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Abstract

[n this work, we present theoretic.u evidence illustratins: tbat cya.no derivatives of con­

ducting polymers such as polytbiophene, polycydopentadiene a.nd poly£ulvene have

smaller intrinsic band gaps than their parent polymers. The geometric and electronic

properties of the parent and the derivative polymers are studied with the use of two

methodologies: (1) the pseudo one-dimensional band structure calcula.tions performed

at the level of the semiempirica.l molecu.luorbital theory (Modified Neglect of Diatomic

Overlap (MNDO) and Austin Modell (AMI)) and (2) o~merca.1cula.tioll5 performed

at the level of tbe (10 initiQ moJecula.r orbital theory. In particular, we bave found that

an orpnic polymer, poly-(dicya.n~methylene-cydopenLa.-difulvene)(PCNFv) has a

comparable (possibly IOWff) band gap to the one observed in poly·(dicyan~methylene­

cydopenta--dithiophene) (PCNTH) (which has a band gap of 0.8 eV). The precursor of

peNFy is poly-(dicyan~methylene-cyclopenta-dicyclopeotadiene) (PCNCY) in which

two cyclopenta.diene rings are connected by a dicyanomethylenegroup. Trends in struc­

tural properties indicate that the lower band gap in the cyano substituted poLymers

is accompanied by greater cbarge delocalization in tbe aromatic or trans-cisoid forms

and by greater chars:e lotalization in the quinoid or cis-transoid forms in comparison to



th~ir panat polymers. Otb~r important fact.o($ that contribute to band ~p IowerinS

are maximum planarity, weak intenctioll5 of th~ chain b&ckbooe with the bri~

sroups, enhanced ... character of the hi~est occupied and lowest unoccupied bands

and the additional stabilization of th~ conduction bands due to the charge traJlsf~r

phenomena. The comparison of the heau of formation for the compounds indicates

that polymer5 in planar-anti conformation are more stable than those in tllJisted.,yn

conformation.

iii
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Chapter 1

Introduction

1.1 Conducting Polymers

III general. synthetic polymers are large macromolecules tha.t are made of repeating

units ca.lled monomers. In this work we study a special class of synthetic polymers

called conducting polymers (CP's). CP's are conjuga.ted. often organic. linear. un­

branched chains ofatollU covalently bonded. CP's Me incrcasinsly becomiO& important

beca.use of tlleir many industrial a.pplications such AS conductiO!: fabrics. conductint;

fibers. electronic membranes. field effect transistol'$ etc. (1, 2, 3, 'II. The many uses

in the dectronic and optical industries arise from their properties and characteristics

such as greater strength. compatibility and ease of synthesis in comparison to the con­

,"entioDal metals aDd semiconductors. Examples of extensively studied CP's are shown

in fig. 1.1.

Cp's can be metals or semiconductors. Possessing a finite band gap, E" means tbat a

polymer is a semiconductor. Most of the undoped CP'. are semiconductors that exhibit

intrinsic conductivity when valence electrons are thermally or photonically excited
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from the highest filled band into the lowest unfilled band. Thus, one of the desirable

properties of CP's is a small intrinsic band gap in order to achieve readily intrinsic

conductivity. [t is the main goal of this work to identify CP's with small band gaps.

Having a small band gap is aLso important for the doped CP's (which are not studied

in this Lhesis). This can be sholvo as follows. Roughly, in a simple metal, the e1ectri­

(a] conductivity, <7. decreases almost linearly with temperature T [5J. In non metals

conductivity increases with T. according to the activation law

lUI

By definition, 11" is proportional to the concentration nof charge carriers with the (mean)

mobility JIO. In Eq. 1.1 e is tne electronic charge and 10 the Boltzmann constant. fn a

simple semiconductor (such as some of the doped CP's), the charge number density,

n. (n<led,,,,,. or nloolu ) produces the activation of conductivity, <7, (<7<1urr",.. or 0"...0>/.,).

In Eq. 1.1. we note that 0" also depends exponentially on the ratio Eg/kT indicating

that smaller Eg will result in larger extrinsic conductivity for given temperature T and

charge carrier concentration.
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1.2 Literature Review

The field of CP'$ ha.s experienced phenomenal gowth over the put few years. lnterest

in the theory of conjugated molecules, particu1a.rly the polyene!! made of alternating $in­

gle and double boDds, for iDstance bexatriene (H-CH=CH-CH=CH-CH=CH-H) date!!

back to the early da.ys of quantum chemistry and in the 1960's (7, S, 91 reached a. h..igh

level of understanding. This was immediately followed by formulation of theoretical

framework for the study of conjugated polymers.

