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In tro duzione

L' optoelettronica�eunodei settori pi�u attivi edinnovativi della tecnologiadell'informazione

e delle telecomunicazioni. La disponibilit�a di sorgenti laser,fotorivelatori ed ampli�catori

ottici ha fatto s�� che molti degli apparati di comunicazione,a partire da quelli di mag-

gior portata, abbiano progressivamente abbandonatola tecnologiadella trasmissionesu

cavo per orientarsi all'uso di �bre ottiche. L'optoelettronica, inoltre, ha fatto il suo in-

gressonel settoredell'immagazzinamento delle informazioni (basti pensarealla tecnologia

DVD), e sono in molti tra gli specialisti a pensareche essapotr�a in futuro a�ancare,

o forsesoppiantare del tutto, l'attuale tecnologiamicroelettronica per l'elaborazionedei

dati.

Tradizionalmente i dispositivi optoelettronici hanno fatto uso di semiconduttori inor-

ganici, quali l'arseniuro di gallio o il fosfuro di indio. Negli ultimi anni a questi si sono

a�ancati altri materiali, i nitruri, chehannopermessodi superarealcunedelle limitazioni

dei primi; in particolare �e stato possibilecoprire anche le regioni a pi�u piccola lunghezza

d'onda dello spettro visibile (blu e violetto), con ripercussionipositive, ad esempio,sulla

densit�a di immagazzinamento ottico. Attualmente molta ricerca �e concentrata sulla pos-

sibilit�a di realizzarediodi che emettano luce bianca, perch�e tali dispositivi troverebbero

immediata applicazionenel settore dell'illuminotecnica, garantendo e�cienze di almeno

un ordine di grandezzasuperiori a quelledelle sorgenti tradizionali.

Prima nei laboratori di ricercadi base,e successivamente anche in quelli delle maggiori

aziendeattiv e in questosettore, tutta via, si �e fatta largo l'idea di utilizzare in applicazioni

optoelettronichemateriali radicalmante nuovi, derivati dalla chimica del carbonio. I semi-
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conduttori organici, infatti, o�rono vantaggi signi�cativi proprio laddove quelli conven-

zionali hannopunti di debolezza:ad esempio,la loro sintesi e manipolazione�e nettamente

pi�u sempliceed economica.

Essi sonotenuti insiemeda deboli forze inter-molecolari: sonocio�e materiali soft, che

non so�rono dei problemi legati allo strain o ai difetti reticolari, che invecea�iggono i

cristalli inorganici. Inoltre la debolezzadelle interazioni molecolari fa s�� che le propriet�a

di questi composti siano molto simili a quelle delle singolemolecoleche li compongono;

lo stessonon pu�o dirsi dei semiconduttori inorganici, le cui propriet�a non somiglianoa

quelledegli atomi costituenti, perch�e fortemente in
uenzate dalla struttura cristallina.

La caratteristica forsepi�u importante, in�ne, �e che questi materiali possonoesserepro-

gettati in modo da averedeterminate propriet�a: dato un composto avente un certo com-

portamento, �espessosu�cien te modi�carne la struttura chimica (funzionalizzarlo), perch�e

tale comportamento cambi signi�cativ amente. In quest'ambito sta nascendouna nuova

disciplina, l' IngegneriaMolecolare, cheattraversola sinergiatra ingegneri,�sici, chimici ed

informatici, condurr�a senzadubbio nei prossimi anni ad un notevolissimomiglioramento

di questi materiali.

QuestaTesi descrive il lavoro che ho svolto durante il Dottorato di Ricercaall'in terno

del National Nanotechnology Laboratory diretto dal Prof. Roberto Cingolani, sotto la

supervisionedel Dott. Fabio Della Sala; la mia attivit�a si �e speci�camente orientata allo

studio di questinuovi materiali attraversola simulazioneal calcolatoredelleloro propriet�a

con tecniche ab-initio.

Con questotermine si intendonotecniche di simulazioneche non ricorrono a descrizioni

approssimateo a modelli empirici, ma puntano alla risoluzionediretta dell'equazionedi

Schr•odinger, che governa in ultima analisi tutte le propriet�a della materia. Tali tecniche

sonoparticolarmente adatte allo studio di questi composti, e fornisconoin genererisultati

molto accurati. Il loro principale svantaggio consistenel grande costo computazionale:

per questomotivo sonostate attiv amente utilizzate architetture di calcoloparallelo.
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In tro duction

Optoelectronics is a very active �eld of Information and Communication Technology.

The availabilit y of lasers, photo-detectorsand optical ampli�ers has in past years led

many telecommunication equipments to shift from cabletechnologytowardsoptical �b ers.

Optoelectronics,moreover, hasbeensuccessfullyapplied in the �eld of information storage

(as an example,DVD technology), and many believe that in the future it will equal, or

even overcome,current microelectronicsin the �eld of data processing.

Traditionally, optoelectronicdevicesmadeuseof inorganicsemiconductors,like gallium

arsenideand indium phosphide. In last years,also other materials have beenexploited,

which allowed to circumvent someof the limitations of the former; in particular, it was

possible to cover also the smaller-wavelength regions of the visible (blue and violet),

with positive consequences,e.g. on optical storagedensities. Currently, much research

is devoted to the fabrication of diodesemitting white light, becausesuch deviceswould

immediately revolutionize the illumination technologymarket, thanks to their good power

e�ciencies, at least oneorder of magnitude better than thoseof conventional sources.

First in basicresearch laboratories,and then alsoin many companies,hasbeenhowever

consideredthe idea to employ in optoelectronicscompletely new materials, derived from

carbon chemistry.

Organic semiconductors, indeed,o�er distinct advantages,right wheretheir traditional

counterparts are weak: for instance, their synthesis and manipulation is comparatively

simpler and cheaper.
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They are held together by weak inter-molecular forces: this meansthat they are soft

materials, which don't su�er from problems related to strain of lattice defects, which

plague inorganic crystals. Furthermore, as a consequenceof the weaknessof molecular

interactions, the properties of these compounds are very similar to those of the single

moleculesthey are of; this is certainly not true for inorganic semiconductors,whoseprop-

erties are strongly in
uenced by the crystalline structure, and thus do not resemble those

of the constituent atoms.

Finally, the perhapsmost important characteristics is that thesematerials can be de-

signed in order to have pre-de�ned properties: givena compound with a certain behavior,

it is often su�cien t to modify its chemical structure (functionalize it) to make this be-

havior change signi�cantly. In this frame, a new discipline, Molecular Engineering is

developing; through a synergyof engineers,physicists, chemistsand computer scientists,

it will certainly lead in future yearsto a huge improvement of thesematerials.

In this Thesis, I describe the work I have doneduring my Ph.D. at the National Nan-

otechnologyLaboratory directedby Prof. Roberto Cingolani, under the tutorship of Dott.

Fabio Della Sala;my activit y wasspeci�cally oriented to the study of thesenewmaterials

through computer simulations with ab-initio techniques.

This term indicates simulation approaches which avoid approximate descriptions or

empirical models,but rather aim at the direct solution of the Schr•odingerequation,which

ultimately governs all properties of matter. Thesetechniquesare particularly suited for

the study of thesecompounds,yielding in generalhighly accurateresults. Their principal

drawback is the greatcomputationalcost: for this reason,parallel computingarchitectures

wereactively employed.

Chapter 1 is an introduction to organicsemiconductors,with emphasison their photo-

physicalsproperties; the basic quantum-mechanical conceptsneededfor an ab-initio de-

scription of thesesystemsare also treated.

Chapter 2 coversthe major applicationsof thesenewmaterials in the �eld of optoelec-
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tronic devices,evidencingadvantagesand shortcomingsof their useas a replacement for

conventional (inorganic) semiconductors. Thiophene-derivatives, the classof molecules

actively investigatedin this work, are alsobrie
y described.

Chapter 3 shows in somedetail the principal theoretical approachesfor the calculation

of electronicand optical processesin organic moleculesthrough �rst-principles quantum

mechanical considerations.

Chapter 4 deals with the hardware and software tools actually employed for calcu-

lations. In particular, various types of parallel computing strategieswill be analyzed,

and it will be shown that di�eren t implementations of theoretical algorithms can lead to

di�eren t requirements for computer architectures. The principal program packageused

for the simulations will also be described. Finally, someof the codesdeveloped for the

set-up of multiple runs and for the collection and analysisof data will be sketched.

Chapter 5, �nally , reports someof the results obtained from ab-initio simulation of

thiophene-derivatives. In closecollaboration with the experimental division of the Na-

tional Nanotechnology Laboratory, thesestudies led to signi�cant improvements in the

performanceof optoelectronicdevicesemploying thesematerials.
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Chapter 1

General prop erties of organic

molecules

In this chapter the electronic and optical properties of organic materials will be intro-

duced. Organic semiconductorsare solid materials composedof organicmolecules,which

can be found in crystalline, poly-crystalline, or amorphousform. Organic moleculesare

held together by weak electrostatic and/or Van Der Waals forces: this makes them soft

materials. As a consequence,their optical and electronicproperties resemble thoseof the

constituent molecules.It is worth noting that the set of organicsemiconductorsis almost

in�nite, beingalmost in�nite the number of di�eren t organicmolecules.Furthermore, the

optical and electronic properties vary substantially from moleculeto molecule,and then

only someconceptsmay be associated to all systems.

1.1 Chemical description of organic molecules

Inorganic moleculesare moleculesnot containing any carbon-carbon bond. Organic

molecules,on the other hand, are characterized by the presenceof this bond, which

is soimportant asit turns out to be the strongesthomologousinter-atomic bond. Besides

carbon, organic moleculesare mainly composedof hydrogen;other atoms, when present,
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are called etheroatoms. Organic chemistry [1] studiesorganicmolecules,which are virtu-

ally in�nite in kind and number. This comesfrom the great 
exibilit y of the carbon atom

which, having four valenceelectrons,can assumedi�eren t hybridizations[1].

In �gure 1.1 are reported somesimple organic molecules,in which di�eren t levels of

orbital hybridization give rise to di�eren t structures.

Figure 1.1: Simpleorganicmoleculeswith indicationof their geometricalstructure, type of

carbon-carbon bond andorbital hybridizationinvolved.

Most organicmoleculesof interest for optoelectronicsareconjugated molecules, i.e. they

have alternating single(� ) and double (� + � ) bonds. A typical exampleof this behavior

can be found in Benzene(C6H6, see�gure 1.2). In this moleculeeach carbon atom has

a sp2 hybridization, involving three electronswhich form � bonds with the neighboring

atoms along the molecular plane; an additional electron exists for each carbon atom,

which occupiesa pz orbital: theseelectronsform alternate � bonds with a neighboring

atom, as indicated in the left part of �gure 1.31.

The symmetry of benzene,however, suggeststhat alsoanotherarrangement of alternat-

ing bondsis possible,with each singlebond replacedby a doublebond and vice versa,as

1In �gures 1.3 and 1.4 a common chemical notation is adopted: hydrogen atoms are not plotted, and

segments indicate carbon-carbon bonds.
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Figure 1.2: Hypotheticalbond schemein benzene.

Figure 1.3: Resonantforms of alternatesingleanddoublebondsin benzene.

indicated in the right part of �gure 1.3. In the valence bond theory, the correctdescription

of the moleculeis a linear superposition of the two (resonant) con�gurations, each having

1=2 probability. Adopting the commonconvention of indicating such resonant bondswith

a full and a dotted line, we can plot them as in �gure 1.4.

The bond order between adjacent carbon atoms is therefore ( 1
2)1 + ( 1

2)2 = 3
2, in the

senseof an expectedvalue. The dotted line, thus, indicatesa kind of half bond.
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Figure 1.4: Commonnotation of delocalizedbondsin benzene.

1.2 Quan tum-mec hanical description of molecules

1.2.1 The ab-initio approac h

Moleculesare systemssubject to the complicated laws of quantum mechanics. As a

consequence,they are usually described by meansof empirical models, which forget those

rules at all, and try to rely on similarities amongcompounds;most of the empirical rules

of chemistry (which prove incredibly usefuland mostly correct) fall into this category. At

the opposite end, ab-initio methods aim at a description of molecular systemsthrough

the search for (approximate) quantum-mechanical solutions of the central problem (the

Schr•odinger equation) which ultimately governs these systems. This approach has as

the signi�cant advantage that in principle all properties of a system can be calculated

once the exact (or even approximate) wave-functions of the corresponding Schr•odinger

equationare known. This consideration,together with the great accuracyof the obtained

results,explainswhy most of current studieson properties of moleculesare carried out in

this way.

Most of the ab-initio approachesto the many-electron problem (and speci�cally those

employed in the current work) make use of someindependent-electrons picture, where

each electronof a complicatedmany-particle systemis seenas independent of the others,

14



moving in the �eld of a proper e�ective potential which takesinto account all interaction

phenomena.When this formalism is adopted,each electronresults in a one-particlewave-

function on its own, calledmolecular orbital (MO). The completeN-particle wave-function

will then be related in some(sometimesnon-obvious) way to the set of occupiedMOs.

Each molecular orbital is usually indicated as � k(r k), r k being the spatial coordinate

of the k-th electron, k = 1; : : : ; N . If the electrons were actually independent, then

� k(r k) would really have the physical meaningof a wave-function, with all corresponding

properties: for instance, j� k(r )j2 would be the probability of �nding the k-th electron at

position r in space,and the usual normalization would apply:

Z
j� k(r )j2dr = 1 : (1.1)

In independent-electrons theories,molecular orbitals are determined as eigenfunctions

of a proper Hamiltonian operator:

Ĥ = �
�h2

2m
r 2 + V̂ef f ; (1.2)

wherethe e�ectiv e potential (extensively treated in chapter 3) hasdi�eren t expressions

in the di�eren t approaches; independently of its expression,however, it tries to account

for the e�ects of the external potential acting on each electron (often due only to the

electrostatic attraction of nuclei) and of the electron-electron interaction.

It is important to stress that the description (and even the bare existence)of such

a potential is by no meansa trivial point: at the moment, it has beengiven a rigorous

expressionin a formalismwhich is approximate by de�nition (Hartree-Fock description)[2,

3], and approximate expressionsin a formalism which, on the other hand is in principle

exact (Density-Functional Theory)[4, 5, 6, 7].

Oncegiven the e�ectiv e potential and then the e�ectiv e one-particleHamiltonian, one

can calculate the molecularorbitals as a standard eigenvalue problem:
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Ĥef f � i (r ) = � i � i (r ) : (1.3)

As will be explainedin the following, molecularorbitals can then be populated in order

for the resulting many-body wave-function to satisfy particular conditions. The number

of electronsplaced in each orbital is said its occupation number, indicated (for the k-th

orbital) as nk .

The resulting electron density � (r ), de�ned as the expectednumber of electronswhich

can be found at a particular position in spaceper unit volume[3],can then be calculated

as:

� (r ) =
NX

k=1

nk j� k(r )j2 : (1.4)

1.2.2 The ground state

The eigenstateof the Hamiltonian operator with lowest energy is commonly called fun-

damental or ground-state. It is this state which determinesmost of the properties of a

moleculewhen no excitations are present: for example the electron density, molecular

geometry, dipole moment, etc.

In the independent-electrons picture, the ground state can be constructed by �lling

single-particlemolecular orbitals (starting from thosewith lowest eigenvalue), according

to somerules [1]:

� Pauli exclusion principle: each orbital must be occupied by no more than two

electrons,with opposite spins.

� Hund principle: in caseof degenerate orbitals (i.e. di�eren t orbitals with the same

single-particleenergy),electronsmust be placedin such a way as to �ll as many of

them aspossible,and all singly occupiedorbitals must hold electronswith the same

spin.

16



Spin is a fundamental property of electrons,as well as other elementary particles. For

electrons,only two spin statesare possible,indicated by the spin quantum number m =

� 1
2 .

In most cases,stable neutral moleculesare closed-shell systems, i.e. they have an even

number of electronswhich can �ll completely a certain number of molecular orbitals; in

this case,whenno degeneracyof orbitals is present, it is very simpleto populatemolecular

orbitals: each of the lowest n
2 orbitals will be occupiedby two electrons(see�gure 1.5),

onewith m = + 1
2 (indicated with an up-pointing arrow), and onewith m = � 1

2 (indicated

with a down-pointing arrow); it will thus be characterizedby an occupation number of 2.

Figure 1.5: Occupationschemefor the closed-shellgroundstate of molecules.

In �gure 1.5 also a number of orbitals with higher energiesare shown; theseorbitals

remain unoccupiedin the ground-statecon�guration and are called virtual orbitals.

As will be shown in next section, two molecular orbitals are of particular relevancein

photo-physicalconsiderations:the occupiedorbital with highestenergy(HighestOccupied

Molecular Orbital - HOMO) and the virtual orbital with lowestenergy(LowestUnoccupied

Molecular Orbital - LUMO).
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1.2.3 Excited states

Any other occupation scheme,in which alsosomeof the virtual orbitals are occupiedby

oneor two electrons,canbe consideredasrepresenting somemolecularexcited state. The

most important excited states in discussionabout the optical properties of moleculesare

the lowest singlet and the lowest triplet states.

The �rst singlet excited state can be represented by an occupation scheme in which

one electron is taken from the HOMO and moved onto the LUMO, without altering its

spin, asdepictedin �gure 1.6; by symmetry considerations,this operation can be donein

two equivalent ways, dependingwhether the promotion involvesthe spin-up or spin-down

HOMO electron.

Figure 1.6: Occupationschemefor the singletcon�guration arising from the promotion of

oneelectroninto a virtual orbital.

The �rst triplet excited state, conversely, is represented by an occupation scheme in

which an electron is moved into a virtual orbital, with spin 
ip , as depicted in �gure 1.7;

also in this casetwo equivalent con�gurations arise.

