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1.11 The colorful world of organic radical cations 

Radicall  ions of organic molecules play a key role as intermediates in many areas of 

chemistry.. In fields ranging from organic synthesis to electron transfer research and in the field 

off  semi-conducting materials radical ions are involved. 

Thee concept of structures comprising an unpaired spin and bearing charge did not gain 

acceptancee until the 1930's. However, already in the beginning of the 19lh century radical 

anionss were prepared. 1 The interest in these compounds of unknown structure was due to their 

usuallyy lively colors. As for radical cations the first example was probably observed in 1875 in 

thee laboratory of Baeyer, working on aromatic nitroso compounds. 1'2 Several years later the 

coloredd radical cation salts of Wurster̂  were prepared in Baeyers' laboratory. Wurster 

succeededd in isolating highly colored salts of p-phenylenediamines. Their true nature was 

discoveredd some 50 years later by Weitẑ  and forms a milestone in the understanding of radical 

cations.. He was the first to state that many of these species are monomolecular and contain an 

unpairedd electron. Before that time the highly colored species were thought of as bimolecular 

complexes. . 

Organicc radical cations are in general not very stable, due to the presence of their 

unpairedd spin. They can undergo various (photo)chemical reactions of which proton transfer is 

onee of the most common. A few exceptions exist. These structures owe their stability either to 

spinn delocalization in the (aromatic) molecule or to the inaccessibility of reaction sites due to 

stericc factors. Some alkylhydrazine radical cations belong to the latter category . 

Inn this thesis radical cations derived from various cyclic amines and diamines will be 

studied.. Special attention will be given to the structural changes upon ionization of the amines, 

ass well as upon excitation to their first Rydberg states. It will be shown that this excited state 

veryy much behaves like the radical cation. 

1.22 Through-bond interaction in (poly)amine radical cations 

Aboutt 30 years ago the concept of orbital interactions through G bonds was introduced 

byy Hoffmann, Imamura and Hehre.5 They described the interactions between functional 

groups,, which are connected via sigma bonds. Two concepts were introduced to the world, 

through-spacee interaction (TSI) and through-bond interaction (TBI)A6 These terms describe 

thee two possibilities for orbital interaction of functional groups. TSI is the result of direct spatial 

overlapp between the orbitals, whereas TBI describes the interaction of these orbitals through 

mixingg with the a orbitals of the intervening bonds. Before the introduction of TBI, a bonds 

were,, at least by most (organic) chemists, supposed to be inert and thus unable to mediate any 
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interactionn between functional groups. The introduction of TBI has made a big impact on the 

physicall  organic chemistry community. It led to target oriented synthesis of systems testing the 

speciall  requirements for TBI.7 

l,4-Diazabicyclo[2.2.2]octanee is one of the nicest examples to illustrate the concept of 

TBI.. In this symmetric molecule, which will be extensively discussed in chapter 4, TSI 

betweenn the lone pair orbitals should be small due to the large spatial separation. The alignment 

forr TBI however, is close to optimal. Interaction between the two orbitals leads to two linear 

combinations,, a symmetrical and an antisymmetrical combination with respect to the C2 axis in 

thee molecule (see Scheme 1.1). The energy separation between these orbitals, measured with 

photoelectronn spectroscopy, is as big as 2 eV° and furthermore the most stable combination is 

thee antisymmetrical one, whereas TSI would tend to stabilize the symmetrical combination. 

HOMO O 

y y 

HOMO- 1 1 

rp p 

7.60eV(Ai') ) 

9.644 eV (A2") 

SchemeScheme 1.1. Orbitals (0.07 eAJ) of DABCO calculated with the HF/6-31G* method. The experimental 

ionizationionization potentials," which are attributed to the ionization from these orbitals are given. 

Thee original concept of TBI, in which this 'unnatural' level ordering was explained by 

mixingg with both a and o*  orbitals, has been questioned. Brunck and Weinhold̂  showed that 

thee c*  molecular orbital (MO) of the central C-C in ethylenediamine is not relevant for TBI. 

