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Intro duzione

L' optoelettronica e uno deisettori piu attivi edinnovativi dellatecnologiadell'informazione
e delle telecormunicazioni. La disponibilit a di sorgeni laser,fotorivelatori ed ampli catori
ottici ha fatto s che molti degli apparati di comunicazione,a partire da quelli di mag-
gior portata, abbiano progressiamerte abbandonatola tecnologiadella trasmissionesu
cavo per oriertarsi all'uso di bre ottiche. L'optoelettronica, inoltre, ha fatto il suoin-
gressanel settore dell'immagazzinameto delleinformazioni (basti pensarealla tecnologia
DVD), e sonoin molti tra gli specialisti a pensareche essapotra in futuro a ancare,
o forse soppiantare del tutto, l'attuale tecnologiamicroelettronica per I'elaborazionedei

dati.

Tradizionalmerte i dispositivi optoelettronici hanno fatto uso di semiconduttori inor-
ganici, quali I'arseniuro di gallio o il fosfuro di indio. Negli ultimi anni a questi si sono
a ancati altri materiali, i nitruri, che hannopermessali superarealcunedelle limitazioni
dei primi; in particolare e stato possibilecoprire andche le regioni a piu piccolalunghezza
d'onda dello spettro visibile (blu e violetto), con ripercussionipositive, ad esempio,sulla
densita di immagazzinameto ottico. Attualmente molta ricercae concertrata sulla pos-
sibilita di realizzarediodi che emettano luce bianca, perdhe tali dispositivi troverebbero
immediata applicazionenel settore dell'illuminotecnica, garartendo e cienze di almeno

un ordine di grandezzasuperiori a quelle delle sorgeni tradizionali.

Prima nei laboratori di ricercadi base,e successi@merte andhein quelli delle maggiori
aziendeattiv e in questosettore, tutta via, si e fatta largo l'idea di utilizzare in applicazioni

optoelettroniche materiali radicalmarte nuovi, derivati dalla chimica del carbonio. | semi-



conduttori organici, infatti, orono vantaggi signi cativi proprio laddove quelli conven-
zionali hannopunti di debolezza:ad esempioja loro sintesi e manipolazionee nettamente

piu sempliceed economica.

Essisonotenuti insiemeda deboli forze inter-molecolari: sonocioe 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 molecolarifa s che le proprieta
di questi composti siano molto simili a quelle delle singole molecoleche li compongono;
lo stessonon puo dirsi dei semiconduttori inorganici, le cui proprieta non somiglianoa

guelle degli atomi costituerti, perche fortemerte in uenzate dalla struttura cristallina.

La caratteristica forsepiu importante, in ne, e che questi materiali possonocesserepro-
gettati in modo da avere determinate proprieta: dato un composto averte un certo com-
portamento, e spesscsu cien te modi carne la struttura chimica (funzionalizzarlg), perche
tale comportamento canbi signi cativamerte. In quest'anbito sta nascendouna nuova
disciplina, I'Ingegneria Molecolare, che attraversola sinergiatra ingegneri, sici, chimici ed
informatici, condurra senzadubbio nei prossimianni ad un notewolissimo miglioramerto

di questi materiali.

QuestaTesidescriw il lavoro che ho swilto durante il Dottorato di Ricercaall'interno
del National Nanotedinology 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 proprieta

con tecniche ab-initio.

Con questotermine si intendonotecniche di simulazioneche non ricorrono a descrizioni
approssimateo a modelli empirici, ma puntano alla risoluzionediretta dell’'equazionedi
Sdiredinger, che governain ultima analisi tutte le proprieta della materia. Tali tecniche
sonoparticolarmerte adatte allo studio di questi composti, e fornisconoin genererisultati
molto accurati. Il loro principale svantaggio consistenel grande costo computazionale

per questomotivo sonostate attivamerte utilizzate architetture di calcoloparallelo.