Indeed, if we write the closed-shellground state as
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Figure 1.7: Occupationschemefor the triplet con�gurationarisingfrom the promotionof one

electroninto a virtual orbital.

j	 0i =
�
�
�� 1; � 1; � 2; � 2; : : : ; � H ; � H

E
; (1.5)

then we can write the four di�eren t con�gurations arising from the H OM O ! LU M O

transition as

j	 1i =
�
�
�	 L

H

E
=

�
�
�� 1; � 1; � 2; � 2; : : : ; � H ; � L

E

j	 2i =
�
�
�	 L

H

E
=

�
�
�� 1; � 1; � 2; � 2; : : : ; � H ; � L

E

j	 3i =
�
�
�	 L

H

E
=

�
�
�� 1; � 1; � 2; � 2; : : : ; � H ; � L

E

j	 4i =
�
�
�	 L

H

E
=

�
�
�� 1; � 1; � 2; � 2; : : : ; � H ; � L

E

These four con�gurations can be linearly combined into two disjoint sets of excited

states[8, 9]; the �rst set is formed by the following three states:

jT1;� 1i = j	 2i ; jT1;0i = j	 3i + j	 4i ; jT1;+1 i = j	 1i ; (1.6)
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which aredegeneratein energy, and hencecalledtriplets, while the other set is restricted

to the combination

jS0;0i = j	 3i � j	 4i ; (1.7)

which is called singlet.

As will be shown in chapter 2, considerationsabout spin areof fundamental importance

for the comprehensionof the properties of organic light-emitting devices.

This description of molecular excitations is tightly bound to the independent-particle

formalism; indeed,only if electronswerereally independent would (1.7) and (1.6) indicate

true excited states of the whole N-electrons system. In a framework where electrons

interact, (1.7) and (1.6) are the simplest approximations to the exact excitations, which

are better described by linear combinations of singlepromotions[10]:

�
�
�	 i

E
�

occX

a

vir tX

s
C i

as j� a ! � si : (1.8)

It is important to note that in principle the above promotions of an electron could

involve whatever pair of an occupied and a virtual orbital; for most organic molecules,

and particularly in thosestudied in this work, however, the optically active excited state

is often dominated by the H OM O ! LU M O term.

1.3 Geometry of molecules

1.3.1 The Born-Opp enheimer appro ximation

All of the above discussions,and related equations,always referred to spatial (and spin)

coordinates of electrons,neglecting completely those of nuclei; in principle, however, a

completequantum-mechanical description of a moleculewould require also the latter to
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be included. If this werethe case,the full wave-function would depend on both electronic

and nuclear coordinates:

	 i (x1; : : : ; xN ; R 1; : : : ; R Q) : (1.9)

The choice to concentrate on electrons(which simpli�es things considerably)is due to

the Born-Oppenheimer approximation[11, 3] which states that the much larger massof

nuclei (with respect to electrons)allowsoneto solve the electronicproblemas if the nuclei

were �xed at their positions in space.

The electronic energy determinedin this approximation, is then a parametric function

of the positions of nuclei: E = E(R 1; : : : ; R Q); the sameis true for the electronic wave-

functions:

	 i (x1; : : : ; xN )jR 1 ;:::;R Q : (1.10)

The total energy of the whole molecule,on the other hand, will be simply the sum of

the electronicenergyand the electrostatic repulsionenergyamongthe nuclei:

Etot = Etot (R 1; : : : ; R Q) = E(R 1; : : : ; R Q) +
QX

i<j =1

Z i Z j e2

jR i � R j j
; (1.11)

This function of nuclear coordinates is often called Potential-Energy Surface (PES); it

can, in turn, be usedfor the quantum-mechanical (or, often, barely classical)description

of nuclear motions. An exampleof PES is reported for the CO moleculein �gure 1.8: in

this casethe only relevant coordinate is the nuclear separation, and hencethe PES is a

function of this variable only.

1.3.2 Geometry optimization

Oncethe electronicproblem has beensolved (i.e. an approximation to the exact PES is

known) onecan calculateoneof the most important quantities in Molecular Engineering,
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Figure 1.8: Potential-EnergySurfacefor the CO molecule.

the equilibrium geometry of a molecule,i.e. that particular set of nuclearpositionswhich

minimizes Etot , or equivalently the absolute minimum of the potential-energy surface.

The importance of this information residesin its deepimpact on all the photo-physical

properties of matter.

Minimizing equation1.11is actually an instanceof the standard problem of minimizing

a function of 3Q variables2; many algorithms have beendeveloped for this task, e.g. the

gradient method. While conceptually simple, however, the so called geometry optimiza-

tion is quite demanding from a computational point of view, as it requiresa complete

electronic-structurecalculation at each step of the minimization procedure.

Many tricks have beenproposed,which are peculiar to the �eld of quantum chemistry,

such asfor instancethe useof internal coordinates, which arean alternativeexpressionfor

the molecular geometry: nuclear positions (rather than with Cartesian coordinates) are

2By eliminating collective degreesof freedom (related to translations and rotations of the whole

molecule) this number actually reducesto 3N-6.
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expressedasa setof inter-atomic distances(bond lengths), anglesamongthreeatoms(bond

angles) and dihedral anglesamongfour atoms; this approach speedsup the optimization,

becausethe modi�cation of a single internal coordinate (e.g. a dihedral angle between

two bondedrings in an organicmolecule)causesa simultaneouscollectivemotion of many

nuclear coordinates.

1.3.3 Molecular vibrations

As with all equilibrium phenomena,alsoin the �eld of nuclearmotion the notion of small

oscillations arises. In fact, nuclei in the vicinit y of an equilibrium position experiencea

nearly-parabolic PES which can give rise to vibrations. The so-calledvibrational normal

modes, which describe these oscillations around equilibrium positions, are obtained as

eigenvectorsof the second-derivative (Hessian)matrix of the PES with respect to nuclear

displacements. Each such eigenvector is a linear combination of nuclear displacements,

which feelsa parabolic potential and is independent of other normal modes. In thesecon-

ditions, the simplequantum-mechanical theory of the harmonic oscillator can be applied,

yielding the corresponding wave-function for nuclear coordinates in analytic form.

From the energeticpoint of view, this partial inclusion of nuclear degreesof freedom

yieldsasa consequencethat a vibrational energywill beaddedto electronicenergy, giving

rise to a manifold of vibronic levels, with small additional energiesas comparedto the

electronicstates.

1.3.4 Planar molecules

Most of the organic moleculeswhich �nd applications in optoelectronic deviceshave a

planar structure, i.e. all their atoms lie on the sameplane; an exampleof this behavior

can be found in benzene.Even larger molecules,which are not strictly planar, often have

subsetsof atoms (the so-calledrings) which are approximately planar.
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Most molecularorbitals of planar moleculescan be classi�ed asbeingof � � or � � type;

the former are responsible for the strong inter-atomic bonds which keep together the

molecule,whereasthe latter can be thought as being formed by linear combinations of

the real pz atomic orbitals (with the z axisbeingdirectedperpendicularly to the molecular

plane), and are responsiblefor the delocalizedbonds.

Figure 1.9: Typicalrelativepositionsof occupiedandvirtual � � and� � typemolecular orbitals

in planar molecules.

All optical properties of organic moleculesare in general completely determined by

the electronswhich lie in � � type MOs (also called � electrons): this happens because

the highest occupied and lowest unoccupied molecular orbitals are usually of � � type

(see�gure 1.9); lower-lying occupied � � type MOs are generally not involved in optical

transitions, but at very high energies(ultra violet transitions, not interesting for usual

optical applications).

In the usual single-electronpicture, there can be four di�eren t kinds of excitation3:

� ! � � , � ! � � , � ! � � and � ! � � . The transition dipole moment for � ! � � and

� ! � � excitations is always very small and directed perpendicularly to the molecular

3Here the common notation of indicating virtual orbitals with an asterisk sign is used.
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plane[11]. Theseexcitations are thereforealmost impossibleto observe in an absorption

spectrum.

For � ! � � and � ! � � , on the other hand, the transition dipole moment lies on

the molecularplane, and its amplitude can be large, depending on the involved orbitals.

As � ! � � transitions have large excitation energies,the only excitations interesting in

optoelectronicapplications are thereforeof � ! � � nature, with high oscillator strength.

1.4 Optical pro cesses in organic molecules

A moleculecan interact with light in several ways; the set of these phenomena,their

probabilities and relative intensities is known as optical or photo-physical properties of

the consideredsystem[11]. Some of the most common processesare sketched in the

Jablonskydiagram, depicted in �gure 1.10. In this picture, the ground-state as well as

the lowest singlet and triplet states are reported: optical transitions, indeed, (at least

those in the visible rangeof the electromagneticspectrum), usually are limited to these

states;together with each electronicstate, small horizontal lines indicate the manyfold of

vibronic levelscoming with it.

1.4.1 Radiativ e pro cesses

Electronic transitions which give rise to absorptionor emissionof light arecalledradiative

processes. The simplest interaction is absorption of photons, which causesthe transition

from the ground-stateS0 to the �rst singlet excited state S1 or one of the higher singlet

excitedstatesS2; S3; : : :. In order for absorption to take place,the incoming photon must

have an energyequal to the energygap betweenthe two involved electronic states, and

thesestatesmust have the samespin multiplicit y (i.e. both singletsor both triplets) 4.

4This is one of the most important quantum-mechanical selection rules: electro-magnetic radiation

cannot couple states with di�eren t total spin quantum number.
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Figure 1.10: Jablonskydiagramof the typicalphoto-physicalprocessesin organicmolecules.

Complimentary to the optical absorption is the emission process,also called lumines-

cence or 
uor escence. In this case,a previously excited moleculelosesits excessenergy,

falling back to its fundamental state. The emitted photon hasenergyequal to the energy

gap between involved states: usually, the photon emissiontakes place from the lowest

vibronic level of the �rst singlet excited state S1, becausehigher excited states rapidly

emit excessenergy by internal conversion non-radiative processes,thus relaxing to S1,

which then decays.

An interesting feature of 
uorescenceis that emitted photonsalways have lower energy

(longer wavelength), with respect to the absorbed ones5: this di�erence, called Stokes

shift, is inducedby geometricalchangesthat the moleculeundergoes,oncebrought to an

5This lowering in energyis often called red-shift , as red photons carry lessenergythan, say, blue ones.

Similarly, an increaseof photon energy is called blue-shift.
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excited state. Indeed, each excited state has its own potential-energy surface,which in

generalis di�eren t from that of the ground state. When a moleculejumps to an excited

state, then, its geometryrelaxesto the equilibrium positions of the new PES.

1.4.2 Non-radiativ e pro cesses

Electronic transitions in moleculescan also happen without absorption or emissionof

radiation: one speaks in this caseof non-radiative processes. One kind of non non-

radiative transition, Internal Conversion (IC) wasalready anticipated above: it happens

when the electronic excitation is transferred from a higher-lying to a lower state of the

samespin multiplicity . This transition happenswithout emissionof light: excessenergy

is transferred in the form of nuclearvibrations, becausethe �nal state is always in oneof

its high vibronic levels.

The other important non-radiative processis Inter-SystemCrossing(ISC). This is sim-

ilar to the previous, but involves states with di�er ent spin multiplicities : typically, the

�rst singlet excited state S1 decays into oneof the lowest triplet states,T1 or T2.

This phenomenoncan happen only when the Hamiltonian operator depends on elec-

tronic spin, as for examplewhen the spin-orbit coupling [8, 9, 12] is taken into account.

Otherwisequantum-mechanical selectionrules forbid this kind of transitions.

Under spin-orbit coupling, the electronic Hamiltonian is no longer invariant in spin

space,and its eigenfunctionscannot be given a well de�ned spin quantum number, but

will in generalresult in a linear combination of (non-stationary) spin eigenfunctions:

j	 i =
X

i

ai j	 s
i i +

X

i

bi

�
�
�	 t

i

E
: (1.12)

This e�ect is present in all molecules,but it hasgenerallyonly little in
uence on organic

compounds, due to the small atomic number of its atoms (it is instead very signi�cant

for heavy atoms like most metals). By meansof perturbation theory[8, 9], it is thus still
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possibleto characterizeeach molecularstate asnearly-singlet (when ai >> bj ) or nearly-

triplet (when ai << bj ). Inter-systemcrossingtakesplacebecausethe �rst 'singlet' state

S1 is actually a linear combination as in 1.12,and soa mixing with the �rst 'triplet' T1 is

no longer strictly forbidden.

Oncethe excitation hasreached the (lowest vibronic level of the) T1 state, it can result

in emissionof radiation becauseT1 itself has an expressionof the form 1.12, and thus

spin-orbit e�ects couplethis state to the singlet ground-stateS0; this alternative emission

processis called phosphorescence. Under normal circumstances,selectionrules strongly

suppressthis transition, and hencephosphorescencedecay times are very long.

Radiativeand non-radiativedecay-channelsrepresent di�eren t routesfor the energetical

relaxation to the ground state. Each of theseprocesseshasits own probability to happen:

in a large sample,hence,similar moleculeswill undergodi�eren t processes.The amount

of moleculesdecaying in oneway or another dependson the relative decay probabilities,

or equivalently by the inversequantities, the decay times. One can speak of radiative

decay time as the mean time a moleculestays in an excited state before decaying with

emissionof a photon; analogously, the non-radiative decay time is the meantime required

for a non-radiative transition.

The overall decay time, independently of the actual processinvolved, can be simply

calculatedas

1
� P L

=
1
� r

+
1

� nr
: (1.13)

The Photo-Luminescence Quantum E�ciency (PLQE), de�ned as the number of emit-

ted photons per unit transitions, is

� P L =
� P L

� r
: (1.14)

It is the competition among radiative and non-radiative decay processes,and hence

its PLQE, which ultimately makes an organic material more or lesssuited for optical
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applications: non-radiative decays generallyendup in an increaseof molecularvibrations

(heat), and hencethey only wasteenergyin actual devices.

1.4.3 Quan tum-mec hanical description of the absorption pro-

cess

In a measureof the absorptionspectrum of a moleculein solution, onemeasuresthe ratio

betweenthe optical intensity I (! ) transmitted through the sample,and the total injecting

optical intensity I 0(! ); becauseof the absorption by molecules,oneobtains a relation of

the form

I (! ) = I 0(! )e� � ass (! )nd ; (1.15)

where n is the number of moleculesper unit volume, d is the optical path inside the

cuvette, and � ass is the photo-absorptioncross-section.

The latter is related to the imaginary part of the complex polarizability � (! ) by the

relation:

� ass(! ) =
4� !

c
= � (! ) : (1.16)

The complexpolarizability is given by

� (! ) = �
X

n
jq̂ � dn j2

� 1
�h! � �h! n + i � n

�
1

�h! + �h! n + i � n

�

; (1.17)

where the summation is extended to all the excited states j	 n i of the system, each

having energy�h! n ; � n is a line-broadeningfactor, which takesinto account e�ects like the

�nite lifetime of excitation, collisions,Doppler e�ect[13]; q̂ is the direction of the applied

electric �eld, and dn is the transition dipole moment, given by
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dn = h	 0j er j	 n i ; (1.18)

wherej	 0i is the ground state and j	 i i is the i-th excited state.

From equation1.17,wecanobserve that in order to beabsorbed, the incomingradiation

must be polarized along the transition dipole moment, whosedirection strongly depends

on the consideredmolecule:organic moleculesare strongly anisotropic [11].

From equations1.15and 1.16,we can write the absorption cross-sectionas

� ass(! ) =
4� !

c

X

n
jq̂ � dn j2

 
� n

(�h! � �h! n )2 + � 2
n

�
� n

(�h! + �h! n )2 + � 2
n

!

; (1.19)

which, when � n = 0, reducesto

� ass(! ) =
4� 2!

c

X

n
jq̂ � dn j2 (� (�h! � �h! n ) � � (�h! + �h! n )) : (1.20)

In caseof isotropic incoming radiation, we can averageequation 1.20 over all angular

directions of q̂, thus obtaining

� ass(! ) =
2� 2�he2

cme

X

n
f n (� (�h! � �h! n ) � � (�h! + �h! n )) ; (1.21)

wherethe adimensionaloscillator strength is de�ned as

f n =
2me

3�h
! n

�
jh	 0j x j	 n ij 2 + jh	 0j y j	 n ij 2 + jh	 0j z j	 n ij 2

�
: (1.22)

The absorptioncross-sectionis hencecharacterizedby a seriesof lines(or, when� n > 0,

Lorentzian functions) centered at the excitation energiesand with intensity equal to the

oscillator strengths.

We note that under the sameconditions (isotropic radiation and � n = 0), also the real

part of the complexpolarizability is completelyde�ned by the sametwo quantities:
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� (! ) =
�h2e2

me

X

n

f n

(�h! n )2 � (�h! )2
: (1.23)
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Chapter 2

Opto electronic applications of

organic semiconductors

The area of optoelectronic deviceshas beentraditionally dominated by inorganic semi-

conductors, whoseperformanceis yet unrivaled in many applications; nonetheless,these

materials su�er from signi�cant drawbacks: they are very expensive to synthesizeand

di�cult to process;furthermore, their engineeringat the atomic scaleis subject to con-

straints due to the crystalline structure.

Molecularmaterials,on the other hand, havedistinct advantagesin all of theserespects:

they are very simple and cheap to synthesizeand process,and, what is most important,

they can be modi�ed in almost unlimited fashion, thus tailoring their optical properties

accordingto the speci�c needsof di�eren t applications. Furthermore, the performanceof

organic semiconductors-baseddevicescontinuesto improve as long as basic and applied

research continuesto elucidate their properties.

This chapter describessomeof the most promising applications of thesenew materials

in the �eld of optoelectronicdevices.
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2.1 Organic LEDs

In organic electroluminescent devices(Organic Light-Emitting Diodes - OLEDs) , an

organicsemiconductor(active layer) is embeddedbetweentwo electrodes,the anode and

the cathode, as shown in �g.2.1.

Figure 2.1: Typicalstructureof an organicLight-Emitting Diode.

The energetic levels of this device under normal operation are shown in �g.2.2. The

anode must have a largework function (energyneededto add or remove an electronfrom

the metal) WA , in order to inject positive charges(holes) into the active material; the

cathode, on the other hand, must have a small work function WC , for it to e�cien tly

inject negative charges(electrons).

A commonchoice for the anode material is Indium-Tin oxide(ITO), which allows for

a good injection of holesand is transparent to the emitted radiation. The injection of

electrons,on the other hand, is more di�cult, becausethe cathodeswhich are typically

used (Ca,Mg:Ag,Al,Sm,Sr) don't o�er a good performance. This happens becausein

order to have a good injection of electrons,it shouldbe WC � � LU M O; for thosematerials,

however, it turns out that WC < � LU M O, and hencea high voltage bias is required for

operation.
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Figure 2.2: Typicalenergeticschemeof an organicLight-Emitting Diode.

To circumvent this situation, it is either neededto raise WC or to lower � LU M O; the

�rst result can be obtained by using a proper layer of dipolar material (e.g. LiF ), which

inducesa potential drop betweenthe cathode and the active layer. The secondresult can

be achieved by choosinga di�eren t organic compound, with a lower LUMO level.