On the other hand, a key development in the evolution of the CP area is the discovery

of polyacetylene (PA), which WM synthesized by Natta et al.• in the late 1950's flO),

using Ziegler-Natta. ca.ta.lY3ts and observed at room temperature, to have a conductivity

of the order of 10~ S/em. Later in 1970's (11) Natta's synthesis was modified yielding

self standi~ fibrillar films with metallic luster. Another decisive discovery was that PA

could be' doped with electron-acceptors and e1ectron-donors. This process is universally

known as "dopin~. (Shirkawa 1121 bas made a polymer PA that was highly conducting

(::::: .50 to 500 5/cm) by exposing it to strong acceptors such as r,.J It was then shown

that doping can also be produced electrochemically, whereby, for instance, CIO; ions

are intercalated to compensate for the positive charges injected into the Sb.irkawa. PA

chains, with resultant conductivities of about lq3 5/cm f131.
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Table I.L: Relacionship between experimental and theoretical rouCes for investi~ating

conducting polymers.

Prepara.tion

Experimencal

Chemical, Electrochemical,
Synthetic Routes

Theoretical

Geometric Structure X.ray, Electron DiJfrartioo Quantum or ClassicaJ. Models

Frequency Distribution Raman, NMR Spectra For~ Calculation

Electronic Structure Absorption or E:missiOQ Band Strocture, Density of
(Ultra Violet,Visible) Spectra States

A significant breakthrough occ~ in 1979 with the discovery IL4] that polypara-

phenylene, (PPP). could be doped to conductivity levels quite comparable to those

obtained. in the PA system. This discovery was important in tnat it demonstrated tne

non uniqueness of the PA s}'stem and p...~ the way for the disco\--ety of a number of

polyaromatic based CP S}'Stems. These polyaromatic:s now include polypyrole(PPY),

polythiophene(PT), poIya.niline(PAni). Even more import.a.ot, it opened the way to ...

general preparation method of the electrochemical polymerizations of pyrrole by anodic

oxidation (15, 16] \vhich produced smooth, higll1y conducting doped (tOO Stem) films.

The same method was then used to prepare PT (with similar results [17]) for which

the electrochemical band gap (E.d was measured from the difference between onset of

oxidation and reduction potentiab usinll; cyclic voltommograms [18].
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Once the interest in CP was est&blished several st~es were tried to improve the

processibility while keeping (most of) the conductivity. All maLerials mentioned in

Fig. 1.1 are neither soluble nor fusible. They are generally poorly ordered and non

compact films. whose morpholog is determined by the chemical or electrochemical

growth conditions. An exception is PAni [19] wwch is soluble in few solvents and

strong acids [19]. Earlier few attempts were made to generate CP from a soluble

precursor polymer. But this was hardly a general method. Later in 1986. the first

!iOluble alkyl-substituted polythiophene was synthesized [20]. Its electronic properties

were similar to those of PT and wgh quality films were easily Cormed from solution.

This is. a fairly r;eneral method. The bullciness oC most sub$tituents had structural

consequences. which in turn affected their electronic properties.

Cp's are rarely -cl')'Stalline- polymers in that they always contain an amorphous frac­

lion ~ .50% of the total volume. Typicall)" the c();li~ne fraction may be ::: to% of

the volume. It is the latter that is selected in 'structw-al studies', but the amorphous

phase may orten dominate the ph~ica1 properties. The same material dependiO! on

s~mthesis method can be either crystalline or amorphous. For example, electrochemical

PT is amorphous [17], wherea.s the chemically prepared polymer is partly crystalline

[2IJ. Unfortunately. their amorphous nature has prevented X-ray determination of

their structure and only a few X-ray scatterinr; data [21, 22] are available at present.

Diffraction methods and work in the reciprocal space are prominent techniques used in
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determining atomic positions. However, in poorly ordered materia.Is such as CP's the

amount of structural information that can be obtained from a typical X-ray, neutron

or electron diffraction experiments is minimal. Real space methods, such as scanning

electron microscopy (SEM), scanning tunneling microscopy (STM) are major sources of

information about morphology of these systems at mesoscopic scales. mainly of swiace

regions. On the Angstrom scale, NMR has been used to measure CC bond lengths

accurately witbout a complete structure determination. On the scale of 10 to lOO A,

resonance raman spectroscoP)' (RRS) is generally used to infer conjugation lengths,

deduced from a measure of the extent of spatial order along the CP chains [23. 241.

Spectroscopic methods such as X-ray, uLtra violet, visible gives pertinent information

about energy gap. Tbe photo induced absorption, emission and luminescence spectra

are widely used for determining the mid-gap states. With. soft X-ray photons (XPS),

ror example. both electrons in the atomic core levels and valence electrons can be

studied. ,",Vith ultra violet (UPS) and visible photo electron spectra only the valence

electrons can be studied, but with certain resolution and cross sections that are better

than those obtained with XPS. The most important point is that there is a one-to-one

correspondence between tbe distribution or electron energy states in the sample and

the kinetic energy distribution of the photo electrons in photo electron spectra.