In tro duction

Optoelectronicsis a very active eld of Information and Communication Tedwnology.
The availability of lasers, photo-detectorsand optical ampli ers has in past yearsled
mary telecommunication equipmers to shift from cabletechnologytowardsoptical b ers.
Optoelectronics,moreover, hasbeensuccessfullyappliedin the eld of information storage
(as an example,DVD technology), and many beliewe that in the future it will equal, or

even overcome,current microelectronicsin the eld of data processing.

Traditionally, optoelectronicdevicesmade useof inorganic semiconductorsjike gallium
arsenideand indium phosphide. In last years, also other materials have beenexploited,
which allowed to circumvernt someof the limitations of the former; in particular, it was
possibleto cover also the smaller-wavelength regions of the visible (blue and violet),
with positive consequences.g. on optical storagedensities. Currently, much researt
is dewted to the fabrication of diodesemitting white light, becausesud deviceswould
immediately revolutionize the illumination technology market, thanks to their good power

e ciencies, at least one order of magnitude better than those of corvertional sources.

First in basicreseart laboratories,and then alsoin many companieshasbeenhowever
consideredthe ideato employ in optoelectronicscompletely new materials, derived from

carbon chemistry.

Organic semionductors indeed, o er distinct advantages,right wheretheir traditional
courterparts are weak: for instance, their synthesis and manipulation is comparatively

simpler and cheager.



They are held together by weak inter-molecular forces: this meansthat they are soft
materials, which don't su er from problemsrelated to strain of lattice defects, which
plague inorganic crystals. Furthermore, as a consequence®f 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 semiconductorswhoseprop-
erties are strongly in uenced by the crystalline structure, and thus do not resenfle those

of the constituert atoms.

Finally, the perhapsmost important characteristicsis that these materials can be de-
signa in orderto have pre-de ned properties: given a compound with a certain behavior,
it is often su cient to modify its chemical structure (functionalize it) to make this be-
havior change signi cantly. In this frame, a new discipline, Molecular Engineering is
deweloping; through a synergy of engineers physicists, chemistsand computer sciettists,

it will certainly leadin future yearsto a hugeimprovemeri of thesematerials.

In this Thesis,| descrike the work | have doneduring my Ph.D. at the National Nan-
otechnologyLaboratory directed by Prof. Roberto Cingolani, underthe tutorship of Dott.
Fabio Della Sala; my activity wasspeci cally oriented to the study of thesenew materials

through computer simulations with ab-initio techniques.

This term indicates simulation approades which avoid appraximate descriptions or
empirical models, but rather aim at the direct solution of the Sciroedingerequation, which
ultimately governsall properties of matter. Thesetechniquesare particularly suited for
the study of thesecompounds, yielding in generalhighly accurateresults. Their principal
drawbadk is the great computational cost: for this reason,parallel computing architectures

were actively employed.

Chapter 1 isanintroduction to organicsemiconductorswith emphasison their photo-
physicals properties; the basic quartum-medianical conceptsneededfor an ab-initio de-

scription of thesesystemsare alsotreated.

Chapter 2 coversthe major applicationsof thesenewmaterialsin the eld of optoelec-



tronic devices,evidencingadvantagesand shortcomingsof their useas a replacemen for
convertional (inorganic) semiconductors. Thiophene-derivatives the classof molecules

actively investigatedin this work, are alsobrie y descriked.

Chapter 3 showsin somedetail the principal theoretical approadesfor the calculation
of electronic and optical processesn organic moleculesthrough rst-principles quarntum

medanical considerations.

Chapter 4 dealswith the hardware and software tools actually employed for calcu-
lations. In particular, various types of parallel computing strategieswill be analyzed,
and it will be showvn that di erent implemertations of theoretical algorithms can lead to
di erent requiremens for computer architectures. The principal program padage used
for the simulations will also be descriked. Finally, someof the codesdeweloped 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-deriatives. In closecollaboration with the experimertal division of the Na-
tional Nanotedinology Laboratory, these studies led to signi cant improvemernts in the

performanceof optoelectronic devicesemploying 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 organic moleculeswhich
can be found in crystalline, poly-crystalline, or amorphousform. Organic moleculesare
held together by weak electrostatic and/or Van Der Waals forces: this makesthem soft
materials. As a consequenceheir optical and electronic properties resentle those of the
constituent molecules.It is worth noting that the set of organic semiconductorgs almost
in nite, beingalmostin nite the number of di erent organicmolecules.Furthermore, the
optical and electronic properties vary substartially from moleculeto molecule,and then

only someconceptsmay be assaiated to all systems.