Once injected at the electrodes, electrons and holes propagate through the organic

semiconductorunder the e�ect of the applied electric �eld. Electrons, in their movement,

occupy the LUMO of di�eren t molecules;holes,on the other hand, occupy the HOMO.

When the samemoleculehostsan electronand a hole, its situation is analogueto that of

an isolatedexcited molecule,which can then decay to its ground state with emissionof a

photon.

This is however not the only possibility: as already pointed out in section1.2.3,when

an electron occupiesthe LUMO and a hole occupiesthe HOMO, the resulting excited

state can be a singlet or a triplet. Quantum-mechanical selectionrules forbid (or at least

strongly suppress)radiative emissionfrom triplet states,and henceonly singlet excitons

will be available for the emission.
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As electronsand holesare injected at the electrodeswithout any privileged spin direc-

tion, the excited moleculehas only 1
4 probability of being in a singlet state; then, the

maximum theoretical quantume�ciency of electrically injected deviceswill be limited to

that value.

However, spin considerationsare not the only factor limiting the overall e�ciency of

actual devices; indeed, the total quantum e�ciency for light generation inside a diode

(also called internal quantume�ciency ) can be expressedas the product of three terms:

� = 
 r spq ; (2.1)

where 
 is the ratio betweenthe number of excitons formed inside the deviceand the

number of electronscirculating in the external circuit, r sp = 0:25 the fraction of excitons

which can decay radiatively, and q the e�ciency of the radiative decay itself.

A high 
 value indicates a good balanceof electronsand holes currents; this can be

improved by deviceoptimization. The value of q is related to the emissionproperties of

the organic semiconductorand to the photonic characteristics of the device. Emission

properties of the material are easily derived from its solid-state photo-luminescencee�-

ciency, while the photonic properties of the deviceare related to many factors, like the

refraction of light emitted at the interfaces,or non-radiative coupling betweenexcitonsin

the active material and excited statesof the metal contacts[14].

Figure 2.1 reported the schemeof a single-layer organic LED. It is however possible

to think at di�eren t, more complicatedmulti-layer structures, which turn out to be very

useful to increasethe deviceperformance1. Thesedevicescan be consideredthe organic

analogueof the commonly employed inorganic heterostructures; it is important to note,

however, that organicheterostructuresdon't su�er from problemsrelatedto strain, lattice-

parameter matching and build-up of surface states, which severely limit the designand

1Another commonreasonto fabricate multi-la yer devicesis to obtain white-light emission,by suitable

combination of layers emitting di�eren t colors; this topic will be treated in section 5.3.
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functionality of their inorganiccounterparts; this favorablebehavior is dueto the weakness

of inter-molecular interactions in typical organic compounds.

The typical structure of actually fabricated OLEDs is reported in �gure 2.3. In this

scheme, two new layers appear: the Electron transporting layer (ETL) and the Hole

transporting Layer (HTL), whosepurposeis to improve electric and optical con�nement,

avoiding carrier recombination in the vicinit y of electrodes; as for the active layer, also

for the ETL and the HTL, many di�eren t materials can be chosen2.

Figure 2.3: Typical structure of an organic Light-Emitting Diode with additional charge-

transporting layers.

Organic LEDs are starting to compete with their inorganic counterparts (based on

GaAs or nitrides)[15, 16] with respect to performanceand stabilit y. They found prin-

cipal applications in the fabrication of low-cost, large-areadisplays: the peculiar char-

acteristics of organic materials, indeed, permit to realize displays which are very light,


exible and henceresistant[17]. Organic displays are a good alternative to Liquid Crystal

2Often only the HTL is actually present, the ETL coinciding with the active layer itself.
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Displays (LCDs), and at the moment found applications in mobile phones,car-radios,

calculators and monitors from someof the major consumerelectronicsproviders (Mo-

torola, Philips, Siemens,Pioneer). Organic LEDs are compatible with the standard Sil-

icon CMOS technology[18, 19]. In active matrix displays, OLEDs can be controlled by

amorphous-Silicontransistors[20,21, 22] or also by organic transistors (seesection2.4),

thus realizing fully-organic displays.

2.2 Solar cells and photo-detectors

Organic LEDs are designedin order to maximize the formation of excitons from recom-

bination of injected charge carriers, and hencethe electro-luminescence;solar cells and

photo-detectors,on the other hand, work by exploiting the inverseprocess:exciton dis-

sociation into free charges,known as photo-voltaice�ect or photo-current.

Organic semiconductorsare well suited for this kind of applications becauseorganic

moleculesgenerallyabsorbin the visible region of the electromagneticspectrum.

In solar cells light absorption originates excitons, which then di�use until somedis-

sociation center is reached, where they are separatedin the corresponding free charges:

electronsand holesare then transported by the electric �elds. This processis di�eren t

from what happensin OLEDs, wherephoton absorption directly createsfree carriers.

In order to improve the photo-voltaic e�ect, it is important to maximizethe dissociation

probability of excitons; this can be achieved by embedding proper quenchingcenters in

the active layer. Better performancecan be achieved by exploiting the photo-induced

charge transfer processdescribed in the following.

Consider a donor moleculeD (i.e. a moleculewith low ionization potential) in the

vicinit y of an acceptor moleculeA (i.e. with high electron a�nit y): then when D is in

an excited state (seeupper panel of �gure 2.4), it can transfer its LUMO electron to the

LUMO of the A moleculeat no additional energyexpense;in this way, the situation in
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the lower panel of �gure 2.4 is obtained, in which D + is a positive ion, and A � hasa net

negative charge: thus a charge-transferinducedby optical absorption is obtained.

Figure 2.4: Photo-inducedchargetransfermechanism:in the upper panel,the exciteddonor

molecule(D � ); in the lower panel,the resultingcharge transfer,with the positivelycharged

donor molecule(D + ) and the negativelychargedacceptor molecule(A � ).

In �gure 2.5 is reported the typical schemeof a photo-voltaic or photo-conductive de-

vice. The absorbed radiation createsexcitons in the donor layer, which dissociate at the

interfacebetweenthe donor and the acceptorlayer.

The conversion e�ciency of typical organic solar cells in of the order of 1-2%[23], but

their low cost and the great simplicity of fabrication (even on 
exible substrates),makes

them a viable alternative to standard inorganic devices.

2.3 Non-linear optical devices

Organic compoundscan alsobe applied asnon-linear optical materials. Thesematerials,

characterizedby a high second-orderhyper-polarizability, are very important in photonic
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Figure 2.5: Typicalstructureof an organicphoto-voltaicor photo-conductivedevice.

applications. By exploiting the Pockels-e�ect, it is possibleto realize optical phaseor

amplitude modulators. Theseoptical modulators areof fundamental importancein optical

communications, becausethey allow the electrical modulation of an optical signalat very

high frequencies(10-100GHz)[24, 25].

2.4 Organic transistors

Another application of organic semiconductorsis in the fabrication of �eld e�ect Thin-

Film Transistors(OTFTs), whosetypical schemeis reported in �gure 2.6.

This schemeis calledbottom-contact becausedrain and sourcecontacts areembeddedin

the organiccrystalline �lm. The gate-e�ect is realizedby a highly-dopedSiliconsubstrate,

which allows a good electric contact with the gateelectrode. A negative gatebias induces

an accumulation regionin the (p-type) organic�lm, thushighly increasingits conductivity

(on-o� ratios canbe ashigh as108). Many organicsemiconductorshave beenemployed in
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Figure 2.6: Typicalstructureof an organicThin-Film-Transistor.

thesedevices,but the best performancewas obtained with pentacene and sexi-thiophene

(T6), which have a high mobilit y value.

It is important to note that the highest mobilities obtained so far for pure crystalline

organicsemiconductorsare of the order of 1-10cm2=Vs, thus from two to three ordersof

magnitude lower than thoseof inorganic materials like Silicon or Germanium.

Hence,OTFTs arenot suited for high-performanceapplications; they arehowever com-

petitiv e in applications requiring large areas, structural 
exibilit y and low production

costs. They are currently employed for the fabrication of 
at panel displays, basedon

liquid crystals or OLEDs.
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2.5 Applications of thiophene deriv ativ es in organic

opto electronic devices

In section 2.1 it was pointed out that in order to achieve good performance,both the

devicecharacteristics, and the active layer properties must be carefully optimized. The

device structure, for instance, can be modi�ed by using di�eren t cathodes and charge-

transporting layers, in order to improve and balancethe charge injection in the emissive

layer.

The active material, on the other hand, must be chosenwith good intrinsic properties.

To that end,much attention hasbeendevoted to the classof thiophene-derivatives. Thio-

pheneis a �ve-membered ring composedof a skeleton of four carbon atoms and a sulfur

atom, as depicted in �gure 2.73.

Figure 2.7: The thiophenemolecule.

The simplest members of this ever-increasingclassof compounds are oligothiophenes,

chain-moleculesobtained by joining two or more thiophene monomerswith bonds on

the � � carbon atoms4 (in �gure 2.8 a representativ e oligomer is shown); in the limit

of an in�nite number of thiophene units, the corresponding polymer (poly-thiophene) is

obtained.
3In �gure 2.7, as well as in all other similar pictures, dark, greenand white spheresrepresent carbon,

sulfur and hydrogen atoms, respectively.
4Organic chemistry nomenclature is generally quite obscure; for the thiophene ring, however things

are simple: the � -carbon is the carbon atom adjacent to the sulfur; the � -carbon is the next one in the

ring.
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Figure 2.8: Ter-thiophene,the oligo-thiophenewith threemonomers.

Other important starting points for further functionalizations are the benzo-thiophene,

obtained by joining together a thiophene- and a benzene-ring,as depicted in �gure 2.9,

and di-thieno-thiophene, in which three thiophenerings are fusedtogether to form a rigid

structure5 (see�gure 2.10).

Figure 2.9: Benzo-thiophene,a thiophene-derivativecomposedof a thiophenering fused

togetherwith a benzenering.

Oligothiophene-basedcompoundsturned out to bematerialsof choicefor the fabrication

of organic devicesbecauseof their many favorable properties:

� High chemical stabilit y : thiophene compounds su�er comparatively less from

commonproblemsa�ecting organic materials (e.g. oxidation in air) which lead to

5This molecular structure can equally be seenas either a ter-thiophene with the three rings collapsed

in a planar tightly-b ound arrangement, or as a bithiophene molecule with an additional sulfur-bridge

joining the two main rings
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Figure 2.10: Di-thieno-thiophene,a thiophene-derivativeobtainedby the oligo-thiophenewith

threemonomers.

a rapid degradationof the fabricated devices.

� Easy pro cessabilit y : thiophenesare easily soluble in common organic solvents,

and this greatly simpli�es someprocessingstepsinvolved in the fabrication of de-

vices.

� Easy functionalization : thiophenederivativescan be variously modi�ed through

insertion of other atomsand/or lateral chemicalgroups;in chapter 5 it will beshown

that this procedure,whencarefully optimized, can lead to signi�cant improvements

of the optical properties of thesematerials.

� Wide color tunabilit y : by meansof proper functionalization, absorption and

emissionwavelengths in these moleculescan be carefully tailored, and indeed an

almost completecoverageof the whole visible spectrum was obtained[26, 27].

Thesevery good properties, however, are not su�cien t to ensurethe commercialvia-

bilit y of organicdevicesbasedon thesecompounds: it is in fact necessaryalsoa detailed

comprehensionof the key factors which limit the performanceof actual devices,as well

asa thorough understandingof the e�ects of each type of functionalization; in this frame,

ab-initio calculations turn out to be essential, by virtue of the great accuracy of their

results. In chapter 5 someapplicationsof thesemethods will be presented, which allowed

for a deeper insight in the photo-physicsof thesesystems,and resulted in the fabrication

of deviceswith record performance.
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Chapter 3

Theoretical to ols

This chapter deals with the theoretical methods employed to obtain a solution of the

central problem of ab-initio molecularengineering,the Schr•odingerequation,which com-

pletely determinesall the electronicand optical properties of matter at the nanoscale.

3.1 The electronic structure problem

Whereasin chemistry a moleculesis seenasan arrangement of atoms and chemical bonds,

its quantum-mechanical[2, 8, 9] description is basedon the relative motion of electrons

and nuclei. In order to addressab-initio all the properties of a molecule,hence,one has

to solve the full Schr•odinger equation1.

H 	 i (x1; : : : ; xN ) = Ei 	 i (x1; : : : ; xN ) ; (3.1)

where H is the Hamiltonian operator and 	 i is its i-th corresponding eigenstate. It

is these eigenstateswho completely identify the molecular behavior: for instance, the

eigenstatewith lowest eigenvalue E0 is the ground state wave-function 	 0(x1; : : : ; xN ),

1In this equation the x i coordinate indicates both the spatial coordinate r i of i-th electron and its

corresponding spin coordinate m i
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which describes all the properties when no excitations are present, like for examplethe

moleculargeometryor the electric dipole moment.

If we considera moleculeas an ensemble of N electronsat positions r i ; (i = 1: : : N )

and Q nuclei with chargesZ I at positions RI ; (I = 1: : : Q), then the total Hamiltonian

operator for this systemwill be expressedas

H = �
NX

i =1

�h2

2me
r 2

i �
NX

i =1

QX

I =1

Z I e2

jRI � r i j
+

NX

i<j =1

e2

jr i � r j j
; (3.2)

where� e is the chargeof an electron,me its massand M I the massof nucleusI . The

�rst term in the above equation represents the kinetic energy of electrons, the second

term is for the electrostatic interaction betweenelectronsand nuclei, while the last is for

electron-electronelectrostatic repulsion.

As electrons are indistinguishable particles, each their collective wave-function must

satisfy the anti-symmetry requirement

	( : : : ; x i ; : : : ; x j : : :) = � 	( : : : ; x j ; : : : ; x i : : :) ; (3.3)

i.e. changeits signupon interchangeof any pair of variables. This condition is frequently

expressedwith the Pauli exclusionprinciple, stating that two electronscannot occupy the

samestate in spaceand spin coordinates.

If we now considerN one-electron orbitals, and indicate them with � 1; � 2; : : : ; � N , con-

dition (3.3) is satis�ed by a Slater determinant, which is a suitable linear combination of

products of theseorbitals:

	( x1; : : : ; xN ) =
1

p
N !

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

� 1(x1) � 1(x2) : : : � 1(xN )

� 2(x1) � 2(x2) : : : � 2(xN )
...

...
. . .

...

� N (x1) � N (x2) : : : � N (xN )

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

; (3.4)
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for the well known property that the determinant of a matrix changesits signwhentwo

rows or columnsare interchanged.

Slater determinants are the simplestpossibleanti-symmetric N-variable functions; they

arenonethelessvery important, asit canbeactually demonstratedthat eachanti-symmetric

function can be decomposed into a linear combination of Slater determinants[2].

Furthermore, a Slater determinant naturally arises as the solution of the electronic

structure problem, when the independent-particle approximation is done. As introduced

in chapter 1, in this approach the complicated problem (3.2) is replacedby N simpler

one-particleproblems:

�
�h2

2m
r 2� i (r ) + V̂ef f � i (r ) = � i � i (r ) ; (3.5)

where V̂ef f is an e�ective potential, built in such a way as to incorporate (at least

partially) the e�ects of the complicatedterms of (3.2).

3.2 The e�ectiv e poten tial

The e�ectiv e potential to be usedin (3.5) can be approximated in various ways, di�ering

basically in how the electron-electroninteraction is accounted for.

A �rst classi�cation can be done, depending on whether V̂ef f is local or not; a local

potential acts on its argument function as a simple multiplicativ e factor:

V̂ef f � (r ) = Vef f (r )� (r ) : (3.6)

There exist, however, more generalpotentials, which, though remaining linear, are no

longer local:

V̂ef f � (r ) =
Z

Vef f (r ; r
0
)� (r

0
)d3r

0
; (3.7)
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in this casethe two-variable function Vef f (r ; r
0
) is often called the kernel of V̂ef f .

Independently of its actual expression,which di�ers amongtheories,this generickernel

is usually decomposedinto the electron-nuclei interaction potential, which is always local,

and a remaining Coulomb-Exchange-Correlation (UXC) kernel:

Vef f (r ; r
0
) =

QX

I =1

Z I e2

jR I � r j
+ Vuxc (r ; r

0
) : (3.8)

This kernelVuxc (r ; r
0
) is responsiblefor the descriptionof three e�ects: the electrostatic

interaction of an electronwith all the other electrons(Coulomb), the exchangeinteraction,

which hasno analoguein classicalmechanics,and the e�ects of electron correlation[2, 3].

Sincethe external potential due to the interaction with the nuclei is determinedoncethe

molecular geometry is given, the real challengeis to devisea reasonableexpressionfor

Vuxc (r ; r
0
).

In the next sectionsthe two most common approximations will be summarized: the

Hartree-Fock method and the density-functional theory.

3.2.1 Hartree-F ock

In the Hartree-Fock method one searchesfor the best possiblesingle-Slater-determinant

approximation to the exact many-particle ground state wave-function, in a variational

sense;this meansthat thosesingleparticle orbitals � H F
i are constructed,which minimize

the expectation of the Hamiltonian operator on the Slater determinant built with them.

By carrying out the variational search [2, 3], a Coulomb-exchangepotential is obtained,

which can be written as

Vuxc (r ; r
0
) = Vu(r )� (r � r

0
) + Vx (r ; r

0
) : (3.9)

In this expressionVu(r ) is the (local) Coulomb potential , which can be expressedas

47



Vu(r ) = e2
Z � (r

0
)

jr � r 0j
d3r

0
; (3.10)

while Vx (r ) is the (non-local) exchangepotential , which can be expressedas

Vx (r ; r
0
) = � e2

X

k

nk
� k(r )� k(r

0
)

jr � r 0j
; (3.11)

nk being the occupation numbers.

An important feature of thesetwo potentials is that they are expressedin terms of the

molecular orbitals, which in turn can only be calculated once the e�ectiv e potential is

known. Therefore, the Hartree-Fock equationsmust be solved self-consistently, leading

to an iterativ e procedure:

1. Initial guessof the occupiedmolecularorbitals;

2. Calculation of the new e�ectiv e potential basedon current orbitals;

3. Determination of new orbitals accordingto the current e�ectiv e potential;

4. Iteration of points 2 and 3 until the changein the orbital shape and/or energiesis

above a given threshold value.