The visible absorption Spectra of all CP's shows a broad and intense band. Its tb.resbold

is anywhere between 12,500 A (or 1 eVl for polyisothionapthene (25) to 4000 JI. (or 3
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eV) for PPP [26]. and at 8000 to 9000 it ( or 1.35 eV to 1.5 eV) in trons-PA, depending

on the preparation conditions [2i]. The absorption band is usually well separated from

further absorption at higher energies. The corresponding transition is assigned to the

Jr electrons. [n polymers this refers to direct transition of '" electrons from 1[ band to Jr"

band which is measured from the threshold of the intense absorption. I.n oligomers this

transition corresponds to the energy of ma..'\(imum absorption [281. This measurement

is often referred as optical gap (Eop). from electro absorption spectra of films of PT

[29) and its hexamer. a-sexithiophene (aT,). [28] the optical gaps were calculated to be

2. ( cV and 2.78 eV respectively. The absorption threshold differed approximately by

0.7 eV which indicates that in PT conjugation extends over more than six monomers.

~aturally solid-state theory otherwise caUed electronic band structure theory could be

used for studying polymers. This theory is the application of the Hartree-Fock one

electron a.pproximation to solids based on the assumption that tile solids have trans­

lational symmetry underlying their atomic level structure. Although solids can ha.ve

symmetry elements other than translational invariance, it is the translational symme­

try that leads to the characteristic classification of the energy levels and eigenfunctions.

The wave functions describing the electronic states in the bands extend throughout the

solid, unlike the atomic orbitals, which are localized around particular atoms, and de­

cay exponentially away from those atoms. In this sense, we refer to solid wave functions

as deloco.li=ed orbitals. Tne concept of electronic charge delocalization is an important
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one. [t is responsible for most of the electronic triUlsport phenomena in solids, for

example, the conductivity iUld non·linear optical properties. The picture of electronic

levels broadening can be understood from the Fig. 1.2 given below.

For example, consider a free lithium atom: the electron moves in a potential well, as

shown in Fig. 1.2(a). The electronic energy levels are denoted by (s, 2s, 2p. The

lithium atom contains 3 electrons, two of which occupy the Is subshell (completely

full). and the third the 2s subshell. Now consider the situation io. which two IithiWD

atoms assemble to form the lithium molecule Li2 • The potential "seen" by the electron

is now the double well shown in Fig. 1.2(b). Each atomic level-that is the Is. 25,

2p. splits into two closely spaced levels called molecular levels. Each molecular level

can accommodate at most two electrons, of opposite spins. The Lh molecule has 6

electrons: four occupy the Ls molecular levels and the other two the lower level of the

2s molecular level.

The above considerations may be generalized to polyatomic Li of an arbitrary number

of atoms. The litnium solid may tnen be viewed as the limiting case in which tne

number of atoms has become very large. What happens to the shape of the energy

spectrum? Each of tne atomic levels is split into N closely spaced sublevels, where tv

i" the number of atoms in the solid. Since N is very large (order of 1023 ) the sublevels

are extremely dose to each other so they coalesce and form an energy band. Tbus

Ls. 2s. 2p levels give rise, respectively, to the is, 25, 2p biUlds, as in Fig. 1.2(c). The
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F'igure L2: For example energy levels of lithium: (a) atom, (b) molecule, (cl solid.

inlervening regiOWI separating the bands are energy gGp~, E" i.e. regions of forbidden

enerv which cannot be occupied by electrons. This broadening of discrete levels into

bands is one of the mose rundament.u properties of solid.

Ba.nd seructure of a solid determines most of its electronic properties. As shown in

Fig. 1.3 no conduction C&fl ta.ke place in an empty band becaU5e it contains no electrons.

Conduction is also impossible in a full band because the total population of electrons

in such a band ca.n ha~'e no net motion. A metal is a material with partially filled

band. where the electrons can be given a net velocity by shifting some of them to

infinitesimally higher energies within the ba.nd. An inswator has only completely

Iilled bands and completely empty ones, with a large E, ~ 2 eV between them. A

semiconductor has a band structure much like that of an inswator but has some mobile

charge carriers. The carriers can be introduced. by impurities, by defects, by excita.tion
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Metal SemiOOndUClor lnsuluOf SemilIlCUll

Figure L.:J: Difference between metaL semiconductor, insulator and :semimetaJ.
The shaded portion represents the filled levels and unshaded portion the unfilled

levels.

of electron from the highest filled band (the valence band) to the lowest empty one

(the conduction band). What distinguishes a semiconductor from an insulator is that

the E, is comparatively small in semiconductor. In a sernimetal the valence band is

filled and the conduction band is empty, but these hands overlap in energy. As a result

electrons redistribute themselves to create two partially filled bands.