1.1 Chemical description of organic molecules

Inorganic moleculesare moleculesnot cortaining 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 strongesthomologousnter-atomic bond. Besides

carbon, organic moleculesare mainly composedof hydrogen;other atoms, when preser,

11



are called ethelmatoms Organic chemistry [1] studiesorganic moleculeswhich 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 erent hybridizationg[1].

In gure 1.1 are reported somesimple organic molecules,in which di erent levels of

orbital hybridization give rise to di erent structures.

H
|_n| ™ 4
H c” N_ 7/ —
N7 " C ¢ H—C C—H
| H H
H
Ethane Ethilene Acetilene
tetragonal planar linear
sp® hybridization sp” hybridization sp hybridization
C-C bond: 1o C-Cbond: 1 + 17 C-Cbond: 1o +27

Figure 1.1: Simpleorganic moleculeswith indicationof their geometricalstructure, type of

cabon-cabon bond and orbital hylridizationinvolved.

Most organicmoleculesof interestfor optoelectronicsare conjugated molecules i.e. they
have alternating single( ) and double( + ) bonds. A typical exampleof this behavior
can be found in Benzene(CgHg, see gure 1.2). In this moleculeead carbon atom has
a sp? hybridization, involving three electronswhich form  bonds with the neighboring
atoms along the molecular plane; an additional electron exists for ead carbon atom,
which occupiesa p, orbital: theseelectronsform alternate  bonds with a neighboring

atom, asindicated in the left part of gure 1.3

The symmetry of benzene howewer, suggestdhat alsoanotherarrangemen of alternat-

ing bondsis possible,with ead singlebond replacedby a double bond and vice versa,as

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

segmers indicate carbon-carbon bonds.

12



H H

\C C'/
VAR

C—

\__/

T —

/ \

H H

Figure 1.2: Hypotheticalbond schemdn benzene.

Figure 1.3: Resonanforms of alternatesingleand doublebondsin benzene.

indicated in the right part of gure 1.3. In the valene bond theory, the correctdescription
of the moleculeis a linear superposition of the two (resonanj con gurations, ead having
1=2 probability. Adopting the commoncorvertion of indicating sud resonan bondswith

a full and a dotted line, we can plot them asin gure 1.4.

The bond order between adjacert carbon atoms is therefore (1)1 + (3)2 = 2, in the

senseof an expectedvalue. The dotted line, thus, indicates a kind of half bond.
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Figure 1.4: Commonnotation of delacalizedbondsin benzene.

1.2 Quantum-mec hanical description of molecules

1.2.1 The ab-initio approach

Molecules are systemssubject to the complicated laws of quarntum medanics. As a
consequencehey 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 methals aim at a description of molecular systemsthrough
the seard for (approximate) quartum-mechanical solutions of the certral problem (the
Sdredinger equation) which ultimately governs these systems. This approad has as
the signi cant advantage that in principle all properties of a system can be calculated
oncethe exact (or even appraximate) wave-functions of the correspnding Sdredinger
equationare known. This consideration,togetherwith the greataccuracyof the obtained
results, explainswhy most of current studieson properties of moleculesare carried out in

this way.

Most of the ab-initio approadiesto the many-electron problem (and speci cally those
employed in the current work) make use of someindependent-eletrons picture, where

ead electronof a complicated many-particle systemis seenasindependen of the others,

14



moving in the eld of a proper e ective potential which takesinto accourt all interaction
phenomena.When this formalismis adopted, ead electronresultsin a one-particlewave-
function onits own, calledmolecular orbital (MO). The completeN-particle wave-function

will then be related in some(sometimesnon-ohvious) way to the set of occupied MOs.