The �nal e�ectiv epotential acting on the electronsis calledSelf-ConsistentField (SCF).

This iterativ e approach is commonto almost all methods basedon one-electronorbitals

and e�ectiv e potentials.

The orbitals found in this way arecalledHartree-Fock orbitals and havesomeinteresting

physical meanings. It can be demonstratedthat the ionization energy, i.e. the energy

required to remove an electron from orbital � k can be approximated as

I k = � � k > 0 ; (3.12)

the minus sign accounting for the negativity of the occupiedorbitals eigenvalues. This

result is known as Koopman's theorem. The most important ionization potential is the
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onereferring to electronswhich occupy the HighestOccupiedMolecularOrbital (HOMO),

i.e. thosewhich are lesstightly bound to the molecule.

It must be noted that Koopman's formula (3.12) is approximated in that it neglects

orbital relaxation, i.e. it assumesthat all other orbitals in the positive ion are left un-

changedby the removal of � k , which is certainly a crudeapproximation. Furthermore, the

ionization potential calculated in this way will not equal the exact (experimental) value,

becauseof the inherent approximations in the Hartree-Fock procedure.

The HF wave-function is in fact only a single Slater determinant (although the best

one), whereasthe exact many-body wave-function will be in generala linear combination

of many determinants; all thosefeaturesof the true wave-functionwhich arenot takeninto

account by the HF procedurearecollectively known ase�ects of the electron correlation[2,

3].

Another important physicalquantit y is the electron a�nity , de�ned asthe energywhich

is releasedwhen an additional electron is captured by a molecule, which in this way

becomesa negatively-chargedanion. As donebefore,a �rst approximation to this quantit y

can be obtained by letting the additional electron occupy one of the HF unoccupied

orbitals, all the others staying unchanged:

Ak = � � k : (3.13)

The most commonchoice for the evaluation of (3.13) is to put the additional electron

into the lowestunoccupiedHF molecularorbital (LUMO). Note that, unlike the ionization

potential which is always positive for stablemolecules,the electrona�nit y canbepositive

or negative, depending on the stabilit y of the corresponding anion. It must be stressed

that (3.13) often gives poor results, sometimeseven with the wrong sign; this happens

becausethe e�ects of electroncorrelationarestrongerfor virtual orbitals than for occupied

ones.
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3.2.2 Densit y-Functional Theory

In Density-Functional Theory (DFT) [6, 7, 4, 5] the e�ectiv e potential is expressedas

Vuxc (r ; r
0
) = (Vu(r ) + Vxc(r )) � (r � r

0
) : (3.14)

i.e. it is fully local; more importantly, this method is in principle exact, yielding the

true groundstate energyand properties,with full inclusionof electron-electroncorrelation

e�ects. In practice, however, the so called Exchange-Correlation (XC) potential is not

known, even if it hasbeendemonstrated[4] to existsand dependonly on the exactground

state electrondensity � (r ). This dependenceis very important, becausethe density itself

depends on the orbitals used in the one-particle description (seeequation 1.4): hence,

like in the HF scheme, also DFT-based calculations require a self-consistent, iterativ e

approach:

1. Initial guessof the occupiedmolecularorbitals;

2. Calculation of the new electrondensity basedon current orbitals;

3. Calculation of the new e�ectiv e potential basedon current density;

4. Determination of the new orbitals accordingto the current e�ectiv e potential;

5. Iteration of points 2, 3 and 4 until the changein the orbital shape and/or energies

is above a given threshold value.

The XC potential Vxc canbe decomposedinto two parts, respectively accounting for the

exchangeand correlation e�ects: Vxc = Vx + Vc; in particular, the local exchangepoten-

tial has beengiven a correct expression,while the correlation part is almost completely

unknown, though someapproximations exist; one fortunate aspects of DFT is that it

is quite robust, in the sensethat also approximate e�ectiv e potentials often give results
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which arein acceptableagreement with experiments, or other sophisticatedcomputational

approaches.

The most usedapproximation for the exchange-correlationpotential is the Local-Density

Approximation (LDA), where the potential is a local function of the electron density

[7, 6, 10]:

Vxc = vLD A (� (r )) ; (3.15)

and vLD A (� ) is in generala complicated non-linear function. The expressionfor this

approximated e�ectiv e potential wasderived [7] by consideringa simplesystemwhich can

be accurately solved, the homogeneous electron gas in which � (r ) is constant.

In DFT the orbital eigenvalueshave no direct physical meaningas outlined above for

their HF counterparts; only the HOMO eigenvalue can be interpreted as the correct

ionization energy, including the e�ects of electroncorrelation [28, 29].

3.3 Computational approac hes

The two methods introducedabove can be implemented in many fashions. In both cases

3.5 are integro-di�erential equations, and this makes them in general very di�cult to

solve analytically; for this reason,the most commonprocedureis to expandthe unknown

orbitals in a suitable basis-set,turning the problem into an algebraicproblem with the

coe�cien ts of the expansionas unknown quantities [30].

A common choice for the basis set is the use of Gaussian functions [2, 31] centered

at the atomic nuclei2; they have proved very useful, especially becausethey allow an

analytical calculations of all of the integral quantities involved in the SCF iterations.

Other choicesinvolve plane waves, which also simplify the evaluation of integrals, but

2Usually gaussiansare combined in contracted setsin order to mimic the shape of single-atomorbitals:

this procedureis known as Linear Combination of Atomic Orbitals (LCA O).
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have the disadvantage of poorly describingthe sharp peaksof the lowest orbitals, which

are highly localizedon the atomic nuclei.

In the ab-initio implementations, all of the occupied orbitals are treated in this way,

and onehasonly to specify the nuclearpositions, the number of atomsand the employed

basisset. Thesecalculations turn out to be very expensive, and so only small molecular

systems(of the order of 100 atoms) can be treated; with DFT-LD A this limit can be

somewhat lifted, but in general no more than 300 atoms can be simulated with good

accuracy.

In order to overcometheselimitations, many other approacheshavebeendevised,which

partially deviatefrom the formal proceduredescribedabove,by making approximations in

di�eren t placesof the algorithm: theseareknown assemi-empirical tight-binding methods.

The most known of them is the H•uckel theory, whereonly � -type orbitals are considered;

in its extendedversion,all valenceorbitals and a non-orthogonalbasisare employed (Ex-

tended H•uckel Theory). More sophisticatedsemi-empiricalapproacheshave successfully

beendeveloped: CNDO (CompleteNeglect of Di�er ential Overlap)[32], INDO (Interme-

diate Neglect of Di�er ential Overlap)[33], and MNDO (Modi�e d Neglect of Di�er ential

Overlap)[34]. Thesemethods avoid the direct calculation of two-electron integrals, but

estimate their value by proper parametrizationsbasedon a �t of the experimental values

for a set of selectedmolecules.

3.4 Excitation energies

In section1.2.3 it was shown how one can build crude approximations to excited singlet

and triplet states. In this section it will be shown how one can improve upon that and

calculatebetter approximations to the excitation energies,which arekey quantities in the

comprehensionof the photo-physical properties of molecules.
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3.4.1 Simple HOMO-LUMO transition

In the spirit of the single-particlepicture discussedin the previoussectionsfor the ground

state, one can imagine to obtain an excited state by promoting an electron from an

occupiedinto a virtual orbital. If electronswerereally independent, this procedurewould

yield exact excitation energies,simply as di�erences of orbital energies:

ES = ET = � LU M O � � H OM O ; (3.16)

where the most common excitation is considered,i.e. that from the HOMO to the

LUMO; theseenergydi�erences are usually called single-particle energy gaps.

In the independent electron approximation, then, singlet and triplet stateswould have

the sameenergy;in the HF and DFT schemes,however, electroninteraction is taken into

account (up to a certain degree),and so thesetheorieslead to di�eren t expressions:

ES = � LU M O � � H OM O � JH L + 2K H L (3.17)

and

ET = � LU M O � � H OM O � J m
H L ; (3.18)

whereK H L represents the exchangeinteraction betweenthe two orbitals:

K H L =
Z

� H (r )� L (r )
1

jr � r 0j
� H (r

0
)� L (r

0
)drdr

0
(3.19)

and JH L ,J m
H L arequantities which aredi�eren t in the HF and in the DFT-LD A schemes;

in the former case:

JH L =
Z

� H (r )� L (r
0
)

1
jr � r 0j

� H (r )� L (r )drdr
0

; (3.20)

53



while in the latter:

JH L = �
Z

� H (r )� L (r
0
)
dvLD A

d�
(� (r )) � H (r )� L (r )drdr

0
(3.21)

and

J m
H L = �

Z
dr 1dr 2� H (r )� L (r

0
)m(� (r )) � H (r )� L (r )drdr

0
; (3.22)

wherem(� (r )) is a linear function called magnetizationkernel[35].

It is important to note that the exchange interaction energy is always positive, and

hencesinglet statesalways lie above the corresponding triplet states.

3.4.2 Ab-initio theories for excited states

Excited states are formally de�ned by quantum mechanics as the eigenfunctionsof the

full N-particle interacting Hamiltonian of (3.2). Therefore, it is not su�cien t to consider

a singleexcitation asdoneabove: asalready introducedin section1.2.3,an excited state

is better described by a linear combination of many such excitations[2, 36, 37].

A commonly usedextensionof the DFT which treats excitation energiesis the Time-

DependentDensity-Functional ResponseTheory (TD-DFRT) [36, 37, 35, 38, 39]. As for

ground-stateDFT, the central role is played in this theory by the electrondensity; indeed

it starts from the linear responseof the time-dependent electron density n1(r ; ! ) to a

small time-dependent variation v1(r ; ! ) in the external potential. Thesetwo quantities

are related by the formula[35]:

n1(r ; ! ) =
Z

� (r ; r
0
; ! )v1(r

0
; ! )dr

0
; (3.23)

� (r ; r
0
; ! ) being the linear responsekernel, whosepoles in the Fourier spacecan be

demonstratedto equal the exact excitation energies.
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Thesepolescan be calculatedby solving the eigenvalue problem[36, 37, 39]:

X

bt

�
� ab� st (� s � � a)2 + 2

p
� s � � aWas;bt

p
� b � � t

�
F i

bt = ! 2
i F i

as ; (3.24)

where

Was;bt = W S
as;bt = 2

Z
� a(r )� s(r )

e2

jr � r 0j
� b(r

0
)� t (r

0
)drdr

0

+
Z

� a(r )� s(r )
dvLD A

d�
(� (r )) � b(r )� t (r )dr

in the caseof singlets,and

Was;bt = W T
as;bt =

Z
� a(r )� s(r )m(� (r )) � b(r )� t (r )dr (3.25)

for triplets. In (3.25) and (3.25) su�xes a;b indicate occupied,s; t virtual orbitals.

It is worth noting that if in (3.24) we only consideran occupiedorbital (the HOMO)

and a virtual orbital (LUMO), and we have WH L;H L << � LU M O � � H OM O, we obtain again

expressions(3.17) and (3.18).

The oscillator strength for the i-th singlet excited state can be calculatedas[36, 37]

f i =
2
3

me

�h
! i

�
�
�
�
�

X

as
h� aj r j� si

s
� s � � a

! i
2F i

as

�
�
�
�
�

2

: (3.26)

Another method for the estimation of excitation energiesand oscillator strengths is the

Intermediate Neglect of Di�er ential Overlap with spectroscopic parametrization and Sin-

glesCon�guration Interaction (INDO-SCI) [40, 41, 42]. This is a semi-empiricalHartree-

Fock-like method whereorbitals are built accordingto the LCAO procedure,and excita-

tion energiesare calculatedwithin the Con�guration Interaction Singles(CIS) scheme[2].

This meansthat molecularorbitals are calculatedfollowing the usualHF theory, but ma-

trix elements arenot calculatedanalytically, but estimatedby meansof empirical relations

�tted on a set of referenceorganic molecules.
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The CIS technique consists in the description of a generic excited state as a linear

combination of Slater determinants obtained from the ground-state referenceby means

of singlepromotions of an electron from an occupiedorbital into a virtual orbital.

This results in an eigenvalue/eigenvector problem[2] where the eigenvaluesare the ex-

citation energies! i and the eigenvector elements are the coe�cien ts of the linear combi-

nation itself; for singlet excited states, the equation to solve is:

X

bt

(� ab� st (� s � � a) + 2(sajbt) � (stjab)) F i
bt = ! i F i

as ; (3.27)

whereasfor triplets the equation is:

X

bt

(� ab� st (� s � � a) � (stjab)) F i
bt = ! i F i

as ; (3.28)

in both cases

(ij jkl) =
Z Z

� i (r )� j (r )
e2

jr � r 0j
� k(r

0
)� l (r

0
)drdr

0
: (3.29)

Also in this case, if in the above equations we only consider only a single occupied

orbital (HOMO) and a single virtual orbital (LUMO), we fall back to the approximate

valuesof equations3.17and 3.18.

The approximations with respect to the standard HF schemeare donein the evaluation

of (ij jkl) terms. In the LCAO formalism � i (r ) =
P

� ci
� � � (r ), and hencethesequantities

are expressedas linear combinations of analogousquantities involving atomic orbitals:

(ij jkl) =
X

�� ��

ci
� cj

� ck
� cl

� (�� j� � ) : (3.30)

Thesequantities (�� j� � ) can be approximated as[40, 41, 42]

(�� j� � ) = � �� � �� 
 (A � ; A � ) ; (3.31)
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where A � is the atom the orbital � � belongsto. The function 
 (A; B) is allowed to

depend on the atomic speciesof atoms A and B and on their distanceRAB , accordingto

the Mataga-Nishimotoexpression


 (A; B) =
1:2

2:4

 A + 
 B

+ RAB
; (3.32)

in which 
 K is obtained as the di�erence between the experimental ionization energy

and the experimental electron a�nit y of atom K:


 K = I K � AK : (3.33)

Finally, the oscillator strength is obtained[2] as

f i =
2
3

me

�h
! i

�
�
�
�
�

X

as
h� aj r j� si F i

as

�
�
�
�
�

2

: (3.34)
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Chapter 4

Hardw are and soft ware to ols

As seenin previouschapters,ab-initio simulations are ideal tools for molecularengineer-

ing. One main advantage of thesetechniques,is that they directly yield approximations

to the exact wave-functionsof the real system,which are a starting point for further cal-

culation of most of the properties of the molecule,with no other approximations; this is

in contrast with most empirical approaches,whereusually only someof theseproperties

are accessible.Moreover, ab-initio results have proved to be so accurate, that in some

casesthey are even employed to correct or reinterpret experimental �ndings.

The principal disadvantage of this approach, however, is that these methods are in

generalvery expensive from a computational point of view, and hence,at present, are

only applicable to moleculescomposedof a small number of atoms. This unfortunately

prevents applications to systemsof extraordinary basic and applied interest, like metal

and semiconductorclusters,or biological macromoleculesand proteins.

In the following section,the natural approach to mitigate this limitation, parallelization,

is discussed,togetherwith its relatedarchitectural and programmingissues.Next sections

deal with the characteristics of the program packageactually employed in calculations,

Turbomole, and the set of many other software tools usedin this work.
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4.1 Parallel computing strategies

Recently, parallel computing architectureshave reachedpricesthat allow their useeven in

normal laboratoriesand universities,in contrast to what happenedsomeyearsago,when

they were very expensive and di�cult to manage,and henceavailable only to very large

companiesand institutions. Moreover, current advancesin microelectronicshave pushed

silicon integration at a such degree,that on the massmarket have started to become

available low-price chips featuring two or more Central ProcessingUnits (CPUs), which

can be seenin any respect as minimal parallel architectures.

This trend is of particular importance in the �eld of scienti�c calculations,wherelarge

problemscan be divided amongCPUs in order to reducethe overall computation time.

However, such divide et impera strategy must be carefully adaptedto the actual charac-

teristics of parallel hardware, in order to give the desiredresults. The ideal linear scaling

of computation times with respect to the number of CPUs, in fact, is generally hard to

achieve, becauseof the additional time required for the partition of tasks amongproces-

sors,the coordination and synchronization of thesetasks,and the collection and merging

of their results.

4.1.1 Hardw are issues

In this respect, an important architectural issueis accessto memory: this point, which

is well known to be the major bottleneck even on single-CPUsystems,is of fundamental

importance for parallel machines, in
uencing in the end also the way parallel codesare

actually designed.

On multi-pro cessorarchitectures, indeed, circuital reasonsforbid the same memory

chip to accessedsimultaneously by many di�eren t CPUs, but at the price of a severe

reduction of its performance:this prevents the fabrication of massively parallel computers,

all accessingat maximum speed the same main memory. As a consequence,parallel
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computersare actually designedaccordingto two di�eren t strategies:

� Symmetric-Multi-Processing(SMP) machinesare systemswherea small number of

CPUs (currently from 4 to 32) all accessthe samemain memory, which is designed

with special expensive hardware in order to be able to satisfy many concurrent

requests.

� Non-Uniform Memory-Access(NUMA) architectures, on the other hand, relax the

constraint of concurrent accessto memory, by giving each CPU its own main mem-

ory, and featuring specializedhardwareto allow a fast communication of data among

processors.This choicehasthe greatadvantageof allowing the integration of a much

larger number of processors(currently up to several thousands)and a much larger

amount of total memory.

It must be stressed,however, that the above distinction is not in practice assharp as it

seems:actual supercomputersoften combine the two approaches,by joining together (in

NUMA style) smallersetsof tightly bound processorswhich sharethe samemain memory.

ThesesystemscanbeusedassmallSMP machineswhenmemoryaccessspeedsarecritical,

while allowing very large problems to be attacked by partitioning them among a large

number of processors. By resorting to special hardware tricks, moreover, the NUMA

bottleneck can be somewhatlifted: this is the caseof architectures whereeach CPU has

a large cachememory, which temporarily storesdata already accessedfrom other CPUs'

memories,thus reducingdrastically further accesstimes to the same(or contiguous) data.

It is worth noting that the above categoriesalsoaccommodate new typesof multi-CPU

systems:computer clusters, which are combinations of low-cost autonomoussingle-CPU

machines, interconnectedby standard or variously specializedcommunication hardware,

can be consideredas loosely-bound NUMA structures; multi-core CPUs, on the other

hand, can be seenas SMP architectures, wheretwo or more CPUs are so tightly bound,

that they are ultimately fabricated on the samesilicon chip.
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Future trends will probably seea larger number of coresintegrated in the samechips,

and simultaneously an ever increasingnumber of such systemsinterconnectedby fast

optical interconnections.