The ele<:tronic structure of the parent (undoped, unsubstituted) polymers is now known

fairly well. Many different experimental and theoretical techniques have been applied

to the various conjugated polymers. with varying degrees of success in predicting, for
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example, electron affinity (EA), ionization potential (IP), band gap or energy gap (E,),

band width (BW). The band width at least in a qualitative sense gives some indication

of the extent of electron delocalization in the system and suggests how mobile the car­

riers will be once produced (e.g. hy the ionization process). The IP is important, since

it determines whether or not a particular electron-acceptor is capable of ionizing the

polymer chain. Iodine, for example, will ionize PA to produce a conducting complex,

but nas little effect on the conductivity of PPP [30j. This result is due to the fact that

iodine is a relatively weak electron-acceptor and PPP has a nigner IP than PA.

rf the CP is a purely one-dimensional polymer. say linear PA (whose bonds are all

equal), that contributes one electron per lattice site, and then it snould be a metal.

However. the linear PA transfonns into a semiconductor. The linear PA becomes semi­

conductor because of the lattice or Peierls distortions [31, 32, 331. Lattice distortions

in 10 systems arises because of the modulations of the electronic densities [341 and

\'ibration of the ions in the lattice. Due to this modulation electronic states may be

degenerate and they may interact witb a vibrational mode. That is, the electronic

states may be coupled lvith the phonon causing the lattice to distort from the original

configuration and thus splitting the degeneracy. The distortion opens a gap in the

incompletely filled band forming the valence and the conduction bands. This splitting

of the band is produced by the net lowering of the electronic energy. Thus the bond

alternate structures are created. The bond alternation may be in phase or out of phase
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depending OD. the orientation of the Douds in the respective me:50mers. Thus in. the

CP's after lattice distortion the resulting mesomen an be degenerate (e.g. PA) or

non-degenerate (PPY. PT, PPP, PAni).

TypicaUy theoretical calculations may be performed &t the Gh initio Ot semiempirical

level. In the case of conjugated molecules or polymers the large number of atOm3

per unit cell precludes the use of ab ini1io methods. The most successful technique

developed to date for general applicability is the Valence Effective Hamiltonian (VEH)

technique (:J5. lSI. (n fact. many VEH calculations have shown a dose agreement

between the theoretical density of states and experimea.tal X-ray photo electron spectra

I:J6). The semiempirical methods which is computationally efficient, is also used by

many workers [3i. 38. 391 to study the topo(G!Y of bands and density of states. The

results predicted with this method wet"e in dose ageetnea.t with the VEH method. Also

the IP and Ef values were in agreement with the experimental resuJts. Therefore. in

practice. to understand the qualitative aspects of the solids as pertaining to their band

structures and the charge transfer pheoomenoa., the semiempirica.l approach appean

to be valid and hence we have chosen it for our calculation. Further validation of

out results was carried out with ah initio molecular orbital calculations on the stable

mesomers for the oligomer systems.
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1.3 Current Research

14

The work, in this thesis, focuses on identifying low band gap organic polymers witb.

thiophene and cyclopentadiene as the initial building blocks of their backbones. Specif­

ically. we investigate the geometric and electronic properties of the following systems,

polythiopb.ene (PT), polycyclopentadiene (PCV), polyfulvene (PFv). poly.(dicyano­

methylene-cyclopeuta-dithiophene) (PCNTH), poly-(dicyano-methylene-cyclopenta­

dicyclopentadiene) (PCNCY) and poly.(dicyano-methylene-cyclopenta-difulvene) (PC­

NF\,) (see Fig. 1.4 for the corresponding monomeric units). The compound which has

not been studied previously either theoretica1I~... or experimentally is PCNFv which

consists of two PFv rings wb.ich are bridged by a dicyano group as seen in Fig. 104.

The above polymers are of interest because b.istorically the Jl" conjugated polymers,

polythiophene and polypyrole. have been shown to be promising (i.e. having small

intrinsic band gaps) organic CP's (see the discussion in the previous section). Recently

(·101. it has been shown tha.t enhanced conductivity can be obtained in polymers contain­

ing both electron-donating and accepting groups which form charge transfer complexes.

Accordingly, compounds containing fulvene and/or cyano groups are of special interest.

In 19i5. Mizuno et aI., {41J first reported that bis(ethylenedithio)-tetrathiafulvalene

(BEDT-TTF) (of a fuh'ene origin) is a superconducting organic compound. In this

molecular system an electron-donor unit TTF is attached to an electron-acceptor unit
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BEDT fonning a chaq;e transfer complex. This 1I'Ork "'u foUowed by tbe synthesis of

small band gap polymers such u polysquaraines and polycroconaines [42] tbat wer-e

formed by attaching an e1ectron-donating tmd/or an electron-withdrawing groups to

the conju,!!;ated backbones. Before this, in 1973, Fernris et aI., (431 produced or,!!;anic

charge transfer material tetrathiafulvalene-tetracyanoquinolone (TTF-TCNQ) with tbe

conductivity of (02 Scm- l wh.ich is in the range of conductivity of graphite. Again in

199L F'erraris and group synthesized [441 a polymer PCDM (referred to as poly+

dicYll.nomethylene-4H-cyclopenta 12.1-b;3.4-b']dith.iophene in h.is work and PCNTH in

our work) whose band gap WlLs measured with the use of absorption spectroscopy and

found to be 0.8 eV. Recently. theoretical polymer calculations were performed for Pc.