Paddon-Roww and coworkers'0-13 developed an alternative approach based on earlier work by 

Verhoevenn and Pasman, '4 which is now accepted as being more relevant. The raising of one 

lonee pair combination is due to mixing with the highest o occupied orbital and lowering of the 

otherr lone pair combination by mixing with the lowest o*  orbital is negligible. Qualitatively, 

thiss model can clarify the features of TBI excellently. The parity of the highest occupied 

molecularr orbital (HOMO) and the second highest occupied molecular orbital (HOMO-1), 
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SchemeScheme 1.2. Through bond interaction concepts for 1,4-diamines (see text), (a) original Hoffmann 

treatment?'®treatment?'® (b) Concept developed by Paddon-Row and others.' '''^ 

whichh alternates with the number of a bonds, can be explained as the highest o occupied orbital 

iss symmetric for an odd number of bonds and antisymmetric for an even number of bonds. The 

optimall  arrangement of a bonds for TBI is the all trans arrangement. TSI fades quickly with 

distancee and is effective only up to about the sum of the Van de Waals radii. TBI, however, can 

extendd up to 16 sigma bonds, as was shown by the Verhoeven and Paddon-Row 

groups.7.13,155 goth the original and the Paddon-Row concepts are visualized in Scheme 1.2. 

Thee energetic, and thereby also chemical consequences of TBI in neutral compounds 

are,, however, in general minor, because the orbitals involved are completely filled. No net 

(de)stabilizationn therefore occurs. If, however, an electron from the HOMO is removed, either 

byy excitation or ionization, TBI can have a great impact on molecular structures. One of the best 

studiedd examples is the effect of ionization on the structure of l,4-dimethylpiperazine.!6 m the 

groundd state the methyl groups are equatorially positioned, which is the sterically most 

favorablee conformation. The lone pair orbitals (see Scheme 1.3) are thus arranged axially, 

whichh is unfavorable for TBI. However, upon ionization the driving force for being in a 

favorablee conformation for TBI is so big that the methyl groups become axially positioned. 
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Althoughh even the arrangement of lone pair and o bonds is not optimally all-trans in the 

piperazinee skeleton, the SOMO (singly occupied molecular orbital) and the HOMO-1 are now 

separatedd by ca. 2 eV! The concept described above does not only apply to symmetric systems. 

Inn molecules with different functional groups the same general rules are valid. In Chapters 7 

andd 8 of this thesis asymmetric radical cations of piperazines are studied. Chapters 4 and 5 deal 

withh cage amines containing two or even four symmetry related nitrogens. 

HOMO O 

0.1 55 e V 

HOMO-1 1 

HOMO O 

2.0 77 e V 

— NN N 

N— — N N HOMO-1 1 

SchemeScheme 1.3. Through bond interaction in the diequatorial (left) and diaxial (right) conformation of 1,4-

dimethylpiperazinedimethylpiperazine calculated with the HF/6-31G* method. The frontier molecular orbitals (0.07 ek3) are shown. 

TheThe value of 2.07 eV (600 nm) is the experimental value of the lowest electronic transition in the radical cation. 

TheThe value ofO. 15 eV is the calculated orbital splitting of the diequatorial geometry of the neutral molecule. 

1.33 Scope of this thesis 

Structuree determination of open-shell molecules is usually difficult, because they are 

short-livedd under normal laboratory conditions. The development of time-resolved 

spectroscopy,, however, made it possible to study such short-lived species by e.g. transient 

absorptionn and resonance Raman spectroscopy. In addition high-resolution spectroscopy in 
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supersonicc jets made it possible to monitor structural changes of the (poly)amine upon 

excitation.. Interpretation of the spectra, obtained by these techniques, however, is not an easy 

task.. Especially the complex nature of the vibronic transitions makes assignment difficult. In 

thiss thesis it is discussed how quantum chemical methods can help 17 to resolve these problems 

forr open shell cyclic amines. 

Thee recent developments of quantum chemical methodology has made the accurate and 

reliablee determination of properties of neutral, excited states, and radical cations a routine task. 

Calculationss on excited states of molecules remain, however more difficult, because the self 

consistentt field method, which underlies all quantum chemical methods is more suitable for the 

molecularr ground state. A variety of modifications (CASSCF) or extensions (TDHF, TDDFT, 

CI)) are known but these are considerably less well developed and much more time consuming 

too use. For alkylamines, for which the lowest excited states have Rydberg character, this 

problemm is addressed in this thesis, because the excited state structure turns out to be very 

similarr to that of the ground state of the corresponding radical cation. Radical cations can be 

modeledd quite accurately using density functional calculations at the UB3LYP/6-31G* level. In 

chapterss 3-5 this procedure is described and used to study the excited states and the radical 

cationss of four rigid cyclic alkyl amines (see Scheme 1.4). 

l-azabicyclo[2.2.2]octanee 1 -azaadamantane 

l,4-diazabicyclo[2.2.2]octanee l,3,6,8-tetraazatncycIo[4.4.1.13-8]dodecane 

SchemeScheme 1.4. Cyclic alkyl amines studied in chapters 3,4, and 5. 