4.1.2 Soft ware issues

The above distinction betweenSMP and NUMA architectures hasa profound impact on

the way serial codesare adapted to parallel hardware.

On shared-memorymachines each CPU can executeits own code, without being con-

cernedabout the location of data: it has,in fact, equalaccessto the wholemain memory.

As a consequence,it is not crucial for the programmer to ensurethat each CPU works

on a well de�ned, contiguous portion of the problem1. He must only ensurethat each

concurrent processworks on a di�eren t part of the problem,and in the endhemust assign

oneof the processesthe task to perform any required (necessarilyserial) post-processing

of data2.

On distributed-memory architectures, conversely, each CPU can accessat high speed

only its own local portion of data, and henceit is very important for the programmerto

designthe algorithm in this sense.The time penalty for violations areparticularly severe,

becausethen a CPU must ask explicitly data to another, which then stops its current

execution,retrievesdata, and sendsthem back.

To easeand standardizethe implementation of thesecommunication techniques,di�er-

ent software libraries havebeendeveloped: the most commonlyemployedare the Message

PassingInterface(MPI)[43, 44] and the Parallel Virtual Machine (PVM)[45].

1This is not strictly true, becauseother hardware-related issueslike CPU internal vectorization and

cache-misspenalty suggestin any casethat each CPU concentrates on contiguous portions of memory.

What is certainly true is that the penalties for non-contiguous accessesare signi�cantly lower than for

NUMA machines.
2In somesense,this approach is similar to that found in the development of conventional multi-thr eaded

applications, where each thread can accessthe whole processaddressspace[46, 47].
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In MPI (which is actually usedin our codes)a setof standard library callsareprovided,

which help CPUsto exchangedata, independently of the actual hardwareimplementation:

the same calls can be used to communicate data among independent computers (via

remotecommunication protocolslikeRSHor SSH),amongprocessorson the sameNUMA

machine (via standard or specializedinterconnectionhardware) or even amongdi�eren t

processesexecutedby the sameCPU (usually only for testing or debuggingpurposes)3.

The programmeris thus left freeto work on the main task, i.e. partitioning the problem

in smaller, almost independent, execution units, and to set up all the communication

patterns which allow data exchangeand the subsequent collection and post-processingof

results.

It is evident that the two programming approachesare quite di�eren t, the latter being

certainly more di�cult and cumbersometo develop, test, debugand maintain. Nonethe-

less,most scienti�c codesareparallelizedwith NUMA architectures in mind; this happens

for several reasons:

� An MPI code can be equally run on a SMP machine: it will use library calls to

exchange data which however each CPU could directly read from memory, but

apart from this performancepenalty, it works with no problems;the opposite does

certainly not hold, becausecodesfor SMP machinestacitly assumethat each CPU

can accessthe whole set of data.

� A code written for NUMA architectures can be run on machines with a larger

number of CPUs and much more total (unshared)memory.

� Many scienti�c computations are intrinsically local. As an example, most codes

solvedi�eren tial equationsby numericaldi�eren tiation: in this approach di�eren tial

operators are replacedby �nite di�erences amongcontiguous points in space;then,

each CPU will be assigneda smaller region of the whole spatial domain, and the

3Just as SMP codesresemble multi-threaded applications, message-passinglibraries are analogousto

Inter-ProcessCommunication (IPC) facilities provided by most modern operating systems[46, 47].
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only communicationsrequiredduring operation will involve regionboundaries.This

reducedneedfor communication amongCPUs can reducethe overheadof message

passingto a negligible level (which gets even smaller when the sizeof the problem

is increased).

4.2 The Turb omole program package

Quantum chemistry codesare hugeprogram packagesdeveloped by tens of programmers

during years. Turbomole[48] development wasstarted in 1988at the Karlsruhe University

by Prof. Reinhart Ahlrichs, and continuesmainly in Germany; the theoretical division at

the National Nanotechnology Laboratory, where I worked during the Ph.D., is the only

Italian group currently involved in the project.

Turbomolestarted asa tool to computeground-stateenergyandpropertiesof molecules.

The dscf program, which accomplishesthis task, has featureswhich make it one of the

most advancedprogramsin its �eld:

� Full use of symmetry

Many moleculeshave geometricalstructures showing someform of spatial symme-

try [49, 50]; as a simple example,planar molecules,already introducedin chapter 1

are invariant with respect to the inversionof the axis perpendicular to the molecular

plane. Under such circumstances,molecular orbitals can be partitioned in disjoint

subsets:in this simple case,orbitals can be either even or odd, meaningthat their

shape is identical aboveand below the plane,or that it changesits sign, respectively.

In theseconditions, calculations are signi�cantly simpli�ed, becausethe two cases

can be handled separately, each of them involving lessbasis functions and hence

smaller matrices.

� Adaptiv e calculation of in tegrals

The main computational task for SCF calculationsis the evaluation of a very large
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number of two-electron integrals of the form

(ij jkl) =
Z Z

� i (r )� j (r )
e2

jr � r 0j
� k(r

0
)� l (r

0
)drdr

0
: (4.1)

over basis-setatomic orbitals. These integrals involve functions � (r ) which don't

changeover iterations of the simulation. Then in principle they could be calculated

oncefor all and stored in memory, and this is actually how �rst codeswere imple-

mented. After sometime, however, it was realized that integrals 4.1 are so many

(of the order of the number of basis functions to the fourth power) that even for

moderatebasisset sizes,it is impossibleto store them in the main memory. A pos-

sible solution could be to store them on disk: unfortunately disk accesstimes turn

out to be larger than the time required for their re-evaluation at each step of the

SCF procedure. Most current codes,hence,implement the re-evaluation on-the-
y .

Turbomoleis smarter in this respect, becauseit is capableto distinguish, amongthe

wholeset of two-electronintegrals, the most expensive in terms of CPU cycles,and

stores them on disk, calculating all others on-the-
y. In particular, depending on

the speedof actual hardware, it allows the userto adjust somerun-time parameters,

which increaseor reducethe amount of integrals stored on disk.

� In tegral pre-screening technique

Another interesting feature of Turbomoleis its abilit y to perform a fast estimation

of upper boundsto the value of two-electronintegrals. This allows the program to

neglectcompletely thoseintegralswhich would only give negligiblecontributions to

results. This feature is especially useful for large molecules,where many integrals

involve atomic orbitals located on distant atoms, and thus are almost vanishing.

� In teractiv e text-mo de input of simulation parameters

Turbomole, like most scienti�c programsconceived to work in a Unix-lik e environ-

ment is heavily dependent on plain-text �les for the input of simulation parameters

and the output of corresponding results. This is a good implementation choice,
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becausethis kind of �les can easily be read and modi�ed by users; furthermore,

output �les in plain-text form (though more expensive to produce, when they are

full of numbers), increaseportabilit y amongmachineswith di�eren t internal binary

representations. More importantly, the useof plain-text �les allows the simulations

to be easily driven through scripting languages, thus simplifying the set-up and

analysisof large, related setsof runs. Turbomoleo�ers the additional feature of an

interactive Text-mode User Interface (TUI), named de�ne, which guides the user

through all the stepsrequiredfor a completedescriptionof the desiredcomputation.

Scripts, thus, can drive the program either by directly modifying the input control

�les, or by connectingto the standard input of de�ne.

� Full exploitation of parallelism through MPI and linear algebra libraries

The dscf program makes intensive use of the MPI parallel libraries for message-

passingamong di�eren t processors.This makes it possibleto run simulations on

large moleculesin a very e�cien t way, with almost linear scaling(seebelow). An-

other interesting feature is that it performsall linear algebraoperations by calls to

the standard Basic Linear Algebra Subroutines (BLAS)[51] numerical package: this

allows to chooseat link-time amongdi�eren t implementations of thosesubroutines,

and henceto �nely tune the performanceon di�eren t machines4. Furthermore, it is

possibleto exploit SMP parallelism(as far aslinear algebrais concerned)by simply

calling SMP versionsof theselibraries, i.e. with no modi�cation of the serial source

code.

Another tool from the Turbomolepackagewhich was extensively usedthroughout this

work, is the escf program, which calculates energiesand properties of excited states

by meansof the TD-DFRT approach (section 3.4.2). It sharessomeparts of code with

dscf (in particular the optimized routines for evaluation and pre-screeningof two-electron

integrals) and henceis as fast. The useof symmetry, in particular, is very important for

4Most hardware vendors (e.g. Intel, AMD, Compaq, IBM) provide ad-hoc implementations of the

BLAS library speci�cally tuned for their processors.
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excitations,becauseoneoften knowsa priori the expectedsymmetryof the desiredexcited

state, and then can skip completely the calculation of stateswith other symmetries.Escf

has not yet beenparallelizedwith MPI libraries, but it makesuseof linear algebraeven

more than dscf, and then it can be easilyusedon SMP architectures.

The heavy useof linear algebraderivesfrom the needto solve the very largeeigenvalue-

eigenvector problem of equation 3.24. This equation involvesa matrix whosedimensions

areof the order of K 2 (with K the number of basis-functions).A completesolution of the

problem, hence,would require a number of 
oating-p oint operations of the order of K 6,

too high even for medium-sizedmolecules.Fortunately, one is usually interestedonly in

the lowest few (and not to all N 2) eigenvalues: this allows to usesophisticatedalgorithms

speci�cally optimized for this task. Escf implements the Davidson[52] scheme, which

obtainsthe desiredresult by an iterativ eprocedurebasedonvector-matrix multiplications,

which are all performedby calls to BLAS subroutines.

Other very important tools are grad and egrad, which calculate gradients of the total

molecular energy with respect to the nuclear positions, in the ground and the excited

states, respectively. Theseare very important quantities, becauseare directly employed

in the iterativ e algorithms which perform geometry optimizations (seesection 1.3). If

analytical gradients were not available, one would have to calculate somenumerical ap-

proximation to them, which in turn would raise the number of required electronicstruc-

ture calculations. Furthermore, analytical gradients are more accuratein the vicinit y of

minima, and henceguarantee a much faster convergence.

Many other programscompletethe suite:

� rimp2 and ricc2 implement sophisticated (and computationally very expensive)

post-Hartree-Fock methods,which werenot usedin the worksreported in this Thesis,

becausethey are only applicable to smaller molecules.

� moloch calculatesother useful properties of moleculeslike higher-orderdipole mo-

ments.
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� aoforce calculatesanalytically the secondorder derivatives(Hessian)matrix of the

total molecular energy with respect to nuclear positions. This quantit y is very

important for the calculation of the vibronic levelsof electronic states (seesection

1.3.3).

4.3 Hardw are to ols

Calculations presented in this work were performedon a wide rangeset of di�eren t ma-

chines,set up with the aim of covering most of the standard computational requirements

of scienti�c codes. In particular, our computing facilities include:

� Serial workstations

Normal 32-bit PC workstations ereextensively usedfor calculationsinvolving small

and medium-sizedsystems. In such conditions, thesemachines, by virtue of their

extremely low cost and henceof a very favorable price/performanceratio, turn out

to be the bestchoice. Small systemsareoften studied in greaterdetail, especially by

performing large setsof simulations on slightly modi�ed molecular geometries. In

this case,the useof a largesupercomputer,with all related issuesof job queuingand

scheduling, would be a worthlesscomplication: it is a much better choiceto employ

many single-CPU workstations, and implement (by meansof scripting languages)

somecoarse-grain parallelization logic to distribute simulations amongthem; in the

following, somescript codesspeci�cally developed for this task will be described.

� A 8-way fully-SMP machine (Radon )

Radon is a shared-memorymachine composedof 8 Intel Itanium II 1.5GHz 64-bit

CPUs. Theseprocessorsare assembled on 4 motherboards, each hosting 2 CPUs

and a fourth of the total (16 GB) main memory: linking among the boards, and

thus seamlesssharing of the total main memory is provided by very fast optical

�b er-basedinterconnectionhardware. This machine is ideal for codesimplementing
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SMP parallelism, by virtue of the great performanceof the Itanium II processor,

speci�cally designedfor 
oating point arithmetic on large setsof vector data.

� A hybrid 4x4 SMP/NUMA architecture (Sierr a )

Sierra is a machine composedof 4 nodes,each hosting, on a singlemotherboard, 4

CompaqEV67 667MHz 64-bit CPUs and 2GB of main memory. All motherboards

are linked by specialized communication hardware. This hardware, however, is

neither fast enough,nor speci�cally designed,to allow an instantaneousreplication

of memorycontent; hence,each nodeactsasa SMP smallermachine, the four nodes

being assembled in a larger NUMA architecture: Sierra, thus, is a hybrid computer,

which canexploit both levelsof parallel execution. The large total number of CPUs

(16) made it the best choice for the treatment of very large problems, like the one

described in section5.1.

� A very large NUMA supercomputer (X C6000 )

XC6000is a very large supercomputercomposedof 128 1.4 GHz 64-bit Itanium II

CPUs. Theseare assembled on 64 motherboards,linked by state-of-the-art ELAN4

optical interconnections. Apart from possibleSMP executionon the 2 CPUs con-

tained within a singleboard, this is hencea typical NUMA architecture, with a very

largenumber of processors,and a correspondingly largetotal (unshared)memoryof

256GB. This machine was unfortunately installed only after the end of my Ph.D.,

and hencewas not actually used in any of the presented studies. It will however

be extremely useful in the future, for the treatment of systemscomposedof a very

large number of atoms.

Of the presented systems,Sierraand XC6000are administeredby Prof. Aloisio's group

at the Center for Advanced Computational Techniques(CACT) in our University. All of

the workstations and the SMP machine (Radon), conversely, were directly installed and

administeredby us.
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We performeda large number of tests in order to estimate the relative performanceof

our machines, with respect to di�eren t parts of the Turbomole program package. One

of the most useful results is presented in �gure 4.1, where the performanceof di�eren t

Turbomolemodulesrun serially on singleCPUs is compared.

The �gure points out a very interesting behavior: somemodules,and in particular that

responsible for the ground state calculations (�rst two sets of bars) perform better on

older and much lessexpensive CPUs (32-bit AMD Athlon processors)than on the newer

64-bit high-performanceIntel Itanium II CPU; other modules,conversely, as for instance

that responsible for TD-DFRT calculations (third to �fth setsof bars), fully exploit the

power of the Intel CPU.

This behavior can be motivated by consideringthe internal characteristics of the two

codes: indeed in the dscf module most of the time is spent for the evaluation of two-

electron integrals, an operation which is algorithmically highly optimized, but involves

a seriesof sparse operations (i.e. operations implying an alternation of di�eren t basic

machine instructions on heterogeneousdata); the escf module, conversely, spendsmost

of its time in linear algebra operations, which are highly ordered (i.e. they executethe

samekind of machine instructions on large vectors of adjacent and homogeneousdata).

Considering the current trend in CPU development, which favors the fast execution of

vectorial operations, the above discrepancycan be motivated.

The conclusionthat for ground-statecalculations,commonworkstations perform better

than large(and expensive) computers(when a singleCPU is used!) is of great importance

when decidingon which machine each job should be run. This indeedjusti�es the choice

to employ large machinesonly for large calculations,whereparallel executionmakesthe

di�erence. As an example,the very largeamount of small calculationsreported in section

5.3 hasbeenrun on a workstation and not on larger machines. The small number of very

expensive calculationsreported in 5.1, on the other hand, madeparallel useof all Sierra's

16 CPUs.
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Figure 4.1: Performanceof di�erent Turbomolemoduleswhenrun seriallyon di�erent CPUs.

Valuesare in arbitrary units, only relativemagnitudesare signi�cant.

As an example of the good performanceof Turbomole modules exploiting MPI par-

allelization, in �gure 4.2 is reported the scaling of an actual ground-state calculation

(performedwith the dscf program), with respect to the number of CPUs employed in the

calculation.

It can be seenthat for this kind of problem, involving a very large molecule,an almost

linear scalingup to 12 CPUs is obtained.

As another exampleof parallel speed-up,�gure 4.3 reports similar results, obtained for

an alternative module (ridft , not mentioned before) which performs basically the same

computationsof dscf but implementing a computational trick that (at the price of a small

lossin accuracy)allows a large reduction of calculation times. This trick can be basically

seenas a trade of number of integrals to evaluate for additional linear algebra.

As can be seenfrom the �gure, in this casethe speed-upis sub-linear. This behavior,

however, is due to the moderatesizeof the calculation actually performed. The partition-

ing of a linear algebra operation among CPUs, indeed, is really e�cien t only when the
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Figure 4.2: Speed-upin a calculationwith the dscf Turbomolemodule versusnumber of

employed CPUs.

sizeof vectors and matrices involved is very large; otherwise, intercommunication times

(and especially latencies)have a negative impact on overall executionspeed. Indeed,we

experiencedbetter speed-upson problemslarger than the oneconsideredin �gure 4.3.

In conclusion, parallel versionsof codes which make heavy use of linear algebra are

really performing wheneither the problem is very large or somespecial tricks are devised

in order to executein parallel only the small subsetof algebraicoperations which really

would have a bene�t from that. Again, theseare important informations when one has

to choosethe best machine for a particular problem.

4.4 Other soft ware to ols

Running actual calculations with Turbomole or other quantum-chemistry codes is only

onestepin a morecomplicatedpath leadingto �nal results: many other softwaretoolsare

actually required for the set-up of simulations, their execution in a well-speci�ed order,

and �nally the collection, interpretation and presentation of their results. In this section

someof thesestepswill be analyzed,together with the software tools employed in each

situation.
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Figure 4.3: Speed-upin a calculationwith the ridft Turbomolemodule versusnumber of

employed CPUs.

4.4.1 Op erating systems and system managemen t to ols

Turbomoleand most similar codesare designedto work in a Unix-lik e environment. Our

machines, in particular, feature a wide spectrum of Unix variants: on most workstations

di�eren t Linux distributions (depending on hardware support) were installed, whereas

larger machines are equipped with proprietary Unix-derived operating systems(HP-UX

on Radon and XC6000,CompaqTru64Unix on Sierra).

Other system administration tools, used to create a uni�ed computing environment,

include tools for �lesystem sharing (Networking File System - NFS), secureremote lo-

gins (Secure SHell - SSH), data replication and synchronization (rsync), basic network

protection (IPtables, TCPwrappers).