Each molecular orbital is usually indicated as ¥(r\), r« being the spatial coordinate
of the k-th electron, k = 1;:::;N. If the electronswere actually independen, then
K(r¢) would really have the physical meaningof a wave-function, with all correspnding
properties: for instance,j X(r)j? would be the probability of nding the k-th electron at

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

z
j ®(r)j2dr=1: (1.1)
In independernt-electrons theories, molecular orbitals are determined as eigenfunctions

of a proper Hamiltonian operator:

H = om’ 2+ Vet ; (1.2)

wherethe e ectiv e potential (extensiwely treated in chapter 3) hasdi erent expressions
in the di erent approades;independerily of its expressionhowewer, it tries to accourt
for the e ects of the external potential acting on ead electron (often due only to the

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

It is important to stressthat the description (and even the bare existence)of suth
a potential is by no meansa trivial point: at the momert, it hasbeengiven a rigorous
expressionn aformalismwhich is appraximate by de nition (Hartree-Fock description)[2
3], and appraximate expressionsn a formalism which, on the other hand is in principle

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

Oncegiven the e ectiv e potertial and then the e ectiv e one-particle Hamiltonian, one

can calculate the molecularorbitals as a standard eigervalue problem:

15



Fert '(ry=""'(r): (1.3)

As will be explainedin the following, molecularorbitals canthen be populatel in order
for the resulting many-body wave-function to satisfy particular conditions. The number
of electronsplacedin ead orbital is said its occupation numter, indicated (for the k-th

orbital) asny.

The resulting electron density (r), de ned asthe expected number of electronswhich
can be found at a particular position in spaceper unit volume[3],can then be calculated

as:

X
(N="nd “(nNi*: (1.4)

k=1
1.2.2 The ground state

The eigenstateof the Hamiltonian operator with lowest energyis commonly called fun-
damental or ground-state It is this state which determinesmost of the properties of a
moleculewhen no excitations are presen: for examplethe electron density, molecular

geometry dipole momert, etc.

In the independer-electrons picture, the ground state can be constructed by lling
single-particle molecular orbitals (starting from those with lowest eigervalue), according

to somerules[1]:

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

electrons,with opposite spins.

Hund principle: in caseof degenente orbitals (i.e. di erent orbitals with the same
single-particleenergy), electronsmust be placedin sucd a way asto Il asmany of
them aspossible,and all singly occupiedorbitals must hold electronswith the same

spin.

16



Spin is a fundamenal property of electrons,aswell as other elemettary particles. For
electrons,only two spin states are possible,indicated by the spin quantumnumlter m =

3

In most casesstable neutral moleculesare closeal-shel systemsi.e. they have an even
number of electronswhich can Il completely a certain number of molecular orbitals; in
this case whenno degeneracyof orbitals is presen, it is very simpleto populate molecular
orbitals: ead of the lowest 3 orbitals will be occupiedby two electrons(see gure 1.5),
onewith m = +% (indicated with an up-pointing arrow), and onewith m = % (indicated

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

A
2 LUMO
i
v
g A |
&3 —— HOMO
A |
I v
r
[ 7
(i |
I 7
A |
[ v

Figure 1.5: Occupationschemedor the closed-shelijroundstate of molecules.

In gure 1.5 alsoa number of orbitals with higher energiesare shown; these orbitals

remain unoccupiedin the ground-state con guration and are called virtual orbitals.

As will be shavn in next section, two molecular orbitals are of particular relevancein
photo-physical considerations:the occupiedorbital with highestenergy(HighestOccupied
Molecular Orbital - HOMO) andthe virtual orbital with lowestenergy(LowestUnoccupied

Molecular Orbital - LUMO).
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1.2.3 Excited states

Any other occupation scheme,in which also someof the virtual orbitals are occupiedby
oneor two electrons,can be consideredasrepreseting somemolecularexcited state. The
most important excited statesin discussionabout the optical properties of moleculesare

the lowest singlet and the lowest triplet states.

