)

In the most stable isomers of both metal substituted and metal-doped
systems, Li and Na generally prefer to stay above the terminal
fragment, whereas K prefers to the central fragment. However, in
cation-doped systems, all the three metals prefer to the terminal

fragment.

The stability of the metal-substituted complexes decreased with
increase in the length of the polyenes; but for metal-doped or metal
ion-doped complexes, stability increased with increase in the length

of the polyene.

The structures of the metal added (substituted/doped) complexes
show that the carbon skeletons get distorted as a result of metal

addition. The distortion is minimum with cation-doped complexes
(Table 6.2).

In the metal-added systems, the cation-m interaction is predominantly
non-electrostatic, whereas in cation-doped system it is predominantly

electrostatic (Table 6.2).

The reduction in the HOMO-LUMO energy gap leading to enhanced
conductance appears to be a direct consequence of the enhanced

delocalisation of the m-electrons along the polyene (Table 6.2).

Substitution and doping of alkali metals considerably increase the
conductance of the system, whereas cation doping causes only a very

slight increase in the conductance (Table 6.2).

The small difference in the stabilisation energies of the isomers
suggests the possibility of the movement of the metal species along

the carbon chain, under suitable conditions.
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Our studies of alkali metal doping/substitution and cation doping to
conjugated polyenes reveal that only metal doping or substitution causes
significant electronic and structural changes to the polyenes. Since we have
found out cation-n interaction as the major force existing in alkali metal
doped polyenes, we may further pursue our study to develop a satisfactory
model to explain the mechanism in conducting polymers. The formation of
different isomers and the role of the doped metal in stabilizing them may have

something to offer in explaining this phenomenon.
6.3 Conclusion

The computational studies on metal polyenes and metal-doped polyene
complexes show that cation- m interaction is an important interaction,
controlling the energetics of such systems. Extending the above conclusion to
conducting polymers, we can expect the same types of interactions governing
the characteristics of the conducting polymers. The mechanism of transition
from non metal to metal, which we observe in ‘synthetic metals’ [1], a topic
still being debated in the field of conjugated polymers, may be explained in a

new dimension, basing on the observations we have gathered in our work.

Today, the research on conductive polymers is wide open. An era has
dawned on us where we are more concerned with the super conducting
materials, obtained by the doping of alkali metals in fullerenes [2]. With the
observation [3] and synthesis [4] of fullerenes, a field of 3-D molecules has
been developed. They possess high electron affinity [5] and have pi- orbitals
radiating in all directions [2] and interstitial sites large enough to
accommodate the alkali metal cations [6]. Further, their potassium doped
sample, K3Cqo [6], and rubidium-doped sample, Rb;Cg [7], are found to be
possessing super conductivity, an important milestone in the research of
conducting polymers. Thus, in fullertnes too, the key to conductivity is the

dopant atom, namely the alkali metal. Hence, the understanding about the
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interactive forces in alkali metal doped polyenes may find its relevance in this

new field of enormous application.

The ab initio calculations have shown that when alkali metals are
substituted or doped in conjugated polyenes, various isomers are possible.
These isomers differ each other by small quantities of energy. The small
difference in energies among the isomers (See Table 3.2 for C,; system)
implies a far-reaching consequence, viz., the possibility of transformation of
one isomer to anothes, by tunneling from one potential well to another leading
to the oscillation of M™ from one end of the chain to the other. This novel
phenomenon may find application in the preparation of new materials with
interesting electronic, electrical, magnetic and optical properties. The
substantial decrease in the HOMO-LUMO gap of the K-complexes (see
Tables 3.8,3.14 & 3.20) is a pointer to the above speculation.

The curious structural changes that occur in the conjugated polyenes, as
the result of metal substitution and doping, may endear them in the field of
catalysis. The structural changes, particularly the phenomenon of warping,
can evoke substantial deviations in the physico-chemical behaviour of the
polyenic ligand. It can also affect the properties of the complex in which it
acts as ligand. Thus, these results may be of use in the field of catalysis

involving organo metallics in modifying or tuning or activating them.

Our studies have proved the metal binding ability of conjugated
polyenes. We propose the extension of this property to the pharmaceutical
field too. There is a group of polyene antibiotics [8] that are used as
fungicides. They contain a hydrophobic conjugated double bond system in
one portion of the molecule and a markedly hydrophilic polyhydroxyl system
in another portion. Two fungicides used for treating fungal diseases are
nystatin and amphotericin B (Figure 6.2). Amphotericin B, though efficient in

curing fungal infections, is very toxic to humans. The toxicity is due to
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membrane damage, an action due to pore formation and leakage of K* and
Mg*" ions. Its toxicity can be controlled if we could rectify the loss of K* ions
on using this medicine. As amphotericin B contains a conjugated polyene
part, it can act as a good cation binder, just like C,oH;, binds a cation. Hence,
K" ions can be introduced into the cell membrane along with the medicine.
Thus the toxicity of the medicine can be minimized. Since the binding force is

weak, the cleavage of K* from the medicine may be attained easily.

OH

OH

H5C 0
3\/ OH

Figure 6.2: Amphotericin B

In similar fashion, B-carotenoids (Figure 1.2) and its derivatives can act
as good metal carriers, as they contain polyenic part with extended
conjugation. Our calculations have proved that K* binds to molecules with
extended conjugation with appreciable strength, the binding being the result
of cation-w interaction. For example, K" binds with the hypothetical molecule
given in Figure 6.3, which resembles B-carotene to a certain extent, with a
stabilisation energy of 20.88 kcal/mol. On the basis of above calculation, we
suggest that the carotenoids, which are having medicinal value even

otherwise, may be utilized as potential metal carriers.
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Figure 6.3: Optimized structure of C,7HK

We have found the structural changes that the metal doping or
substitution evoked in conjugated polyenes. As the structure gets modified,
accordingly the properties of the system will also change. This phenomenon
may be applied in the field of biomass-gasification. The introduction of alkali
metal atoms to the graphitic systems of the bio mass will cause the surface
modification, which will eventually promote the rate of biomass gasification

process.

The above-mentioned cases are a few of the many applications of
metal-doped polyenes in the modern world. Many more additions to this study
are yet to come. Further explorations in this field may help us make
substantial manipulations of these features to the welfare of the humanity.
Also, the stabilizing interaction of these complexes, namely cation-n
interaction, can be tuned well to have a glimpse to the wonderful world of

protein chemistry.
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