:'-lTH [.l51 a.nd PCNCY [4611called PDICNCY in [461). La these cues. the ,!!;OOlDetricai

(fully optimized) structures "'"ere obtained usin,!!; semiempiriC&l AMI (Austin Model)

approach which was followed by electronic band structure calculations that employed

the pseudo-potential method. VEH 147.35). The band structure calculations predicted

a ba.nd gap of 0.56 eV for PCNTH and 0.16 eV fIX' PCNCY polymers. Thediscrepancy

between the experimentally and theoretically determined values for the band gaps can

be attributed in part to the fact tbat in the computations polymers are treated as

pseudo one-dimensional systems, neglecting their inherent three dimensional nature

and their intermolecular interactions that are present in tbe solid-state.

In this work, we focus on examining the geometries as well as the band structures
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of the polymers listed above. All calculations ue performed usioS the semiempiriaJ

solid·state dust~method (48. 49) as implemented in MOPAC93 (SOJ. In this method,

polymers are considered as infinite pseudo ooe-dimensiooal systems. We have u.sed

both AMI and MNDO(Modified. neglect of Diatomic Overlap) methods for geometry

optimizations and BZ (Brillouin Zone) functionality in MQPAC93 for band structure

calculations. Both the space group symmetry and periodic boundary condition are

t'mployed in the solid·state cluster calculation [491. The cluster method works best

for clusters that are large enough so that the influeDce of the eDd groups Oil the bulk

is negligible. For our systems. the optimum cluster size is an octamer [511 for the

s~'stems with smaller monomeric units such as PT, PCY and PFv and tetramer for

the polymers ";th larger repeat uniLs such peNTH. PCNCY and PCNFv. However

for consistenc~' only the results obtained for t.etramers (with unit cells containiDS four

monomers) are reported in this work.

For the systems considered in this work, the size of the unit cell which is a fundamental

part of the cluster must be detennined with care. Typically, in the molecular calcula­

tions one monomer (e.g. one ring in PT) is considered to be the fundamental unit of

the polymer. However. in the solid-state computations the symmetry arguments alone

dictate tnat a unit cell should contain at least two monomers if the long range transla­

lional symmetry and plo.Ro.rityof the whole systems is to be maintained. To as5eSS the

importance of this, calculations were carried out on systems with two monomers and
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one monomer per unit cell. The main finding of these computations is that with two

monomers per unit cell one obtains a planar structure [52. 53] (with the rings pointing

in the opposite directions [52. 53] i.e. anti conformation) whereas with one monomer

per unit cell one obtains a twisted structure {54-1 since the rings in this case point in

the same direction i.e. syn and sterk interactions prevent the formation of a planar

The extended. twisted structure would form a narrow helix in the infinite

chain.

In addition. in the case of having two monomers per unit cell, we investigated the

importance of applying symmetry constraints (other than the translational symmetry)

in the geometry optimizations and solid-state calculations. We have found that for the

parent polymers (551 PT. peVand PFv the full band structure calculations gave the

same r~ults for band gaps irrespective whether the additional symmetry constraint

were used or not. The reason for this is that the unconstrained geometry optimized

stable structures already exhibited most of the point group symmetries included in the

symmetry constraint computations. Thus, for large systems such a.s PCNTH, PCNCY

and peNFv we did not impose symmetry constraint in their geometry optimizations

and consequently in the full band structure calculations.

From our previous discussion on lattice distortion it is clear that the polymers studied

can exist in two mesomeric forms. In PT and PCNTH either aromatic(A) or quinoid(Q)

mesomeric forms [56, 5;1 have been observed. That is. they are aromatic when the
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monomeric units are connected by longer (referred to as "single") bonds and quinoid

wnen tbey are connected by shorter (referred to as "double") bonds (see Fig. 4.12).

The PCY, PFv, PCNCY and PCNFv CiUl also erist in two forms, the trans-cisoid(A)

and cis-tra.nsoid(Q) {461. Sods form has a "single" bond between the monomers a.nd

s-trans form has a "double" between the monomers [181.