4.4.2 Compilers and related utilities

Most of the problemsrelated to machinesprovided by di�eren t vendorsis that each comes

with its proprietary set of compilersand libraries. Thesecompilers, though working in

substantially the samefashion,usually have di�eren t optimization options, driven by dif-
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ferent command-lineparameters. It is thus necessaryto study in detail each compiler's

documentation, in order to understandwhich options are best suited for the compilation

of a computational code. Furthermore, someheavy optimizations turn out to be incom-

patible with internal programmingtricks present in all codes,leadingto unexpected(and

di�cult to debug) machine-dependent errors. In these situations, one usually tries to

relax optimization 
ags, until a stable and working binary is obtained.

Unfortunately to date it is not yet available a complete implementation of an open-

source Fortran 90/95 compiler5: such a multi-platform compiler would simplify things to

a great extent, presenting a commoninterfaceand commoncommand-lineswitcheson all

supported platforms. On linux workstations we employed the freely available (but closed-

source)Intel Fortran and C/C++ compilers,which are designedto be mostly compatible

with Compaqcompilers,and henceincreaseportabilit y.

Compilation of packageslike Turbomole,composedof hundredsof smaller subroutines,

is practically impossibleto perform by hand: for this reason,the standard Turbomole

distribution comeswith a well-structured, hierarchical set of Make�les, which instruct the

make utilit y on all the steps (and their preciseordering) to carry out compilation and

linking. This, unfortunately, posesother incompatibilit y issues,due to the di�eren t and

not fully compatible implementations of this utilit y. This problem is common to many

other utilities in the Unix world (for instance, debuggers): one fortunate trend in this

�eld is the emergenceof the GNU tools, installed on all Linux distributions, as de-facto

standards: most proprietary operating systemsinclude the GNU versionsof their utilities,

and henceonecan usetheseversionsinstead of proprietary tools.

5The GNU project, author of the well known g77 fortran77 compiler, is working to �ll this gap; the

g95 program, though, is still under development, to be releasedprobably in next months.
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4.4.3 Numerical and message-passing libraries

As anticipated, most hardwarevendorsfreely distribute optimized implementations of the

most commonsubroutinelibraries employedfor standardnumericaloperationslikematrix

and vector manipulation (Basic Linear Algebra Subroutines- BLAS), higher-level alge-

braic operations(Linear Algebra PACKage- LAPACK), fast Fourier transforms(FFTW).

In particular we employed the Intel Math Kernel Lir ary (MKL) and the AMD Core Math

Library (ACML) on workstations; on proprietary machineswe employed versionsof these

libraries directly distributed with the operating system: on the Sierra NUMA machine,

for example,the Compaq eXtended Math Library (CXML) was used.

A similar approach was usedwith respect to implementations of the MessagePassing

Library: on Linux workstations a freely available version (MPICH) was generally used,

whereason proprietary machinesthe vendor-distributed tools wereemployed.

4.4.4 Scripting to ols

When performing large setsof simulations, or collecting results from them, it is di�cult

to work by hand: this is not only a very time-consuming,but also an error-prone way

to operate. In this frame, scripting, i.e. writing commandsfor an automated interpreter,

instructing it to perform the actual operations, is the best procedure6.

Unix-lik e operating systemsprovide scripting functionalities, through command line

shells, ever since. In this work, an extensive use of the Bourne-Again SHell (BASH)

scripting facilities was done. For more complicated tasks, which BASH cannot handle

(e.g. 
oating point arithmetic), the recent, very powerful Python high-level programming

languagewas employed.

6Scripting eliminatesuser-dependent, random sourcesof errors; a buggedscript, however can intro duce

systematic errors, which can sometimesbe even more dangerous,and can only be avoided by careful

inspection of results.
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4.4.5 Geometry manipulation to ols

Ab-initio simulations don't require, by de�nition, empirical parametersto be passedas

input to calculations. The only required informations are:

� Molecular geometry

This information is usually contained in a plain-text �le with a two-line headerand

an additional line for each atom, containing its atomic type and three cartesian

coordinates. This is a standard representation of molecular geometries,known as

XYZ format

� Basis set

The basisset to usein simulations is a list of gaussianfunctions (each speci�ed by

the value of its exponent prefactor), often grouped in contracted sets: in this case

also relative weights of each element must be speci�ed.

� Details about desired metho d

All other informations relate to the details of the method desiredfor the calculation:

in particular one must specify whether to perform a Hartree-Fock basedrun, or

employ Density-Functional Theory; in the latter case,also a particular Exchange-

Correlation (XC) potential must be speci�ed.

When performing many computations on di�eren t geometriesof the samemolecule,it

is very important to have a tool which is able to operate geometry modi�cations. In

this frame, during the Ph.D. I developed the XYZtools program, which greatly simpli�ed

theseoperations. This code performsall most commontransformations of XYZ �les like

rotations, translations, replication along lattice vectorsand inversionsof coordinateswith

respect to points, lines or axes. Furthermore, the program works in additive mode: it is

possibleto add the coordinates from a XYZ �le, operate on them, and then add other

coordinatesfrom a di�eren t (or eventhe same)�le: this modeof operationsis particularly

useful when onewants to study dimers, i.e. arrangements of two moleculescloseto each
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other. An important featureof the XYZto ols program is that it is completelydriven from

the commandline: this comeshandy when,asis often the case,it is not run interactively,

but rather driven from a higher-level script.

Other custom tools were developed for the creation and manipulation of XYZ �les

containing many geometries,which in this standard canbe simply put oneafter the other

in the �le.

The XYZextract code extracts a geometry from a large XYZ �le, given its sequence

number. This is in principle a simple task, but someproblems arise when coming to

performance.Indeed,the �rst implementation of this programwasrealizedwith the AWK

pattern scanningand manipulation language,which however turned out to be too slow

whenmanipulating very large�les (in the application reported in section5.3the XYZto ols

program generatedXYZ �les containing tens of thousandsof di�eren t geometries): this

happens becauseAWK is a very high-level, interpreted language. After trying other

solutions, the last implementation, which performsmuch better, wasbasedon the old ed

Unix text-editor, which hasa very concise(and di�cult to debug),but extremelypowerful

and fastly-interpreted syntax.

Another useful tool that was developed is the GEOspan shell script, which performs

simulations by extracting geometriesfrom a big �le (by calling XYZextract), running

Turbomole,and then parsingits output �les to collect informations; at the end,resultsare

output in a format which in turn allows automatic treatment by data-plotting softwares.

4.4.6 Data analysis and visualization to ols

Oncethe simulations aredone,it is often necessaryto visually inspect the shape of molec-

ular orbitals, in order to study their symmetry properties,or to track the changesof MOs

with moleculargeometrymodi�cations. For this task a largeset of freely available molec-

ular visualization tools have beendeveloped over years. In particular, we often employ

the Molden program, which hasthe very handy feature to export imagesin encapsulated
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postscript format7: most of the imagesof geometriesand molecular orbitals reported in

this work are obtained through this program. Other programs, like Molekel and Visual

Molecular Dynamics are alsoused,thanks to their greatercustomizability and the possi-

bilit y to be driven from within scripts. Furthermore, they are capableof producing very

high-quality animations of moving geometries.

Other tools were used for the analysis of numerical data: in particular, Grace, an

open-sourcehighly-customizableand highly-scriptable plotting tool, and the well-known

Matlab numericalpackage,which hasalmostunlimited capabilities,but whoseproprietary

designmakes it more di�cult (though not impossible) to integrate in a command-line,

script-basedautomated operations 
o w.

7Molden is very smart in this sense,becauseit usesthe full power of the very high-level Postscript

language: geometriesand orbitals are not generated in bitmap format, but rather described through

high-level objects like spheresand surfaces;it is then the postscript interpreter which is left the task to

convert them in maps of pixels when needed. As a consequence,EPS output �les are very small, yet

producing very high-quality images
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Chapter 5

Results for selected systems

In this chapter somestudies on molecular systemsof high technological interest will be

reported: a combination of both experimental and theoretical analysis, led us to an ac-

curate description of the photo-physical properties of thesecompounds. In this frame,

ab-initio calculationsproveparticularly useful,in somecasesevenproviding a detailedun-

derstandingof phenomenawhich would not otherwisebe explainedby bare experimental

results.

We studied di�eren t forms of thiophene-derivatives,obtaining very good results in the

�elds of deviceperformance(section5.1), improvement of the intrinsic quantum e�ciency

of molecules(section 5.2), and fabrication of diodesemitting white-light (section 5.3).

5.1 Impro vement of luminance in OLEDs by Benzo-

Thiophene functionalization

As described in chapter 2, thiophenesare very interesting materials, actively studied for

their optical properties. However, the thiophene moleculeand simplest oligo-thiophenes

do not show by themselves luminescencee�ciencies meeting industrial requirements.

Somework was done in the past to improve upon this situation; in particular, substitu-
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tion of the central sulfur atom with two oxygenatoms, together with � -substitution with

cyclo-hexylgroups,allowedus to signi�cantly improve the performanceof oligothiophene-

basedOLEDs, achieving electroluminescence(EL) e�ciencies of 0.1% and luminance of

400cd m� 2 in air[27]. Nevertheless,despitethe fact that thesevaluesare more than one

order of magnitude higher than those of the unsubstituted linear oligothiophenes-based

LEDs, they are still too low for display applications where peak luminance higher than

10000cd m� 2 is required. A further improvement in the EL properties of the thiophene-

basedcompoundsis very desirable,in that it may open the way towardsa newgeneration

of very bright, highly stable, and widely tunable OLEDs.

5.1.1 Benzo-thiophene deriv ativ es

As one of the most important results obtained during my Ph.D., our group found that

the replacement of the conventional linear structure of oligothiopheneswith a branched

benzo[b]thiophene-basedstructure, in combination with the oxygen functionalization of

the core thienyl sulfur atom and the cyclo-hexyl substitution of the lateral thiophene

rings, allows to reach the remarkable luminance of 10500cd m� 2, which is the highest

value so far obtained in substituted oligothiophene-basedOLEDs.

The chemical structures of these new compounds1 (branched thiophenes; BTs) are

shown in �gures 5.1, 5.2 and 5.3. The BT1 moleculeis a regular benzo-thiophenewhich

has beenfunctionalized, both on the � - and on the � � position carbon atoms, with two

identical bithiophene oligomers.

BT2, the secondderivative analyzedin this context, is identical to BT1, but it has two

additional oxygen atoms bound to the sulfur atom of the benzo-thiophenecore.

BT3, �nally , is similar to BT2, but both its lateral bithiophene chains are in turn

functionalizedwith other lateral groups(one on each thiophenelateral ring) calledcyclo-

hexyls2.
1The commonancestorof thesederivatives,Benzo-thiophene, hasbeenalready presented in �gure 2.9
2These are C6H11 groups, with an hexagonal (non planar) structure, in which each carbon atom is
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Figure 5.1: First investigatedderivativeof benzo-thiophene:BT1.

Figure 5.2: Secondinvestigatedderivativeof benzo-thiophene:BT2.

5.1.2 Optical characterization of BTs

In order to explorethe basicphoto-physical behavior of new compounds,principal exper-

imental techniquesare room-temperature photo-luminescence(PL) and absorption (Abs)

spectra in amorphousspin-coatedthin �lms and solution. Thesemeasureswereperformed

for compoundsBT1-3 as shown in �gure 5.4.

bound to two hydrogen atoms (sp3 hybridization, seesection 1.1).
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Figure 5.3: Third investigatedderivativeof benzo-thiophene:BT3.

All the spectra arequite broadand characterizedby onemain peakcorresponding to the

�rst � ! � � transition (seesection1.3.4). The large Stokesshift of about 1 eV between

the Abs and PL maxima is induced by geometrical relaxation in all the compounds.

Optical spectra in solution are very similar (Abs and PL peaksare reported in table 5.1),

evidencingthe predominant single-moleculeorigin of the optical properties. This is very

important, becausejusti�es the application of theoretical simulations basedon isolated

molecules.

5.1.3 Calculations of excitation and emission energies

We calculatedboth absorptionand emissionenergiesfor compoundsBT1-3. Thesevalues

are obtained by meansof the TD-DFRT approach described in section 3.4.2 as excited

states energiesin the optimized geometry of the ground state or of the excited states

themselves,respectively.
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Figure 5.4: Solid-stateexperimentalabsorption (dotted line) andphoto-luminescencespectra

(solid line) for BTs.

Figure 5.5 reports the comparisonamong results of simulations and peak values ex-

tracted from spectra of �gure 5.4 (calculated and experimental valuesare also collected

in table 5.1). As can be seen,the agreement is very good, especially in considerationof

the large sizeof present molecules,which prevented the useof very large, highly accurate

atomic basissets. However, the luminescenceenergywas not calculated for the largest

molecule(BT3), asthe calculation of excitedstatesenergygradients is much moreexpen-

sive than that of excitation energies,and resultedpractically impossiblefor this molecule,

composedof 109atoms.

5.1.4 Performance of actual devices and theoretical discussion

We have employed the BT1-3 moleculesasactive materials for the fabrication of OLEDs.

All BT-baseddevicesshow very good performanceand operational stabilit y of a fewhours
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BT1 BT2 BT3

Experimental Abs. 3.25(3.30) 2.93(2.92) 3.14(3.12)

Theoretical Abs. 3.09 2.68 2.99

Experimental Lum. 2.28(2.38) 2.02(2.17) 2.16(2.27)

Theoretical Lum. 2.11 1.96 -

Table 5.1: Experimentalabsorption and photo-luminescencepeak energiesof BTs in the

solid-stateand in solution(in parenthesis)andcomputed�rst singletexcitationandemission

energies

Figure 5.5: Comparisonamongcomputedandmeasuredabsorption andluminescenceenergies

for BTs.

in air. In �gure 5.6, both the luminance and the electro-luminescence(EL) e�ciencies

of our devicesare reported. We found that the branched structure is crucial to improve

the brightnessof devices.Indeed, the unsubstituted branched compound (BT1) shows a

maximum brightnessvalueof 1250cd m� 2, three timeshigher than the best functionalized

linear (i.e. with no lateral branches) oligothiophene-baseddevicesreported so far (400

cd m� 2)[27].

We ascribe this enhancement to the high disorder induced by the branched structure,

which prevents the strong coupling betweenclosemolecules,which is typical of the lin-

ear oligothiophene compounds[53]. In fact, ab-initio geometry optimizations of these
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Figure 5.6: a) Luminanceversuscurrentdensity of BTs (inset: photographof a BT3-based

LED at 15V. b) Quantume�ciency(QE)[%] versusappliedbiasfor BTs-baseddevices.

molecules(seesection1.3.2) showed that the molecular geometriesof BT1 and BT2 are

non-planar due to the large dihedral angle(> 60� ) betweenthe branch in the � -position

and the rigid core.

Analogousgeometryoptimizations performedfor the �rst singlet excited state of BT1

and BT2, show that the bithiophene branches planarize in two di�eren t planes. These

theoretical resultssuggestthat the formation of non-radiative aggregatesis unlikely. This

is con�rmed by the fact that the oxygen functionalization of the corethienyl sulfur atom

(BT2) enhancesthe optical performanceof thesematerialsonly slightly (the PL quantum

e�ciency � P L increasesfrom 2% for BT1 to 4% for BT2, seetable 5.2), asopposedto the

linear oligothiophenes,in which the oxygen atoms disrupt the formation of undesirable

non-radiative aggregates,with a remarkable enhancement in the � P L .

Although the oxygen functionalization doesnot result in a substantial enhancement of

84



the PL performance,BT2 is much moree�cien t asactive material for LEDs, ascompared

to BT1. Indeed,the EL performanceis signi�cantly improved (see�gure 5.6), going from

0.02%and 1250cd m� 2 in BT1 to 0.14%and 2400cd m� 2 in BT2 for EL e�ciency and

luminance, respectively. This is becausethe oxygen atoms induce a strong reduction in

the energeticbarrier betweenthe cathode and the emissive layer, which (seechapter 2) is

a key factor limiting electrical injection and henceoverall performance.

Our computer simulations showed that this e�ect is related to the modi�cation of the

lowestunoccupied-molecularorbital (LUMO), which takesa morebonding character. This

causesa decreaseof the LUMO eigenvalue and in turn a decreaseof the S1 excitation

energy (seetable 5.1). This peculiar e�ect of oxygenation will be discussedin greater

detail in section5.2.

A further improvement of the BT-based OLEDs performancewas obtained with the

BT3 compound. Calculations show that this behavior is due to the addition of cyclo-

hexyl groups,which have three main e�ects:

� Inter-moleculardistancesare increaseddue to the large volume of the substituents;

this in turn reducesinter-molecular non-radiative interactions.

� The molecular distortion is increasedboth in the ground and in the excited state,

asdeterminedby the DFT (ground-state) and TD-DFRT (excited-state) molecular

geometry optimization. For instance,while for BT1 and BT2 in the ground state

the branch in the � -position shows inter-ring torsion angleslessthan 10� , for BT3

theseinter-ring torsional anglesare 18� and 73� . Concerningthe excited state, as

explainedabove, the geometryoptimization of BT3 is computationally una�ordable

dueto the largenumber of atoms(109)present in this molecule.However, weexpect

that it is more distorted than that of BT2, due to the di�cult planarization of the

moleculeinducedby the large-volume cyclo-hexylgroups. This is con�rmed by the

measuredemissionenergiesshowing a blue-shift of 0.14eV.
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� The cyclo-hexyl functionalization reducesthe molecular 
exibilit y of the branches.

DFT and TD-DFRT show in fact that, whereasBT1 and BT2 have several isomers

and are quite 
exible (several local minima with comparable total energy being

present), for BT3 only oneground-stateenergyminimum is found due to the pres-

enceof the cyclo-hexylgroups that strongly stabilize the conformation and hence

increasemolecular rigidit y.

In order to show e�ectiv ely that the cyclo-hexylgroupssuppressthe non-radiativedecay

channels,we have calculatedthe radiative (� r ) and non-radiative (� nr ) decay times of BTs

via relations 1.13and 1.14,in which � P L is the PL decay time in the solid state measured

by time-resolved (TR) PL experiments3. Resultsare reported in table 5.2.

A strong increasein the PL e�ciency , from 2-4%to 21%, in fact occurs for BT3. The

measured� P L increasesby almost one order of magnitude going from 0.10 ns in BT1 to

0.86 ns in BT3. Consequently, the calculated � r is only weakly a�ected by both oxygen

and cyclo-hexylfunctionalization, whereas� nr increasesby oneorder of magnitude going

from the lesse�cien t BT1 (0.10 ns) to the e�cien t compound BT3 (1.09 ns).