Chapterr 3 deals with the monoamines l-azabicyclo[2.2.2]octane and 1-azaadamantane, 

off  which the latter has been used in our group as an electron donating building block.^'1^ 

Fluorescencee excitation spectra could be reproduced, only using calculated structures. In 

chapterr 4 the spectroscopy of l,4-diazabicyclo[2.2.2]octane and its radical cation is reviewed. 

Thee resonance Raman spectrum of the radical cation has been modeled, and the interpretation of 

previouslyy reported spectra is proven wrong. Chapter 5 deals with another problem from the 

past:: the tetraamine l,3,6,8-tetraazatricyclo[4.4.1.11,8]dodecane (TTD) and its radical cation. 
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Thee beautifully complex high-resolution gas-phase excitation spectrum of the first excited 

singlett state TTD is proven to be dominated by the presence of a double energy minimum 

separatedd by a very low barrier allowing tunneling interaction, thereby interconverting the 

structuree between two degenerate S4 symmetrical structures in the ground state, while the 

excitedd state is of non-degenerate DM structure. 

Thee validation of the use of density functional methods for the modeling of alkylamine 

radicall  cations is described in chapter 6. Several diamine radical cations, of which crystal 

structuress are available, are studied with the most commonly used density functional methods. 

Thee modeled structures are similar to the crystal structures; the B3PW91 method performs best. 

Thee influence of through bond interaction on the conformation of piperazine radical 

cationss has been studied in our laboratory previously and inspired us to study a variety of 1 -

arylpiperidines,, 1-arylpiperazine and 1,4-diarylpiperazines radical cations with transient 

absorption,, resonance Raman spectroscopy and quantum chemical calculations. The results are 

describedd in chapters 7 and 8. 

1.44 Techniques and methods for  studying open shell systems 

1.4.11 Formation of radical cations via cosensitization 

Forr our study on radical cations of amines a convenient method to generate radical 

cationss is necessary. Since amine radical cations in general are not very stable, it is difficult to 

obtainn optical absorption spectra using conventional methods. However, in our laboratory it is 

convenientt to determine their optical absorption spectra using flash photolysis equipment. One 

off  the ways to photochemically produce free radical ions in polar solvents is a method known as 

cosensitization.. l"-21 

Brieflyy (scheme 1.5), after excitation of an electron acceptor photoinduced 

intermolecularr electron transfer from an electron donor to the acceptor leads to an ion pair, 

whichh can separate into free ions. This is performed in an acetonitrile solution to facilitate the 

dissociationn of the radical-ion pair. The electron acceptor and donor (cosensitizer) were chosen 

ass 1,4-dicyanonaphthalene and biphenyl respectively. The main reason for this choice is that 

biphenyll  has a rather high oxidation potential, which results in an ion pair with a relatively high 

internall  energy. The large energy gap with the ground state results in a slow charge 

recombination,, and leads to a reasonable efficiency in ion separation.̂ * Electron transfer 

betweenn the biphenyl radical cation and the second donor -an amine in our study- takes place to 

yieldd the desired amine radical cation. Absorption bands of the radical anion and of triplet 1,4-

dicyanonaphthalenee (which is also formed to some extent) do not interfere, because these 
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speciess are rapidly quenched by oxygen present in the air-saturated solution. It is essential that 

thee concentration of the cosensitizer is much higher than that of the amine. If not, the amine 

couldd react directly with 1,4-dicyanonaphthalene to form a low-energy pair, which would result 

inn rapid decay to the ground state, and thus to an inefficient formation of the separate ions. 

SchemeScheme 1.5. Cosensitization process in an acetonitrile solution of 1,4-dicyanonaphthalene. biphenyl and 

diphenylpiperazine.diphenylpiperazine. a) After excitation of 1,4-dicyanophenyl electron transfer from biphenyl leads to the separated 

ionion pair, b) Electron transfer from 1,4-diphenylpiperazine to biphenyl radical cation. 

1.4.22 Time resolved resonance Raman spectroscopy: an excellent tool for 
probingg amine radical cations 

AA useful method for examining transient species such as amine radical cations is time-

resolvedd resonance Raman (RR) spectroscopy. As the radical cations studied in this thesis 

generallyy decay on the ns-us timescale, one needs to probe the cations at least in the nanosecond 

timee regime. In principle it is possible to follow reactions in time, but since we are only 

interestedd in the vibrational properties of ground state of the radical cation, probing in one time 

windoww is sufficient. The principles and recent developments in the field of resonance Raman 

spectroscopyy have been excellently reviewed recently22-26 anc[  w e W;JJ therefore not discuss 

themm extensively. 