The e:<tensive semiempirical calculations bave been followed by all-electron. molecular

orbital calculations using Gaussian94 at a level of 3-21C"jRHF basis set for a selected

set of polymers. That is, alJ initio calculations bave been performed on the most

stable mesomeric forms for short oligomers (dimers) (6] with chemical compositions

<:orresponding to aU polymers studied. 10 the oligomer calcwations hydrogen atoms

were used as end groups and compounds were kept planar by constraining dihedral

angles to values 00 or 1800
•

rn this the;is. chapter 2 outlines the Hartree-Fock self-consistent methodology a.nd

semiempirical methods. In chapter 3, we concentrated mainly on the solid-state the­

oretical aspects. The first section of this chapter reviews briefly solid-state theory,

application of Bloch's theorem and brief description of energy spectra. The cluster

model is outlined in section 2 of this chapter. The geometry of a conducting polymer

can have a marked effect on the band structure. It is for this reason that chapter 4

is used to analyze the structure of model compounds in their mesomeric forms both

in syn and anti orientations. In chapter 5, the band structures, the dispersion of ll"
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ba.ods and wave functions of the nlence and coo.duction bands are discussed. Also,

their structural features are cornlated with their electronic properties and the trends

io. the Ef • (P. EA and band structures for the two mesomeric forms of the polyme~

are discussed in chapter 5. 1.0. chapter 6 we summarize our condwiollS.
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Figure 1.4: Conjuga.ted polymer systems studied.



Chapter 2

Hartree-Fock (HF) Method in Semiempirical Models

Quantum chemical methods use the principles of quantum mechanics to determine

the various properties of atoms, molecules and solids. One group is concerned with

purely non-empirical methods (often called all initio methods) while the second group

is concerned with ~miempiricalmethods, i.e. calculational methods that utilize an ad­

ditional posteriori information. [n the present chapter, we hriefly discuss the main

features of the semiempirical methods. \,Ve summarize the evolution of semiem­

pirical methods as derived from the exact formulation of the linear combination of

atomic/molecular orbitals. LeAD/MO. method within the Hartree-fock (Hf) approx-

imation.

2.1 Hartree-Fock Approximation

The central equation in quantum mechanics is the Schroedinger equation Eq. 2.1

HllJ=EllJ,

2L

(2.1)
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ror systems larA:er than Ht it is difficult to solve this equation exactly and certain

approxima.tions must be introduced in the exact quantum mechanical theory. The

solutions. ~. of Eq. 2_1 are functions of the space and spin coordinates of all particles.

They are called wave functions of the states with eigen eaerpes E.

Tne motion of nuclei is ~Iatively slow compared to that of electrons. This leads to

Born-Oppenheimer approximation. In this approximation the Hamiltonian in Eq.2.1

is treated to be non-relativistic and time independent with nuclei assumed to be sta-

tionary (581. (n general. for many-body system containing N auclei and !n electrons

the electroaic H&miltonian (in atomic units) is given hy

\\'e define 1Irc/(r.m.; R) as a solution of the SchrOleding:er equation A:iven by

(2.3)

In Eq. 2.3 Eo/(R) is the potential energy which represents the electronic energy for a

fixed set of nuclear co-ordinates. Thus, the total energy E l is defined as the sum of

the electronic energy, Ec/(Rol. calculated for the A:iven nuclear geometry ~ and the
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nuclear interaction energy;

23

(2.4)

Considering that electrons are indistinguishable particles, their fermionic character

requires that they satisfy Pauli exclusion principle. i.e. the total many-electron wave

function is antisymmetric (with respect to the electrons interchange of the electrons'

quantum numbers.) To satisfy the Pauli exclusion principle the wave function is written

ill the form of Slater determinant [591 in HF approximation as follows

w\(I)o{l) lb\(2)0(2) 1bt/2n)o(2n)

1,,('\(l)t1(lj 1J.ot(2l.8(2} tb\(2n).8(2nl

'i'(i".m.) = ~n! (2.5)

1./1,,(1)0(1) ¢,,(2)Q{2) 1b..(2n)o(2nl

w..(1).8(l) ¢',,(2).8(2) ¢,,(2nlt1(2n)

The elements of the above determinant are spin orbitals \fl; which are given by the

product of a function of electron space coordinates, 1P;(r;), and one of the two possible

±i spin functions

4ii(f';,m... )=rP,{ri)«(m... ) (2.6)
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where (m.;) =; 0 for m., =; +i a.nd (mal"" tJ for m... "" -t. In the HF approxima-

tion. it ca.n be shown {58] that the spin orbitals are eigenfunctions of single electron

Hamiltonia.ns.

iJ·lf(i)~(i)=E;41(i).

2.1.1 Basis Set Expansions

(2.7)

B<e>is set expansions are used to approximate ¢,. For example, eacD. moLecular orbital

C'; can be expanded a.s a Linear combination of atomic·like orbitals ~" I

(2.8)

where the atomic-like orbitals called basis functions X" constitute the basis set for the

calculation and the molecular orbital expansion coefficients c.,; can be determined from

the variational principle [59].