� P L � P L � r � nr

BT1 2 0.10 5.10 0.10

BT2 4 0.32 8.09 0.33

BT3 21 0.86 4.07 1.09

Table5.2: Photo-luminescence,radiative,andnon-radiativedecay-timesfor BTs, with relative

PL quantum-e�ciencies.

Theseresults show the key role of cyclo-hexylgroups in changing the supramolecular

structure, the molecular conformation, and the sti�ness of thesemolecules,reducing the

electronic de-excitation via non-radiative channels. Since the energeticbarrier between

3These are sophisticated experiments where a sample is excited and one observes from time to time

the quantit y of light which is emitted by photo-luminescence.
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the cathode and the emissive layer is not substantially changedfrom BT2 to BT3, the

reduction of non-radiativepathways turns out to be the main causeof the EL performance

increase.

In conclusion,we have replacedthe conventional, linear structure of oligo-thiophenes

with a branched geometry. This choice, and the substitution of thesecompounds with

oxygensand cyclo-hexyl functional groups,allowed us to realizedevicesexhibiting a lu-

minance as high as 10500cd m� 2 and an EL e�ciency up to 0.45% in air, which are

the best results to date obtained for oligothiophene-basedOLEDs. Ab-initio simulations

explainedthis remarkable result asan e�ect of improved electron injection in the device,

and increasedintrinsic quantum e�ciency of molecules.

5.2 Impro vement of in trinsic quan tum e�ciency by

oxygen functionalization

As seenin previoussection,the addition of two oxygen atoms on the central sulfur atom

of a thiophenering strongly in
uences its electrical and optical behavior.

In order to better clarify thesee�ects, weperformeda detailedanalysisof the samefunc-

tionalization on another important derivative of thiophene, di-thieno-thiophene, already

presented in section2.5.

This moleculeis similar to ter-thiophene, for which a similar study has already been

performed[88], but an important di�erence is that this molecule is a rigid system[89],

in which someenvironmental e�ects (i.e. e�ects causedby solvent molecules)can be

neglected[84]. Thus, it represents a well suited systemto directly investigate the e�ects

of oxygen addition.

The optical propertiesof oligothiopheneshave beenstudied for a long time and in much

detail, but, due to the sizeof thesesystems,only with semi-empiricalmethods[91, 92, 93,

94, 95]. Recently, somestudiesusingmoreaccurateab-initio approaches[88, 96, 97, 98, 99]
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haveappeared.On the other hand, dithienothiopheneshavenot beenstudiedtheoretically

in detail and fewworkscanbefound in the literature [81, 100, 101, 102, 103]. Furthermore,

in all thesestudiesabout oligothiophenesand dithienothiophenes,the optical properties

have beentheoretically studied only in the context of absorption spectra, i.e. by carrying

out calculations of excitation energieson the ground-state geometry. Emission energies

are much more interesting, especially from the application point of view, but e�cien t

and accurate tools for their computation have becomeavailable only recently[104]. In

our study, for the �rst time, we calculatedboth the absorption and luminescencespectra

of dithienothiophenesby the �rst-principles TD-DFRT approach. We have investigated

the emissionproperties and the energy levels scheme at the correct geometry, i.e. the

minimum of the excited-statepotential energysurface.

5.2.1 Description of the investigated systems

We analyzed how the optical properties of dimethyl-dithienothiophene are a�ected by

the central sulfur atom functionalization with no, oneand two oxygen atoms. The three

investigatedmoleculeswere thus 3,5-dimethyl-dithieno[3,2-b;2',3'-d]-thiophene(hereafter

calledDMDTT, whosemolecularstructure is plotted in �gure 5.7), 3,5-dimethyl-dithieno[3,2-

b;2',3'-d]-thiophene-4-oxide(calledDMDTT ox andplotted in �gure 5.8)and3,5-dimethyl-

dithieno[3,2-b;2',3'-d]-thiophene-4,4-dioxide(DMDTT ox2, see�gure 5.9).

5.2.2 Optical characterization

We have performed a complete optical characterization of the three systemsby means

of absorption, photo-luminescence(PL), photo-luminescencequantum e�ciency (PLQE)

and time-resolved PL experiments. In �gure 5.10 we display the absorption and photo-

luminescencespectra in solution of the non-oxygenatedcompound DMDTT and of the

oxygenatedmoleculesDMDTT ox and DMDTT ox2. All spectra are characterizedby one

main broad peak. The values of the main PL and Abs peak energy are reported in
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Figure 5.7: Molecular structureof DMDTT.

Figure 5.8: Molecular structureof compoundDMDTTox.

Figure 5.9: Geometryconformation of the DMDTT-derivativeobtainedthrough insertionof

two oxygenatoms(DMDTTox2).
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table 5.3. The oxygenation strongly red-shifts the PL spectra by about 1 eV and the

absorption onesby 0.8 eV. Interestingly, this red-shift is larger in DMDTT ox than in

DMDTT ox2, indicating di�erences in the electronic structure (the Stokes-Shift is also

larger in DMDTT ox).

In table 5.3 the PL quantum e�ciencies (� P L ) arealsoreported. In DMDTT the PLQE

is extremely low. The oxygenationstrongly increasesthe PLQE, from lessthan 1% in the

non oxygenatedmoleculeDMDTT up to 73%in DMDTT ox2. This is a very interesting

result, becauseoptoelectronicdevicesneedmoleculeswith intrinsic high PLQEs.

Figure 5.10: Absorption andphoto-luminescencespectraof DMDTT, DMDTTox andDMDT-

Tox2 in solution.

In order to establishwhether such a large increasein the intrinsic quantum e�ciency is
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Abs PL S.S. �

DMDTT 4.22(293) 3.66(338) 0.56 < 1%

DMDTT ox 3.36(368) 2.58(479) 0.78 19%

DMDTT ox2 3.43(361) 2.77(447) 0.66 73%

Table 5.3: Measuredabsorption and photo-luminescencepeak energies(and wavelengthin

nm in parenthesis),Stokes-Shift(S.S.)andPL quantume�ciency( � ) in solution. All energies

are in eV.

due to a strongercoupling betweenthe ground and the excited state (radiative decay) or

to a reduction of the non-radiative decay channels(by e.g. inter-systemcrossing(ISC) or

internal conversion(IC), seesection1.4), we performedtime-resolved photo-luminescence

(TR-PL) experiments.

The decays were found to be monoexponential, with the PL decay times reported in

table 5.4. As done in the previous section, the radiative and non-radiative decay times

are obtained from relations � r = � P L =� P L and � nr = � P L =(1 � � P L ), respectively.

� P L � R � N R

DMDTT ox 4.9 25.7 6.1

DMDTT ox2 15.9 21.6 53.9

Table 5.4: Measuredphoto-luminescence(� P L ), radiative(� r ) andnon-radiative(� nr ) decay-

times[ns] for DMDTT and its oxygenatedderivatives.

Table 5.4 shows that the radiative decay times are nearly equal, and hencealmost the

sameis the transition probability betweenthe �rst singlet excited state and the ground

state4; conversely, the non-radiative decay-time of DMDTT ox is one order of magnitude

4An ensemble of isolated moleculeshas an overall PL decay dynamics which can be thought as a

Markovian process: each moleculedecays (either radiativ ely or non-radiatively) with a given probabilit y

(pr or pnr , respectively) per unit time, or equivalently a given decay time (� r or � nr , respectively). As
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lower than that of DMDTT ox2. More e�cien t non-radiative decay channelsare therefore

present in DMDTT ox. In following sections,these non-radiative decay channel will be

demonstratedto be due to Inter-SystemCrossinge�ects.

5.2.3 Calculations of excitation energies

In table 5.5 we report, for the three systems,the �rst singlet excitation energiesand the

corresponding oscillator strengths.

System State Contribution Energy f KS gap

DMDTT S1(1B2) 5a2 ! 8b1 4.16 0.349 4.46

S2(1A1) 7b1 ! 8b1 4.35 0.104 4.83

DMDTT ox S1(1A
00
) 27a

00
! 36a0 3.40 0.147 3.92

S2(1A
0
) 35a

0
! 36a0 3.48 0.008 4.41

DMDTT ox2 S1(1B2) 6a2 ! 11b1 3.45 0.190 3.93

S3(1A1) 10b1 ! 11b1 4.58 0.068 5.13

Table 5.5: Calculatedsingletexcitationenergies[eV], maincontributions,oscillator strengths

(f ) andKS gaps[eV] for DMDTT and its two oxygenatedderivatives.

For all systems,the S1 excited-state (of B2/ A00 symmetry) has the largest oscillator

strength and is almost completelycharacterizedby a transition from the highestoccupied

molecularorbital (HOMO) to the lowest unoccupiedmolecularorbital (LUMO).

The involved orbitals are displayed in �gure 5.11 together with their energylevels.

The shape of HOMO wavefunction almost una�ected by the oxygen functionalization:

the addition of oxygen atoms only shifts down its eigenvalue (-0.34 eV for the �rst and

-0.22eV for the secondoxygen atom).

a consequence,the number of moleculesstill in their excited state at each time decreasesexponentially ,

the overall time constant being � P L = (� � 1
r + � � 1

nr ) � 1. It is this exponential decreasewhich is measured

during a TR-PL experiment.
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Figure 5.11: HOMO-1 (HOMO-2 for DMDTTox2), HOMO and LUMO isosurfacesfor

DMDTT and its oxygenatedderivatives,with indicationof orbital energies[eV].

This shift is instead more evident for the LUMO (-0.87 eV for the �rst and -0.21 eV

for the secondoxygen atom) in agreement with electrochemical analysis[107]. More im-

portantly, the LUMO wavefunction strongly changesits shape with the oxygenation. In

particular, in DMTT ox2 it has a more bonding character in the central ring as com-

pared to DMDTT: a similar behavior has been found in terthiophene[88]. The LUMO

in DMDTT ox has a quite di�eren t structure. It looks like the DMDTT ox2 LUMO from

above (i.e. wherethe oxygen is) and like the DMDTT LUMO from below. It turned out

that the secondoxygenation shifts the HOMO as well as the LUMO energy by almost

the sameamount, making the KS gap, and thus the �rst singlet excitation energy, of
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DMDTT ox and DMDTT ox2 identical.

The HOMO-1(HOMO-2 for DMDTT ox2), which characterizesthe 1A1=1A0 excited-

state, is quite di�eren t in the three systems.The double oxygenation of the HOMO-1 of

DMDTT removesthe central sulfur contribution and shifts down its energyby 1.32eV. A

molecularorbital which resemblesthe shape in DMDTT ox2 canbe found in DMDTT ox at

similar energy, but it represents the HOMO-3 and thus it is not involved in the reported

optical transitions. The HOMO-1 of DMDTT ox has instead a completely new structure

and it is much higher (0.86 eV) than in DMDTT ox2.

5.2.4 Calculations of emission energies

In table 5.6 we report the emissionenergiesfor the three systems,obtained asTD-DFRT

excitation energiesat the excited-stateoptimized geometry. All the transitions are dom-

inated by the samesinglecontribution entering in corresponding excitation energies(see

table 5.5).

System State Contribution Energy f S.S.

DMDTT 1B2 5a2 ! 8b1 3.61 0.371 0.55

1A1 5a2 ! 8b1 4.12 0.097 0.23

DMDTT ox 1A
00

27a
00

! 36a0 2.51 0.113 0.89

1A
0

35a
0
! 36a0 2.57 0.004 0.86

DMDTT ox2 1B2 6a2 ! 11b1 2.66 0.154 0.79

Table 5.6: Calculatedluminescenceenergies[eV], main contributions,oscillator strengths

(f ) and Stokes-Shifts(S.S.)[eV]for the lowest excited-stateof DMDTT and its oxygenated

derivatives.

The Stokes-Shift,which represents the energydi�erence betweenabsorption and emis-

sion energy for the sameexcited-state, is reported in the last column of table 5.6. The
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Stokes-Shiftis largeif the ground-and excited-stategeometriesaredi�eren t, asin DMDT-

Tox and DMDTT ox2 and much smaller in DMDTT where ground- and excited-state

conformation di�er less. Interestingly the Stokes-Shift in DMDTT ox is larger than in

DMDTT ox2. This is due to di�eren t modi�cation of the DMDTT ox geometry in the

excited-state,and it is not directly related to the presenceof only oneoxygen atom5.

For the S1 geometrieswe have alsocalculatedthe lowest two triplet excited-states(see

table 5.7).

System State Contribution Energy KS gap

DMDTT 1B2(T1) 5a2 ! 8b1 2.01 3.77

1A1(T2) 7b1 ! 8b1 3.34 4.63

DMDTT ox 1A
00
(T1) 27a

00
! 36a0 1.30 3.01

1A
0
(T2) 35a

0
! 36a0 2.67 3.97

DMDTT ox2 1B2(T1) 6a2 ! 11b1 1.35 3.08

1A1(T2) 10b1 ! 11b1 3.35 4.65

Table 5.7: Calculatedtriplet excitationenergies[eV], maincontributionsandKS gap[eV] at

the S1 geometricalconformationsfor DMDTT and its oxygenatedderivatives.

Again all the transitions are dominated by a singlecontribution and the single-particle

KS-gap can be used to describe qualitativ ely the di�erence among systems. Obviously

the KS-gap are lower than the onesin table 5.5, due to the di�eren t involved geometry.

In �gure 5.2.4we comparethe calculatedand the experimental valuesof the excitation

and emissionenergiesfor the three systemsconsideredin this work.

The �gure clearly shows that the employed TD-DFRT method reaches, for thesesys-

5We have indeed calculated the �rst singlet excitation energy of the excited-state DMDTT ox2 con-

formation in which one oxygen atom is replacedby a dummy one. The computed value, 2.78 eV, which

represents another point in the potential energysurfaceof DMDTT ox, is evenhigher than the DMDTT ox2

emission
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Figure 5.12: Comparison betweenthe calculatedand experimentalabsorption and lumines-

cenceenergiesfor DMDTT and its oxygenatedderivatives.
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tems, the so-calledchemical accuracy, i.e. an error not exceeding0.1 eV in the prediction

of the optical properties. Such high accuracy allows us to con�rm that the measured

properties originate from single molecules(i.e. without environmental or aggregation

e�ects).

Theseresultsshow that the oxygenationfunctionalization doesnot changethe symmetry

of the absorbingor emitting state, but strongly reducesits energy. This red-shift is caused

alreadyby the �rst oxygenation,whereasthe second-onehasa minor (and opposite) e�ect

(see�gure 5.2.4). As already pointed out, the (small) excited-statedi�erences between

DMDTT ox and DMDTT ox2 are not directly related to the presenceof oneor two oxygen

atoms but due to the di�eren t geometries.

5.2.5 E�ects of oxygenation on excited states geometries

Having calculatedthe optimized geometryof both the ground and the �rst singlet excited

state for all systems,we can now perform an accurate analysis of geometrical changes

that each moleculeexperiencesonceit is excited. In table 5.8 we report the changesof

selectedbond-lengths(see�gure 5.13 for the labeling of atoms) betweenthe S1 excited-

state geometryand the corresponding ground-stategeometry.

The bond-length modi�cations re
ect the changesin the electronic density which fol-
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Figure 5.13: Labelingof atomsfor DMDTT and its oxygenatedderivatives

lows, for the S1 state, a HOMO! LUMO excitation. For example, the C1 � C2 bond

length increasesin all the systemsbecausean electron is excited from the HOMO which

is bonding with respect to this bond (see�gure 5.11) to the LUMO which is antib onding6.

The opposite is true for the C2 � C
0

2 bond-length. Sincethe HOMO wavefunction is similar

in all the systems,the di�erences observed in the bond-length modi�cations are directly

related to di�erences in the LUMO of di�eren t systems.The most signi�cant oxygenation

e�ect in the excited-stateis for the S1 � C1 bond length, which decreasesin DMDTT ox

and DMDTT ox2 becausefor this bond the LUMO is bonding. Instead in DMDTT small

changesare present becauseboth the LUMO and the HOMO are antib onding. Another

distance which is strongly a�ected by oxygenation is C1 � C0
1. This is related to the

bonding region createdin the LUMO, as described in [88].

6A bonding orbital is mainly localized in between two atoms; an antibonding orbital, conversely, has

a node in that region.
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bond-length DMDTT DMDTT ox DMDTT ox2

S1 � C1 +0.021 -0.029 -0.042

C1 � C2 +0.048 +0.068 +0.070

C2 � C
0

2 -0.049 -0.064 -0.069

C2 � S2 +0.032 +0.020 +0.025

S2 � C3 0.003 +0.013 +0.014

C3 � C4 +0.037 +0.009 +0.024

C4 � C1 -0.037 -0.015 -0.017

C4 � C5 -0.001 0.000 -0.001

C1 � C0
1 +0.014 -0.087 -0.082

O � S1 - +0.027 +0.014

Table 5.8: Calculatedbond-lengthchanges[�A], followingan S0 ! S1 excitationfor DMDTT

and its oxygenatedderivatives.The largest four bond length changesfor eachsystemare in

boldface.

5.2.6 E�ects of oxygenation on in trinsic quan tum e�ciency

Since in dithienothiophenesneither processessuch as IC are expected [84], nor solvent

dependencehas beenfound, we assignthe main non-radiative decay to ISC. The e�ects

of oxygenation on ISC rate directly a�ect PLQE because,as shown above, the lowest

emitting state has a high oscillator strength in all the three systems. A quantitativ e

analysisof ISC would requirethe calculationof the singlet/triplet potential energysurfaces

(PESs) and the spin-orbit coupling from S1 to the triplet manyfold [110, 111, 112]. We

here describe qualitativ ely the ISC rate as a function of the S1-Tn energyseparation[88,

91, 113, 53]. Di�eren tly to previous approaches,we usethe S1-Tn energyat the correct

potential surfaceposition, i.e. the S1 minimum. In �gure 5.14we report the energylevels

scheme,asobtained in the S1 excitedstate conformation(the S1 valuerepresents emission

energies).
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Figure 5.14: Calculatedenergylevelsfor the �rst excited singlet S1 and the two lowest

excitedtriplet statesT1 andT2 of DMDTT and its oxygenatedderivativesin their respective

S1 excited-stateconformations.