The rst singlet excited state can be represeted by an occupation schemein which
one electronis taken from the HOMO and moved onto the LUMO, without altering its
spin, asdepictedin gure 1.6;by symmetry considerations this operation canbe donein
two equivalent ways, dependingwhether the promotion involvesthe spin-up or spin-down

HOMO electron.

A

23 1 LUMO

i

)

g |

&5 ; HOMO

A |
[ v
A |
[ v
A |
I v
A |
[ 7

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

oneelectroninto a virtual orbital.

The rst triplet excited state, conversely is represeted by an occupation schemein
which an electronis moved into a virtual orbital, with spin ip , asdepictedin gure 1.7;

alsoin this casetwo equivalert con gurations arise.

Indeed, if we write the closed-shellground state as

18



1 LUMO

Energy

4 HOMO

<<t

‘1> 4>

<<

Figure 1.7: Occupationschemeor the triplet con guration arisingfrom the promotionof one

electroninto a virtual orbital.

o= 11 2 2555 W W (1.5)

then we canwrite the four di erent con gurations arising fromthe HOMO! LUMO

transition as

E o . E
jd= B =052 20 WL
. _E L E
jd= h = o2 2oL
_ _E L _E
jsi= F =12 2oL
_ E L E
j 4= B =T 1oz o2lh WL

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

states[8 9]; the rst setis formed by the following three states:

JTy b =] o 5 jTool =] sl +J 4l 5 JTeaad =] 4l (1.6)
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which aredegeneraten energy and hencecalledtriplets, while the other setis restricted

to the conmbination

JSool = sl ] 4l ; (1.7)
which is called singlet.

As will be shown in chapter 2, considerationsabout spin are of fundamenal importance

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

This description of molecular excitations is tightly bound to the independer-particle
formalism; indeed,only if electronswerereally independen 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 simplestapproximations to the exact excitations, which

are better descrilked by linear combinations of single promotions[1Q:

B ogeewrt
' Cij 2! Si: (1.8)
a S
It is important to note that in principle the above promotions of an electron could
involve whatewver pair of an occupied and a virtual orbital; for most organic molecules,
and particularly in thosestudied in this work, howewer, the optically active excited state

is often dominatedby the HOMO'! LUM O term.

1.3 Geometry of molecules

1.3.1 The Born-Opp enheimer appro ximation

All of the above discussionsand related equations,always referredto spatial (and spin)
coordinates of electrons, neglecting completely those of nuclei; in principle, howewer, a

complete quartum-medanical description of a moleculewould require also the latter to

20



be included. If this werethe case,the full wave-function would depend on both electronic

and nuclear coordinates:

i(X5; i XN R R) (1.9)

The choiceto concertrate on electrons(which simpli es things considerably)is due to
the Born-Oppenheimer approximation[11, 3] which statesthat the much larger massof
nuclei (with respectto electrons)allowsoneto solve the electronicproblemasif the nuclei

were xed at their positions in space.

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

functions:

i(X1 0 XN)IR R, (1.10)

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

the electronicenergyand the electrostatic repulsion energyamongthe nuclei:

2,2,

_— 1.11

i<j

This function of nuclear coordinates is often called Potential-Energy Surfae (PES); it
can, in turn, be usedfor the quantum-medanical (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 semration, and hencethe PES s a

function of this variable only.

1.3.2 Geometry optimization

Oncethe electronic problem has beensolwed (i.e. an approximation to the exact PES is

known) onecan calculate one of the mostimportant quartities in Molecular Engineering,

21



Potential energy surface for CO
1085 T T T T T
09 4
-109.5 b
MO |
m  -M05F B
b0
ey
§8 - -
—
13
o ;
S Es .
Equilibrium
121 distance 4
-125 ‘
-113 B
1135 1 ] ] ] 1
0.5 1 15 2 25 3 35
Bond length (Angstrom)

Figure 1.8: Potential-EnergySurfacefor the CO molecule.

the equilibrium geometry of a molecule,i.e. that particular set of nuclear positions which
minimizes E*, or equivalertly 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 variableg; many algorithms have beendeweloped for this task, e.g. the
gradient methal. While conceptually simple, howewer, the so called geometry optimiza-
tion is quite demandingfrom a computational point of view, asit requiresa complete

electronic-structure calculation at ead step of the minimization procedure.