2.1.2 The Electronic Energy

The electronic energy is determined by the expectation value as obtained from the

equation. E = <:~~J~> ,where 1Ji' is given in Eq. 2.5 and if = it./ is given in Eq. 2.2.

lIn Rmiempirieal methods Slater t~ orbitals (STO) ....e u$ed ... b/lSu functions.
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After dividing the electronic Ha..miltonian into one electron and two electrons contribu~

tions and performing the integra.tions over space coordina.tes and the spin summations

according to rules explained elsewhere [58J, the total electronic energy is given by

(2.9)

where

(2.10)

are the one electron integrals that consist of first and third terms o£ Eq. 2.2 and "AN

is called the one electron operator. There are two types of two electron integrals: the

coulomb and the exchange integrals. The coulomb integral can be represented as

(2.11)

and exchange integral can be represented as

(2.12)
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Similarly the terms inside the brackets can be identified in the above integrals as the

co(oumb operator, jib and the exchange operator kif respectively.

2.1.3 The Variational Principle

The variational principle states that an arbitrary function ~', (whicn, in the basis set

expansion approximation depend on the particle co-ordinates and numerical parameters

c"il used in calculations to approximate tne exact eigenfunction I{I of the lowest energy

eigenstate of a given system satisfies the foUowing condition for tne eigenvalue E'

corresponding to \fit

(2.13)

where E is the exact energy (refer Eq. 2.9) eigenvalue of state Ii (true ground state).

It foHows from this inequality (Eq. 2.13) that the best approximation of E' to the

eigem'alue £ will be obtained when rPi (refer Eq. 2.8) will be adjusted to minimize the

expectation value of the energy E' i.e.,

~ =0 (for all i) (2.14)
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< ""IH'lf'>
< ""1"" > = E' ~ E.

27

(2.15)

After substituting Eq. 2.9 into Eq. 2.15 E' is varied with respect to t/J;. Performing the

unitary transformation which. diasonalizes the matrix or Lap'tulgian multipliers leads

to eigenvalue equations called Hartree-Foek integra-differential equations or the fOfm

where i=I.2.3 .... Il or equiva.lently

HHF iJi = t.;'P;.

(2.16)

(2.17)

To provide the physical interp~tation of the Lagrangian multipliers. t:;, we multiply

Eq. 2.16 by 1/.'7 and integrate over electron <;oordinates, then

f:; =< ilhN (llli > +t < iI2ij{l) - Kj(l)[i >=< ilHHFli > (2.18)
j-I

where iIHF is called 'Hartree-Foek Hamiltonian' {601 or tbe effective one electron 'Foek
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operator' [581 defined as

2.1.4 The Hartl'ee-Fock Rootban (HFR) Equations

28

(2.19j

Introduced by Roothan [611 in 1951 the substitution of Eq. 2.8 into Eq. 2.16. and addi-

tion of an arbitrary function <.p (orthogonal to all basis function) and multiplying both

sides by '(~ and integrating over the coordinates we transform the integro-differential

equations into algebraic ones

We define subsequent integrals that are part of the above equation as follows:

5.." 0:::< "Iv>

F.." 0::: [H~~ + 2)< ~vl..\u > -~ < ~ul..\v »],. -
-:H:"+C.."

(2.21)

(2.22)

(2.23)

(2.24)
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This allows us to write down the above set of equations in a more compact form as

follows

Lc....-CFp.. -tiS,... ) =O,i = 1,2, ...n. (2.25)

These are the algebraic HF equations (witn basis functions X.. ), tne so-called Ha.rtree-­

Fock-Roothan (HFR) equations. P"", S,... and F,... can be treated as elementJl of square

matrices: P (the cbarge density matrix), S (tne overlap matrix) and F (the Fock matrix

containing one and two electron integrals) respectively, with dimensions equal to that

of the basis set \.,. HFR equation can be written in tile abbreviated form as

Fe =SCt (2.26)

C is a square matrix. tne il~ column of which are tile MO coefficients c....- obtained via

matrix diagonialization. The basis functions are ortbogonal and upon unitary trans·

formation of tb.e basis functions will produce molecular orbitals. That is we proceed

as follows:

(2.27)

F'V=Vt
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In the HF method the total electronic energy is giveD. by Eq. 2.9. Expanding the

integrals Hfj. Jij and K;j in terms of the basis functions we obtain the electronic

energy in the HFR method as:

(2.28)

2.1.5 Self-Consistent Procedure

The following steps are cornmon to all seU·consistent field molecular orbital calcuJa-

tions:

(1) Cakulate the integrals for F, S.

(2) Diagonatize S.

(:3) Form the Fock matrix F.

(-I) Form F' as in Eq. 2.27.

(5) Diagonalize F' for the MO eigenvalues t.

(6) Back transform V to obtain the MO coefficients.

(7) Form the density matrix P.