Ramann scattering is a two-photon process in which a system is taken from an initial state 

too a set of final states, through a virtual state. When the excitation wavelength is on or near 

resonancee with one particular electronic state, vibrational levels of this state become the most 

importantt virtual states. The intensity of Raman scattering is dramatically enhanced therefore the 

non-resonantt terms can be neglected. The resonance Raman spectrum reveals two important 
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parameterss of the system. Firstly, the energy of the observed transition gives information about 

thee vibrational levels of the ground state. Secondly, the intensities of the transitions generally 

yieldd information on the electronic and the geometric changes occurring upon excitation of the 

molecule.. It is therefore possible to obtain information on excited state geometries from RR 

intensities.. For a mode to have intensity, the resonant electronic state's potential energy surface 

mustt have a significantly different vibrational frequency but especially a shifted potential 

minimumm along the modes in which the initial and the final state differ. In principle, with all the 

spectrall  information available one can derive the changes in geometry between the ground state 

andd the resonant excited state. The most economic (and physically meaningful) method involves 

aa single point calculation of the gradient and Hessian of the excited state at the optimized ground 

statee geometry. For 1,4-dimethylpiperazinel^ and l,4-diazabicyclo[2.2.2]octane this approach 

succeeded.. The larger molecules studied in chapters 7 and 8 have no symmetry. Computation of 

excitedd wavefunctions is therefore more difficult. Moreover, the evaluation of RR intensities 

becomess more troublesome because computational times increase exponentially with the number 

off  modes. The RR spectra obtained were thus mainly used for the analysis of the ground state 

structuree of the radical cations. 

1.4.33 Supersonic jet spectroscopy 

AA valuable tool for a chemist to elucidate the structure of molecules is UV-Vis 

spectroscopy.. Unfortunately, in all but the smallest molecules a very large number of 

vibrationall  and rotational states are populated under standard laboratory conditions. All these 

statess contribute to the observed spectrum, which results in a vast number of lines. The broad 

spectrumm obtained is thus not interpretable. The solution to this problem is cooling of the 

sample,, which results in a reduction in the number of occupied states and thus in the number of 

lines.. However, gases start to condense and therefore the gas-phase properties of individual 

moleculess become perturbed by neighbouring molecules. This broadens the spectral features. If 

onee wishes to study molecules under isolated conditions one has to make use of a supersonic 

jet.. Some excellent reviews have been written about this subject.27-3 1 The effect on the 

electronicc absorption spectrum is shown in Figure 1.2. The electronic absorption spectrum of 

ann n-hexane solution of l-azabicyclo[2.2.2]octane results in a broad, unstructured band, 

spectrumm a. Seeding the molecule in a supersonic jet of helium results in a detailed vibronic 

patternn (spectrum b), which we can analyse, and use to obtain a wealth of structural and 

electronicc information about the ground and the excited state of the neutral molecule. 
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l-azabicyclo[2.2.2]octanee "'---.. | I 

,, , , . « .11,1 ^ r l i r - j . - i - l — J 
1900 20 0 21 0 22 0 23 0 24 0 25 0 26 0 

Wavelengthh (nm) 

FigureFigure 1.1. Electronic absorption spectrum spectrum of 1 -azabicyclo[2.2.2]octane. a) Absorption spectrum 

inin n-hexane solution at room temperature, b) Fluorescence excitation spectrum of the S,<— S0 transition of I-

azabicyclo[2.2.2]octaneazabicyclo[2.2.2]octane seeded in a supersonic jet of helium. 

Briefly,, a supersonic jet is a beam of inert gas, usually helium, which travels at a speed 

fasterr than sound. The molecule of interest, which has to have a high enough vapor pressure, is 

seededd in this gas in low concentration. The resulting mixture is expanded at high pressure 

throughh a small pinhole into a vacuum chamber. This results in a dramatic drop of the internal 

temperaturee of the seeded molecules. How can one rationalize this? The expansion of the gas 

underr high pressure converts random thermal motion in the static gas to directed motion in the 

expandingg gas. Directed motion has a high enthalpy content and since the expansion is 

isoentropic,, the enthalpy associated with random motion has to be reduced. Reduction of the 

randomm motion is equivalent to cooling of the translational temperature. Translational 

temperaturess as low as 0.04 K have been reached, using supersonic jets. These low 

temperaturess may be interesting, but for the supersonic jet to be useful the rotational and 

vibrationall  temperatures must be cooled as well. Fortunately, in the early stages of the 

expansionn there are collisions between the seeded molecules and the inert gas, resulting in 

coolingg of vibrational and rotational motion. Rotational motion is easily cooled, but vibrational 

coolingg is not so efficient. Although not efficiently cooled, the vibrational temperature can still 

bee very low (ca. 10 K), and the molecules are effectively frozen in their vibrational ground 

state. . 