Many tricks have beenproposed,which are peculiarto the eld of quantum chemistry,
sudh asfor instancethe useof internal coordinates which are an alternative expressiorfor

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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expresse@sa setof inter-atomic distances(bond lengthg, anglesamongthree atoms(bond
angleg and dihedral anglesamongfour atoms; this approad speedsup the optimization,
becausethe modi cation of a single internal coordinate (e.g. a dihedral angle between
two bondedrings in an organicmolecule)causesa simultaneouscollective motion of many

nuclear coordinates.

1.3.3 Molecular vibrations

As with all equilibrium phenomenaalsoin the eld of nuclearmotion the notion of small
oscillations arises. In fact, nuclei in the vicinity of an equilibrium position experiencea
nearly-paralolic PES which can give rise to vibrations. The so-calledvibrational normal
modes which descrile these oscillations around equilibrium positions, are obtained as
eigervectorsof the second-deriative (Hessian)matrix of the PES with respect to nuclear
displacemets. Eacd sud eigervector is a linear combination of nuclear displacemets,
which feelsa parabolic potertial and is independert of other normal modes. In thesecon-
ditions, the simple quantum-medanical theory of the harmonic oscillator can be applied,

yielding the correspnding wave-function for nuclear coordinatesin analytic form.

From the energeticpoint of view, this partial inclusion of nuclear degreesof freedom
yieldsasa consequencéhat a vibrational energywill be addedto electronicenergy giving
rise to a manifold of vibronic levels with small additional energiesas comparedto the

electronic states.

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 moleculeswhich are not strictly planar, often have

subsetsof atoms (the so-calledrings) which are appraximately planar.
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Most molecularorbitals of planar moleculescan be classi ed asbeing of 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 p, atomic orbitals (with the z axis beingdirected perpendicularly to the molecular

plane), and are responsiblefor the delocalizedbonds.
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Figure 1.9: Typicalrelativepositionsof occupiedandvirtual  and typemoleculaorbitals

in plana 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(ultraviolet transitions, not interesting for usual

optical applications).

In the usual single-electronpicture, there can be four di erent kinds of excitation®:
! , ! , ! and ! . The transition dipole momen 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[1]. Theseexcitations are therefore almost impossibleto obsene in an absorption

spectrum.

For ! and ! , on the other hand, the transition dipole momern lies on
the molecular plane, and its amplitude can be large, depending on the involved orbitals.
As ! transitions have large excitation energies,the only excitations interesting in

optoelectronic applications are thereforeof ! nature, with high oscillator strength.

1.4 Optical pro cessesin organic molecules

A moleculecan interact with light in seweral ways; the set of these phenomena,their
probabilities and relative intensities is known as optical or photo-physial properties of
the consideredsystem[1]. Some of the most common processesare sketched in the
Jablonskydiagram, depictedin 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
thosein the visible range of the electromagneticspectrum), usually are limited to these
states;togetherwith ead electronicstate, small horizontal linesindicate the manyfold of

vibronic levelscoming with it.

1.4.1 Radiativ e pro cesses

Electronic transitions which give riseto absorptionor emissionof light are calledradiative
processes The simplestinteraction is absorption of photons, which causeghe transition
from the ground-state Sy to the rst singlet excited state S; or one of the higher singlet
excited statesS,; Ss; : ;.. In order for absorptionto take place,the incoming photon must
have an energyequalto the energygap betweenthe two involved electronic states, and

thesestates must have the samespin multiplicit y (i.e. both singletsor both triplets) “.

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

cannot couple states with di erent total spin quantum number.
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Figure 1.10: Jablonskydiagramof the typicalphoto-physicaprocessesn organicmolecules.

Complimentary to the optical absorption is the emission process,also called lumines-
cence or uor es@ne. In this case,a previously excited moleculelosesits excessenergy
falling badk to its fundamertal state. The emitted photon hasenergyequalto the energy
gap betweeninvolved states: usually, the photon emissiontakes place from the lowest
vibronic level of the rst singlet excited state S;, becausehigher excited states rapidly
emit excessenergy by internal corversion non-radiative processesthus relaxing to Sy,

which then decys.