In DMDTT T2 is below the S1 state (�gure 5.14). This meansthat the ISC rate is

expectedto be quite fast becauseit is not thermally activated[91,113]. This accounts for

the very low PLQE of DMDTT. In DMDTT ox, S1 goesbelow T2 and thus the ISC process

is thermally activated. However S1 and T2 arevery closeeach other. Thus the ISC process

shouldbe still e�ectiv e, but lessimportant than in DMDTT. Indeedthe PLQE is still low

but higher that in DMDTT. DMDTT ox2 has instead the S1 state well below (0.69 eV)

T2. In this casethe ISC rate is very low becausethe ISC processis thermally activated

with a very largeenergy-gap[88, 91]. This explainsthe very high PLQE of DMTT ox2 and

the observed non-radiative decay time one order of magnitude longer than in DMTT ox1

(seetable 5.4).

5.2.7 Conclusions

In this work we have analyzedby a joint experimental-theoretical study the optical prop-

erties of dimethyl-dithienothiophenesfunctionalized with no, one and two oxygen atoms

at the central sulfur atom. It is found that the oxygen functionalization strongly changes

the optical and photo-physical properties of the molecules.While photo-physical proper-
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ties such as PLQE are linear with the number of oxygen atoms, excitation energiesare

not. Thesee�ects are related to the di�eren t electronic structure of the molecules,as it

hasbeenexplainedwith the help of accurateTD-DFRT calculationsin the ground- and,

for the �rst time, in the excited-stateconformation. The employed TD-DFRT approach

predicts, for the consideredsystems,excitation and emissionenergieswith an accuracyof

0.1 eV. It is found that PLQE di�erencesare related to di�eren t ISC rate due to di�eren t

singlet-triplet alignment. Theseresults are due to the di�eren t e�ects that the oxygen

functionalization hason the the LUMO and the HOMO-1 orbital and thus on the lowest

two singlet and triplet excitation energies.

5.3 White ligh t emission from boron-functionalized

dithienothiophenes

As anticipated in chapter 2, oneof the main goalsof optoelectronicresearch is to obtain an

e�cien t and low-costemissionof white light from electrically injected devices.In this �eld

we obtained the remarkable result to discover the �rst organic compound, a thiophene-

derivative,which doesemit radiation in two well separatedregionsof the visible range;this

allowed us to fabricate the �rst single-moleculewhite OLED. Very expensive calculations

on large setsof di�eren t moleculargeometries,showed that this unusual behavior is due

to the formation of dimeric aggregatesof two moleculesis a well de�ned conformation.

5.3.1 The traditional approac hes to white ligh t generation

In the last yearswhite emissionfrom organiccompoundshasbeenthe subject of increasing

interest due to its potential impact on lighting industry and backlight applications. In

order to obtain white light from organic light emitting devices,a very large and broad

spectrum covering most of visible-light window is requested.
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This task in traditionally accomplishedby a simultaneousexcitation of di�eren t molec-

ular speciesemitting at di�eren t primary colors [54, 55]. This is usually obtained by

fabricating multila yer devicesby consecutive evaporations or co-evaporation of di�eren t

emitting compounds [54, 55, 56, 57, 58, 59]. However, this route requirescomplex tech-

nological processesand results in a large wasteof organic materials, with relatively high

fabrication costs.

Another commonlyexploited approach is the spin-coatingof a blend of di�eren t soluble

emitters in a single layer[60, 61]. Though cheaper, this approach has the drawback that

suitable color combinations are not always possibledue to F•orster transfer from the high

energyemitting material (donor) to the low energyone (acceptor), which may result in

the emissiononly from the smaller band gap compound [62, 26].

An alternative possibility is to blend two blue-emitting organic moleculesof di�eren t

electrona�nit y, whoseinteraction givesrise to exciplexstates[63, 64]. The combination

of the exciplex emissionwith the blue emissionof the isolated donor moleculeresults in

the generationof white light.

However, in all of theseapproachesthe purit y of the coloremissionis strongly dependent

on the relative concentration of the di�eren t molecular speciesand, generally, on the

applied voltage. In this frame the synthesisof a single solublecompound showing white

emissionin the solid state is strongly desirablebecauseit might origin a new classof

deviceswhich join the simplicity and low costof the singlespin-coatedactive layer devices

with the possibility of avoiding material concentration and voltage dependent problems.

5.3.2 White ligh t from a a single comp ound

In this frame, we found that a single organic compound, namely 3,5-dimethyl- 2,6-

bis(dimesitylboryl)- di-thieno-thiophene(hereaftercalledDTT-derivative #1 , shown in �g-

ure 5.15), is indeedsu�cien t to fabricate a bright singlelayer white OLED. This molecule
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is a derivative of Di-Thieno-Thiophene7, which hasat each sidea pair of mesityl8 lateral

groups, linked via a boron bridge.

Figure 5.15: Molecular geometryof DTT derivative#1.

In compound #1 white electroluminescenceis achieved by the superposition of the

blue-greensingle moleculeemissionand of a red-shifted narrow peak which occurs only

in the solid state. This compound, also thanks to its excellent properties, namely the

good electron acceptor characteristics of the di-mesityl-boryl moieties, and the peculiar

morphologyof the spin-coated�lms, allowed us to obtain white electroluminescence(EL)

with a maximum luminance of 3800cd m� 2 at 18 V and external quantum e�ciency of

0.35%;these�gures could pave the way to the fabrication of low-cost singleactive layer

white emitting devices.

7Di-Thieno-Thiophene, oneof the most important derivativesof thiophene, wasalready intro duced in

section 2.5
8Theseare particular functional groups built from a standard benzenering in which three of the six

hydrogen atoms are in turn replacedby CH 3 (methyl) blocks.
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5.3.3 Optical characterization

In order to clarify the origin of the red-shiftedpeak,which occursonly in the solid-state,

we performeda wide rangeof optical measurements and theoretical calculations.

In �gure 5.16 the photo-luminescence(PL) and absorption spectra of #1 in solution

(a) and in the solid-state(b) are shown. The absorption spectrum in the solid state does

not show signi�cant di�erences with respect to that in solution. On the other hand, the

emissionspectrum changessigni�cantly: in solution only a blue-greenemission(BGE) is

observed, whereasin the �lm an additional narrow red-shifted emission(RSE) at 680nm

(1.82eV) appears9.

Similar red-shifted emissionsin the solid-state have been observed in various organic

materials, and could be assignedto triplets activated in solid state or particular aggrega-

tion states [65, 66].

In order to check this point we investigatedthe dynamical processesinvolved in the PL

emissionof solid state �lms by meanstime resolved experiments. The decay dynamicsof

the BGE emissionat 480nm and of the RSE emissionat 680nm are displayed in �gure

5.17. The PL decay at 480 nm is bi-exponential with a fast decay time of 30� 1ps and

a slow decay time of 91 � 1ps. The slow decay time is closeto the decay time of the

moleculein solution.

The PL signal at 680 nm shows a slower decay time of about 1700� 170ps; this value

allowedus to excludethat the RSEis dueto triplet emission,usually showing much longer

decay times [66], and suggeststhat the red shifted emissionis likely due to aggregatesor

excimers.
9This low energy peak is absent in solution regardlessof the concentration range (from 10� 5M to

10� 2M), indicating that the RSE is peculiar to the solid-state.
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Figure 5.16: Absorption (dotted line) and Photo-Luminescence(solid line) spectra at room

temperatureof compound#1 in solution(a)and in the solidstate(b).

5.3.4 Theoretical calculations

Theoretical calculationson isolated moleculesare in perfect agreement with the conven-

tional blue-greenemissionobserved both in solution and in the solid state. The real

challengewasto explain the red-shiftedemission,which, asseenabove, is likely to be due

to someform of molecularaggregation.One problem about aggregationstates,however,

in that in this case[65,66], onewould expect the resulting emissionto be quite broad, in

contrast to the narrow observed linewidth of the RSE band.

Weexplainedthis behavior asan e�ect of the limited number of supramoleculararrange-

ments which compound #1 can assumein the solid state. Due to the planar and rigid

conformation and to the presenceof the large mesityl substituents, we in fact supposed
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Figure 5.17: Decay dynamicsof the BGEemissionat 480nm (dotted line) andof the RSEat

680 nm (solid line) (in the solidstate) of DTT-derivative#1. Inset: ratio of the amplitudes

of the fast/slow componentsof the BGErelaxationversusthe RSE/BGEintensity.

it to form in the solid phasedimerswith a speci�c well de�ned geometricalstructure, i.e.

with the two moleculesin a cross-like con�guration (see�gure 5.18).

Only very small movements through translations of the moleculesalong the X-Y axes,

as well as small angular deviations from the cross-like conformation (i.e. with � = 90� )

may occur. All other dimeric conformations,such as the commonH-type [66] (i.e. with

� = 180� ) are forbidden by the presenceof the substituents, thus limiting the emission

broadeninginducedby supramolecularconformation dispersion.

In order to verify whether the supposedcross-like conformation is consistent with the

measured0.7 eV shift of the RSE peak with respect the BGE peak in the solid-state,we

performedaccurateab-initio quantum mechanical calculations: in particular, the excita-

tion energiesof variousdimer conformationswerecomputedwith the INDO-SCI approach
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Figure 5.18: Molecular structureof two interactingmoleculesforming a cross-like dimer.

[11], already introducedin section3.4.

In the calculations we only consideredDTT dimers, thus neglecting the mesityl sub-

stituents which weresupposedto induceonly steric e�ects. With the aid of the XYZto ols

program already presented in chapter 4, and of other tools for the automatic execution

of simulations, we set up and ran thousandsof calculations, on di�eren t geometriesob-

tained by varying the coordinates(x,y) and the angle� betweenthe two monomers.The

distance betweenmolecular planeswas held �xed at 3.2 �A, in agreement with previous

studies[11].

In �gure 5.19 we report the excitation energy di�erences between a single molecule

and the dimers for all the (x,y) positions with the angle � �xed at 102� (for which the

minimum excitation energy was obtained). The dimer con�guration for which the two

central sulfur atoms exactly overlap was chosenas the center of the coordinate system:

then one molecule(the black one in the �gure) is held �xed in spacewhereasthe other

(red one) is shifted (seeupper-left inset). Figure 5.19 shows that for the con�guration
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shown in the lower-right inset, intermolecular interactions induce a red-shift as high as

0.55eV.

Figure 5.19: IntermediateNeglectof Di�erential Overlap/SingleCon�guration Interaction

(INDO/SCI) excitationenergyshiftsdueto intermolecular interactions.The scaleon the right

correspondsto calculatedexcitationenergyshifts.

This value is in very good agreement with the experimental result (0.7 eV), considering

the employed approximations. Another important result from the plot in �gure 5.19 is

that there is only one deepminimum. This meansthat only one conformation can be

responsible for the RSE in agreement with the narrow red-shifted emissionobserved in

the solid-state. These�ndings con�rm that the RSE is peculiar of the DTT rigid core.

5.3.5 Mo del validation

In order to corroborate the model and better clarify the e�ects of the supramolecularpack-

ing on the optical properties,we synthesizeda seriesof moleculeswith a structure similar

to that of compound #1 but di�eren t functionalization patterns. The analyzedmolecules

consistin an asymmetric3,5-dimethyl-2,6-bis(dimesitylboryl)-dithieno-thiophenein which
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only onedimesitylboryl moiety is grafted to central core(DTT-derivative #2 , whosestruc-

ture is plotted in �gure 5.20), a 3,5-dimethyl-2,6-bis(dimesitylboryl)-dithieno-thiophene

dioxide in which the central thienyl sulfur atom is substituted with two oxygen atoms

(DTT-derivative #3 , whosestructure is plotted in �gure 5.21), and a 3,5-dimethyl-2,6-

bis(dimesitylboryl)-terthiophene with a 
exible central core (DTT-derivative #4 , whose

structure is plotted in �gure 5.22).

Figure 5.20: Molecular geometryof DTT derivative#2.

All the synthesizedcompounds#1-4 have beenusedasactive materials in organic light

emitting diodesby spin-coatingthe emissivelayer betweenbetweenITO/PEDOT:PSS and

LiF/Al electrodes. Thesecharge-transporting layers were used in order to enhancethe

carrier injection in the active layer, as demonstratedby electro-absorptionspectroscopy

measurements [67, 68]. Compound #1 shows an EL spectrum similar to the PL spectrum

obtained in the solid state (see �gures 5.16 and 5.23). However, the low energy peak

at 680 nm is more intensethan in PL, indicating that a more e�cien t population of the

aggregationstate occursupon electrical injection. This e�ect resultsin a clearwhite emis-

sionwith color coordinates(0.25,0.38,0.37),accordingto the CommissionInternationale

de l'Eclairage (CIE) 10.

10Thesethree �gures indicate the relative weights in the actual spectrum, of three standard color curves
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Figure 5.21: Molecular geometryof DTT derivative#3.

The e�cien t chargeinjection from the LiF/Al contact into the active material and the

excellent electron acceptingproperties of the molecule[69] allowed us to obtain no-bias

dependent EL with luminance up to 3800cd m� 2 and quantum e�ciency of 0.35%, in

air, comparableto the singlelayer devicesrealizedby spin coating di�eren t primary color

emitters. We underline that, at our knowledgethis is the �rst white emitting OLED with

emissionfrom a singleactive species.

In compound #2 one of two large lateral di-mesityl-boryl groupshas beenremoved in

order to reducethe e�ects of the steric hindrance, i.e (i) to remove the constraint of the

moleculesto assumeonly a well de�ned cross-like dimer conformation and (ii) to reduce

the distancebetweenthe molecules.Deviceswith compound #2 as active material show

poor brightnessand high turn-on bias(25V) becauseof the smallernumber of boronatoms

(electronacceptors)and consequently the poor balancingbetweenoppositecharges.More

importantly, in agreement with our model, the EL from this compound shows a morered-

shifted peak (700 nm) than that of compound #1 (see�gure 5.23) in agreement with the

for red, greenand blue colors; thesecurvesare normalized to the responseof human eye to di�eren t colors:

hence,what is perceived as white light must have the three weights all approximately equal to 1=3.
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Figure 5.22: Molecular geometryof DTT derivative#4.

expected smaller distancebetweenthe two moleculesforming the dimer. Moreover, the

linewidth of the red-shiftedpeakis larger in compound #2 than in #1, in agreement with

the higher number of possibledimer con�gurations in compound #2, inducedby the lack

of one lateral di-mesityl-boryl group, which causesbroadeningof the emission.

Converselyto #1 and #2, compound #3 and #4 do not show any red-shiftedadditional

peakin the EL spectra. This is in further agreement with our model. Indeed,in compound

#3 the two oxygen atoms, arranged in a plain perpendicular to the rigid-core one [70],

keepthe coupledmoleculesfar from each other, thus avoiding the dimer formation and

the corresponding emission.Finally, in #4, in which the DTT corehasbeensubstituted

by a 
exible terthiophene,the dimer formation is not favoreddueto the rotational degrees

of freedomof the latter.
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Figure 5.23: Electro-luminescence(EL) spectraof compounds#1-4.

5.3.6 Conclusions

In conclusion,we have studied a newclassof bright singlelayer spin-coatedOLEDs emit-

ting white light from a single active oligothiophene-basedcompound, in which a proper

functionalization allows to control the supramolecularorganization in the solid state and

the formation of new intermolecular emitting species. White light is achieved by the

superposition of the broad blue-greenemissionoriginating from the singlemoleculewith

the red-shiftednarrow peakdue to the formation of cross-like dimers in the solid-state,as

con�rmed by theoretical calculationsand experimental measurements. The simplicity of

the devicestructure togetherwith the useof a singlemolecularmaterial which avoidsvolt-

ageand material concentration dependent drawbacks, makesour white emitting devices

a promising route towards lighting applications.
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Conclusions

Organic moleculesare very promising materials for the replacement of conventional semi-

conductors in the �eld of optoelectronic devices. In this Thesis, I reported someof the

most important results published during my Ph.D., obtained through ab-initio simula-

tions of optical and structural properties of organic moleculesderived from thiophene.

By exploiting parallel supercomputing facilities and sophisticatedsoftware tools, and in

closecollaboration with the organicsdivision of the National NanotechnologyLaboratory,

I contributed to the study of new, very interesting materials. In particular:

� Westudiedsomeparticular benzo-thiophenederivativeswhich, thanks to a branched

structure with large steric hindrance, and to the peculiar e�ect of functionaliza-

tion with oxygen atoms, turned out to perform very well as active materials in

organic light-emitting devices; the fabricated OLEDs, indeed, showed power e�-

cienciesand luminance more than one order of magnitude higher than those of

previous thiophene-baseddevices,above the value of 10000cd m � 2 consideredas

the minimal requirement for industrial applications.

� Wehavestudiedthe detailsof the e�ects of oxygenaddition on thiophenederivatives,

using dithienothiophene as caseof study. This is a much smaller molecule,which

allows a thorough study to be preformed. Simulations show that the main e�ects

of oxygenation are i) a strong modi�cation of the lowest unoccupiedmolecular or-

bital, which assumesa signi�cant bonding character,ascomparedto non-oxygenated

compounds;and ii) an increaseof the S1 � T2 energydi�erence, which in the oxy-
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genatedcompound reducesinter-systemcrossingnon-radiative decay channels,and

henceraisessigni�cantly quantum e�ciency .

� We have demonstratedthat it is possibleto fabricate organic white-light emitting

devicesbased on a single active material. A particular derivative of di-thieno-

thiophene, indeed,becauseof a geometricalstructure with two large lateral chains,

forms dimers with lowered emissionenergy. This red emission,combined with the

conventional blue-greenemissionfrom singlemolecules,generateswhite light. The

cross-likedimerization wasconjecturedby geometricalconsiderationsand provedby

meansof very expensive theoretical simulations, performedon thousandsof di�eren t

dimer geometries. Photo-physical considerationsand characterization of similar

compoundscon�rmed our model.

Besidestheseresults, my work was largely devoted to the set-up and maintenanceof a

large set of di�eren t parallel hardware and software tools to be employed in calculations.

In this frame, we combined di�eren t machines with di�eren t parallel architectures, in

consideration of the various computational requirements shown by quantum-chemistry

codes. Moreover, many simulation procedureswere partly or completely automated by

meansof custom programsand extensive useof scripting languages.This simpli�es the

control of large setsof related simulations, and reducesthe probability of casualerrors.

This work demonstratesthat accuratetheoretical investigationsby meansof largecom-

puter simulations are of fundamental importancefor a detailed comprehensionof organic

systemsand the advancement of organic optoelectronics.
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