Nearlyy all spectroscopic techniques have been used to study supersonic jets. One of the 

mostt sensitive techniques is laser-induced fluorescence spectroscopy. The amines studied in 
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thiss thesis have a high quantum yield of fluorescence; therefore this technique has been 

successfullyy used in this thesis. Using narrow band lasers one can observe, with a very high 

resolution,, the excitation spectrum, which has the same information content as the absorption 

spectrumm of the species. Interestingly one can, by tuning the laser to a particular absorption 

frequency,, measure the number of emitted photons as a function of the frequency of the emitted 

frequency.. Because collisions are limited, each absorption band emits a different spectrum of 

photons.. With this technique it is possible to study intramolecular processes such as internal 

conversion,, intersystem crossing, intramolecular vibrational randomization (IVR), energy 

transferr and electron transfer as a function of the excitation energy. 

1.4.44 Quantum chemical calculations 

2.4.4.22 General introduction 

Thiss thesis is, to a great extent, based on the outcome of quantum chemical calculations. 

Ann introduction into quantum chemistry32-34 an(j density functional34-36 theory in particular 

iss therefore useful. 

Inn quantum chemistry the ultimate goal is to solve the Schrodinger equation (Eq. 1.1) 

forr the system under study. The well-known Hamiltonian for an n-electron system (in atomic 

units)) is given by Eq. 1.2. 

H ¥¥ = E¥ Eq. 1.1 

HH = 4Zv?+Zvc:)+IZnri  Eq-L2 
zz I I . j>i \ri rj\ 

Inn this Hamilton operator the first term gives the kinetic energy of the system and the 

secondd term corresponds to the classical electrostatic potential due to the nuclei. The third term 

describess the interaction between electrons. This term greatly complicates the task, because it 

cannott be solved exactly in many-electron systems. Solving this using analytical techniques is 

inn principle not possible for molecules. The task for quantum chemists is therefore to find a 

goodd approximation for the electron-electron interaction. A sound way to do this is to suppose 

thatt each electron moves in an average field of the n-1 other electrons. This simplifies the 

problemm as we now have n independent electron problems. If the field is known, the n 

molecularr wavefunction can be obtained. This problem can be resolved by starting a calculation 

withh guess orbitals, for instance by supposing they are linear combinations of Slater type 
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orbitals.3// Subsequently, equation 1.3 is solved for one electron which experiences a certain 
fieldfield of the other electrons. 

Thee wavefunction obtained is in turn used to refine the average field for another electron. This 

proceduree is repeated for all electrons in the system and the field experienced by the first 

electronn can be recalculated which usually differs from the original field. This whole cycle is 

repeatedd until the solutions for all the electrons are unchanged (within a useful range) in one 

cyclee of calculation. This procedure was developed by Hartree in 1928 8̂ and is called the 

methodd of Self-Consistent Fields (SCF). It is used in Hartree-Fock (HF) as well as Density 

Functionall  Theory (DFT) calculations. 

Itt is conceptually useful to divide the total electronic energy of the system as: 

E== ET + Ev + E; + Ex + Ec Eq. 1.4 

wheree F̂  is the kinetic energy of the electrons, Ev is the Coulomb energy of the electrons due to 

theirr attraction to the nuclei. Ej is the Coulomb energy that the electrons would have in their 

ownn field if they moved independently and if each electron repelled itself, assumptions that are 

bothh untrue. The remaining contribution Exc = Ex + Ec corrects for these false assumptions. Ex 

(thee exchange energy) largely corrects for the electron repulsion between electrons of the same 

spin.. Ec corrects for the remaining correlation between the motions of electrons. 

Inn quantum chemical methods the terms used for Ev and E_, are common for all methods. 

Thuss the formulae for E,. Ex and Ec distinguish the various SCF methods from one another. 

1.4A.21.4A.2 Hartree-Fock theory 

Inn 1928 Hartree38 proposed a kinetic model (Eq. 1.5) in which the /-th electron in an 

atomm moves completely independently of the others in an orbital. In this model which is 

uncorrectedd the sum of the kinetic energies of the individual electrons is the total kinetic energy. 