(8) Check P for convergence. If P for the Ill" cycle agrees with P for the previous

cycle within a given tolerance. stop. If not, extrapolate a new P matrix and repeat

from step (3) until a self-consistent field (SCF) (step 8) is satisfied.
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2.2 History of Semiempirical Methods (SEM)

31

Prior to 1965 only qualitative 7r HMO methods existed. Originally Huckel Molecular

Orbital (HMO) method was limited to the II" system. Later it was extended to the u

framework, this gave rise to the extended Huckel method (ERMO). With the exception

of tht.>se two methods. al1 initio methods had an automatic claim to respectability since

they were nominally fundamental and gave (in most cases) accurate predictions. It was

clear from the beginning that ab initio methods would be impractical for the study of

large molecular systems.

From the fonn of the HFR equations derived above (refer. Eq. 2.25), the calculation

of several integrals are required with an assumed set of basis functions. In its non­

empirical fonn the HFR method is conceptually simpler but it becomes impractical

for the study of large polyatomic systems. Attempts were made to use empirically

determined data to approximate the complicated integrals (refer. Eq. 2.23) used in

the ab initio theory. All of the difficult three- and four-ceotre integrals were ignored,

and one- and two-centre terms were approximated using a mixtl1re of functions based

on atomic spectra and on formal theory. (Refer Appendix A for the nomenclature).

Procedures of this type, which had both experimental and theoretical components, are

called semiempirical methods (SEM). Usually the derivation of semiempirical equation
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involves t'A"O steps. The fint step involves additional approximations to the HFRequa­

tion and the second step involves the ca.lcula.tion of non~piricaJin~ (intep"als

which &re evaluated numerically usiaS basis set fuoctions, typically done for vMence

electrons only in the semiempirica1 approach).

2.2.1 All-Valence Electron (AVE) Approximation

In SEM the molecular electrornl comprise two subsets: subset A which consists of the

inner shell electrons of all atoms in the molecule and subset B which consists of the

atomic valence shell electrons (we assume that these subsets are separable). Thus the

lOtal molecular wave function can be written as

(2.29)

where X is an antisynunetrizatioQ operator. The separability of wa.ve functions corte­

spondins to the subsets A and B is obtained when the so-called strons-ortbogonality

condition

(2.30)

is fulfilled. For the above equa.tion if subset A comprises of IT-type electrons iIJId subset

B comprises of IHype electrons, Eq. 2.30 is automatically satisfied on the symmetry
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younds. With this apptoJCimation foc all electrons of OiL pven system one can derive

vuiational equation analogous to HF equations (refer Eq. 2.16) assuminS the separa.-

bility of subsets A and B.

Experiments indicate tha.t inner shell electrons are relatively inert in typical chemica!

processes. Moreover, iii .... should not depend on the state of valence shell ele<:trons. Thus

inner shell electrons represent only a source of electrostatic potentia.! and simply screen

the nuclear charges. These electrons ma.y be effectively eliminAted by substituting the

atomic core charges Z:' for the corresponding nuclear charges Z•. Then the oDe electron

operator h,v( II. defined previously (lUI be replaced by the core Hamiltonian h"

(2.31)

Acoordinr; to Eq. :LJI the core Ha.m.ilton..ian hC(l) represent5 the tot&!. eoefXY operator

for aD electron moving in the field of N atomic cores with cha.rr;es Z~. The elimination

of direct reference to inner shell electrons forms the basis of tbe so-called all-valence

dettron (AVE) approximation.

2.2.2 Neglect of Diatomic Differential Overlap (NDDO) Approximation

~Ioreover, tbereare additional approximations involved in tbe HFRequations iUld they

are classified accordin! to the depee a.nd range of iLSSumptionJI. Historically, tbe first in
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Lhe serie; of :zero differential o~riap (ZDO) method was the simple r electron method

due to Hiickd [621 in 1931. In the early 1950's the Pariser·Parr·Pople (PPP) model

{631. a true SCF model was developed.. In 1965. Pople &.r:ld his co-workers introduced

a. series of ZDO approximations that geo~ra1ized the :r-electron PPP scheme to all­

\'alence electrous [641.

To start with, in neglect of diatomic differential overlap {NO DO) scheme the differential

o\'erlap of atomic orbitals on different atoms is neglect~ in both overlap and two

electron integrals, I~a.ding to the following conditio05

5.",,,. =6.",,,. (2.32)

where p. If refers to individual orbitals and .-t. B C and 0 refers to uomic centres

(2.33)

Due to this approximation the matrix element F will not contain three-, four-centre

two electron integrals entering via the element C,," in Eq. 2.23. The latter eLement wiU

have G""'''B with A ;:: B becoming G"",,,... and similarly G"e"D with C = D becoming

G..e... thus involving only one- and two-centre terms. Thus, the matrix elements of
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