Inn the beginning this method was confined to atoms but Lennard-Jones, Mulliken, and Hund3^ 

showedd that it was also applicable to molecules. 
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Twoo years after Hartree's proposal Fock pointed out 9̂ that the Hartree wavefunction 

wass not properly asymmetric, and thus violates the Pauli Principle. By antisymmetrizing the 

wavefunctionn and posing that electrons with the same spin avoid one another he formulated the 

exchangee functional (Eq. 1.6). With the description of the kinetic and exchange term, the 

Hamiltoniann for Hartree-Fock procedure is known since the terms for the coulomb terms (Ev 

andd Ej) are standard. One term is however missing in the Hartree-Fock procedure. The 

correlationn energy is neglected, which marks the drawback of the whole procedure. An example 

wheree this effect is clearly seen is for instance the dissociation of hydrogen. Due to the neglect 

off  the correlation between electrons, the electrons spend one half of the time on one of the 

hydrogenn atoms even when the atoms are infinitely separated. Several of these problems with 

HFF exist and therefore it is necessary for most applications to use electron correlation methods 

likee the approximate second order electron correlation method developed by M0ller and Plesset 

(MP2)400 or configuration interaction methods. The disadvantage of these methods, however, is 

thee huge computational efforts necessary, therefore more and more the attention in quantum 

chemistryy is shifting towards DFT methods, which are used predominantly in this thesis. 

1A.4.31A.4.3 Density functional theory 

Inn the last years density functional calculations-̂ have emerged as an alternative for 

Hartree-Fockk (HF) and post-HF (M0ller-Plesset) calculations. The need to include electron-

correlationn in the calculation on large chemical structures and the discovery of new and more 

accuratee approximations to the exchange-correlation energy density functional has contributed to 

thee increased popularity of Density Functional Theory (DFT). 

Densityy Functional Theory is equivalent to solving the Schrödinger equation and is 

thereforee an exact theory for describing the electronic structure and properties of matter. The 

mostt important difference between DFT and HF is the principle quantity of interest. In DFT this 

quantityy is the electron density and not the electronic wavefuntion of the system. 

Thee computational advantage of DFT over HF is the fact that the electron density has 

threee spatial coordinates, regardless of the number of electrons in the chemical system. Thus in 

principlee DFT allows calculations on molecules up till hundreds of atoms. Therefore formally 
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DFTT (within the Kohn-Sham (KS) formalism, vide infra) scales as n , where n is the number 

off  basis functions employed (because the electron density is expressed in terms of orbitals, a 

dependencee on the number of basis funtions arises). Hartree-Fock methods scale as n , 

whereass post-HF methods, that include electron-correlation, scale as n , where / > 5, and are 

thereforee far more expensive than the basic DFT method. 

Iff  DFT-methods have such a principle advantage over wavefunction type methods, then 

whyy did they become so popular only in the last decade? 

Inn answering this question we have to take a closer look into the fundamentals of DFT. 

Modelss describing the energy as a functional of the electron density have in fact a long history, 

datingg back to the early days of quantum mechanics.41,42 Using the properties of an electron 

gass models where developed. However, these early models where not able to provide accurate 

electronn densities for chemical systems, which is not surprising, since a uniform electron gas is 

aa poor approximation to an atom or a molecule. A well-known model was developed by 

Thomass and Fermi.41,42 j n the Thomas-Fermi (TF) model, the ground state energy of an atom 

iss given by: 

22 5 

E^[p]]  = ^TtyjpH^dr + ^l^^dr^+jpVdr Eq. 1.7 

== ET(TF)[p] + Ej [p] + Ev[p] Eq. 1.8 

wheree r]2 is the distance between two particles, V is the nuclear-electron attraction potential (V 

== -Z/r (Z being the charge of the nucleus)). The first term in Eq. 1.7 approximates the kinetic 

energyy of the system Ej [p]; the second term is the Coulomb energy E: [p] for the system, 

whichh used to approximate the electron-electron repulsion energy; and the last term is the 

nuclear-electronn attraction energy Ev[p]. This is a very simple model, and therefore it does have 

somee shortcomings when used to describe chemical systems. The TF density has the 

undesirablee characteristic that it does not go to zero exponentially in the limit r—*». Furthermore 

ass r—>0, the TF density becomes infinite. The calculated energies were poor approximations to 

theirr true counterpart and stable molecules could not be formed using this model. Major 

improvementss therefore had to follow. Dirac43 introduced a formula for the exchange energy of 

aa uniform gas (Eq. 1.9). 

33 I t 
EX,D)) iP\ =--(37T)3\p'{r)dx Eq. 1.9 
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However,, adding this to the TF model did not improve the quality of the calculated 

electronn density. A major enhancement of this model was made by von Weizsacker,44 who 

derivedd a correction by addition of an inhomogeneity of the electron density correction to the 

kineticc energy density functional that depends upon the gradient of the density, namely, 

Er w ,M-iJV ( p (y , ) )**  BH.10 

Thee addition of this term improves the behavior of the calculated electron density. It is no longer 

infinitee at the nucleus, and the asymptotic behavior far from the nucleus is gready improved. 

Alsoo molecules prove to be stable entities with respect to the separated atoms. Unfortunately, 

thee Weizsacker correction did not provide a model that could compete with the Schrödinger 

equation. . 

However,, in 1964 the faith of DFT was changed dramatically. Hohenberg and Kohn Ŝ 

providedd the long sought after proof that DFT is in fact an exact theory for describing the 

electronicc behavior of matter. The so-called Hohenberg-Kohn theorem states that the total 

energyy of a system in its ground state is a functional of that system's electronic density and that 

anyy density other than the true density will necessarily lead to a higher energy. This implies that 

DFTT is an alternative approach to the conventional solution of the Schrödinger equation. 

Althoughh this theorem established that one could, in principle, work with the density in 

abab initio calculations Kohn and Sham (KS)46 offered a practical approach to performing DFT 

calculations.. In the KS approach, the unknown energy functional E [p(r)] is partitioned in the 

followingg manner: 

EE [p(r)] = E,. [p(r)] + E5 [p(r)] + Ev [p(r)] + Exc [p(r)] Eq. 1.11 

Heree E,. [p(r)] is the kinetic energy of a system of noninteracting electrons with the same 

densityy as the real system of interacting electrons being studied. This is of course not the real 

kineticc energy, but this is corrected in the final term, Exc [p(r)] that contains the exchange and 

correlationn contributions to the energy, and the difference between Ej. [p(r)] and the true 

electronicc kinetic energy of the system. E; [p(r)] and Ev [p(r)] represent, like in Eq. 1.4, the 

classicall  electrostatic energy. In the KS theory, the electron density is expressed into 

orthonormall  molecular orbitals. The kinetic energy can be expressed in these orthonormal 

functionss and now in principle one can practically perform DFT calculations. With an initial 

guesss at the total spin densities, KS spin orbitals can be constructed and solved. These are then 

usedd to generate new guesses for the electron densities. This procedure is repeated until self-
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consistencyy is achieved. The only problem still present is the form of the exchange and 

correlationn energy functional, Exc [p(r)], which is not exactly known. Fortunately, reasonable 

approximationss to Exc [p(r)] are known, but the search for the exact exchange-correlation 

energyy is one of the most important endeavors in DFT. 

Onee of the simplest approximations to Exc [p(r)] is the Local Spin Density 

Approximationn (LSDA) which already yields results comparable to HF calculations.36 Exc 

[p(r)]]  is approximated by 

Excc [P(r)l = \p{r)exc{p
a(r),p\r))dT Eq. 1.12 

aa Q 

wheree exc (p (r), p (r)) is the exchange correlation energy at a point r in space. The value of exc 
aa B 

(pp (r),p (r)) has been determined for a large number of homogeneous gases of interacting 
electronss of varying total density and net spin density. The results have been parameterized by 

Vosko,, Wilk, and Nusair (VWN)47 and by Perdew and Zunger (PZ).48 The LSDA approach 

gives ôo quantitatively accurate geometries, charge distributions, and vibrational spectra, but 

systematicallyy overestimates binding energies, which has major implications, for example, on 
OH-hydrogenn bonds. Better estimations of Exc [p(r)] are therefore necessary and have been 
found.. All density functionals in current use adopt gradient-corrected exchange-correlation 
functional,, which have the form 

Excc [p(r)] = Jp(r)^.(pa(r),pV),Vp>),VpV)yT Eq. 1.13 

Thus,, not only the density at a point r, but also the gradient of this density at point r is 

usedd in examining Exc [p(r)]. Numerous models have appeared in literature,49-55 o ne 0f them 

developedd by Becke 5̂ splits Exc [p(r)] into two parts, Ex [p(r)] and Exc Ip(r)], where Ex 

[p(r)]]  is just the pure exchange energy, analogous to the Hartree-Fock exchange energy. 

EXcc tP(r)] is m e correlation part, approximated by the LSDA. The Exc [p(r)] is then 

approximatedd as 

Excc [p(r)] = 1/2 Ex [p(r>] + 1/2 Exc
LSDA[p(r)] Eq. 1.14 

Equationn 1.14 is viewed as a true hybrid of its components and is named the 'half-and-half 

theory.. Applying this functional on the standard Gl data set, which consists of several 

experimentall  values such as atomization energies, ionization energies an proton affinities of 

atomss and small molecules,56-58 proved that much better values were calculated̂ than only 

withh an exchange functional used. 
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Beckee introduced subsequently a fundamentally different approach to the functionals 
developedd earlier. He changed̂ the above functional (Eq. 1.14) into 

E*cc [P(r)] * c0
 Ex [PW] + c\ ExcL DAtP(r)] Eq. 1.15 

andd fitted this functional to the Gl data set, obtaining optimal parameters for c 0 and c x. Thus a 

semiempiricall  method was introduced. Further development̂ ]ed to the popular B3LYP 

method,, which is used in this thesis and proves to perform excellently with respect to other 

DFTT methods. The following exchange-correlation approximation was used4̂ and is now used 

ass the B3PW91 method: 

Excc [p(r)] = Exc
LSDA[p(r)] + a0 (Ex [p(r)] - Ex

LSDA[p(r)]) 

._,, B88 r , N, . „  PW91[p(r)] „ , , , 

++ axAEx [p(r)]+öcAEc
 lKl 'J Eq. 1.16 

wheree a0, ax, and ac are semiempirical coefficients which have optimal values of 0.20, 0.72 and 
0.811 respectively after fitting with the Gl data set,56-58 ^Ex [p(r)] is the gradient correction 

oo PW91 

too the LSD A for exchange developed by Becke-5-3 and AEC [p(r)] is the gradient correction 
forr correlation of Perdew and Wang.51 For the B3LYP method the AEC functional̂  is 

usedd instead. Thus, on the basis of experimental data, a very effective functional was 

developed,, which gives comparable results to MP2 calculations but is much faster. It is now 

widelyy used, particularly because it is implemented into the Gaussian packages. 

1.4.4.4.1.4.4.4. Basis functions 

Too calculate the wavefunction or the density of the molecule it is necessary to give a 

goodd description of the molecular orbitals of the system. In practical application molecular 

orbitalss are expressed as linear combinations of a finite set of one electron orbitals. These are 

knownn as basis functions and can be written as follows: 

V ;=Ë<V ^^ Eq. 1.17 
u=\ u=\ 

wheree c .̂are the molecular orbital expansion coefficients. Any set of functions can be used for 

thee expansion, but it is convenient to define a set of basis functions associated with each 
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nucleus.. Such functions may have the same symmetry properties of atomic orbitals, i.e. s, p, d 

orr f-type orbitals. 

Twoo types of atomic basis functions are generally used in quantum chemistry. Slater 

typee orbitals (STO's) have the normalized form shown inequation 1.18 and 1.19, where £, and 

£22 are constants determining the size of the orbitals. Unfortunately they are not well suited for 

numericall  work and thus their use is limited. 

-i£lUr r 
KK , 

I I 

Eq.. 1.18 

32nj 32nj 
jj2,u-\^z\2,u-\^z\ xe Eq-1-19 

Thee second type of basis functions are Gaussian-type atomic functions. These are powers of 

x,y,, z multiplied by expC-ar2), a determining the radial extent of the function. 

ggss(a,r)(a,r) = (—Ve-2 Eq. 1.20 

ggxx((
aa>> rr)) = 

128a55 V 
xe~xe~arar Eq. 1.21 

Equationn 1.20 is the gaussian function representing s-type atomic orbitals whereas Eq. 1.21 

concernss the atomic orbital for px functions. 

AA third possibility is to use linear combinations of gaussian functions as basis functions. 

Ann s-type basis function can thus be expanded in s-type primitive gaussians (gs in Eq. 1.22), 

wheree coefficients d  ̂ are fixed. These basis functions (0 )̂ are called contracted gaussians and 

aree nowadays very popular. 

Thee standard basis set in use is the so-called 6-31G* basis set and is used throughout 

thiss thesis. The description of the atoms is divided into several parts. The core and valence 

electronss are treated separately. The core electrons are described by a contracted gaussian 

consistingg of 6 primitive gaussians, whereas the valence electrons for first row atoms are 

describedd by four gaussian basis functions (each one including 3 primitive gaussians) which 

containn s and p coefficients and four exactly the same (7) primitive gaussians. Systems 
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incorporatingg strained rings require however̂  functions with the possibility of nonuniform 

displacementt of charge away from the atomic centers. One can achieve this by including 

functionss of higher angular quantum number. Six of these polarization functions containing d-

typee gaussians (*) are used in the description for the first row atoms. Thus carbon and nitrogen 

atomss are described using fifteen basis functions and hydrogen by two. 

Inn some chapters the 6-311G* basis set is used. In this improved basis set the valence 

regionn is divided into three parts instead of two, bringing more flexibility into the description. 
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