An interesting feature of uorescenceis that emitted photons always have lower energy
(longer wavelength), with respect to the absorbed ones: this di erence, called Stokes

shift, is induced by geometricalchangesthat the moleculeundergces, oncebrough to an

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

Similarly, an increaseof photon energyis called blue-shift.

26



excited state. Indeed, ead excited state hasits own potential-energy surface,which in
generalis di erent 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 speaksin this caseof non-radiative processes One kind of non non-
radiative transition, Internal Conversion (IC) was already 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: excessnergy
is transferredin the form of nuclear vibrations, becausehe nal state is always in one of

its high vibronic levels.

The other important non-radiative processis Inter-System Crossing (ISC). This is sim-
ilar to the previous, but involves states with di er ent spin multiplicities : typically, the

rst singlet excited state S; decas into one of the lowest triplet states, T; or T,.

This phenomenoncan happen only when the Hamiltonian operator dependson elec-
tronic spin, as for examplewhen the spin-orbit coupling [8, 9, 12] is taken into accourt.

Otherwise quantum-medanical 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:

ji=" ajfi+ b | (1.12)

This e ect is presen in all moleculesput 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

27



possibleto characterizeead molecularstate as nearly-singlet (when a; >> Iy) or nearly-
triplet (whena; << Iy). Inter-systemcrossingtakesplacebecausethe rst 'singlet' state
S, is actually a linear conbination asin 1.12,and soa mixing with the rst ‘triplet’ T; is

no longer strictly forbidden.

Oncethe excitation hasreahed the (lowestvibronic level of the) T; state, it canresult
in emissionof radiation becauseT; itself has an expressionof the form 1.12, and thus
spin-orbit e ects couplethis state to the singlet ground-state Sy; this alternative emission
processis called phosphoes@ne. Under normal circumstances,selectionrules strongly

suppressthis transition, and hencephosphorescencdecy times are very long.

Radiative and non-radiative decg-channelsrepresen di erent routesfor the energetical
relaxation to the ground state. Each of theseprocesse$asits own prolability to happen:
in a large sample,hence,similar moleculeswill undergodi erent processes.The amourt
of moleculesdecging in oneway or another dependson the relative decgy probabilities,
or equivalertly by the inverse quartities, the decay times. One can speak of radiative
decay time asthe meantime a moleculestays in an excited state before decging with
emissionof a photon; analogously the non-radiative decay time is the meantime required

for a non-radiative transition.

The overall deca time, independerly of the actual processinvolved, can be simply

calculated as

_ = — 4+ — (113)

The Photo-Luminesene Quantum E ciency (PLQE), de ned asthe number of emit-

ted photons per unit transitions, is

pL= —& (1.14)

It is the competition among radiative and non-radiative decgy processesand hence

its PLQE, which ultimately makes an organic material more or lesssuited for optical
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applications: non-radiative deca/s generallyend up in an increaseof molecularvibrations

(heat), and hencethey only waste energyin actual devices.

1.4.3 Quantum-mec hanical description of the absorption pro-

Cess

In a measureof the absorption spectrum of a moleculein solution, onemeasureghe ratio
betweenthe optical intensity | (! ) transmitted through the sample,and the total injecting
optical intensity 14(! ); becauseof the absorption by molecules,one obtains a relation of

the form

(1) = lo(!)e wsind (1.15)

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

cuvette, and s is the photo-absorptioncross-setion.

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

relation:

ass(! ) = %: (! ) . (1.16)

The complexpolarizability is given by

1 1
h',+i , hl +h,+1,

X . .2
(1) = ia daj® o ; (1.17)

n

where the summation is extendedto all the excited states| ,i of the system, eah
having energyh! ,; | isaline-broadeningfactor, which takesinto accourt e ects like the
nite lifetime of excitation, collisions,Doppler e ect[13]; § is the direction of the applied

electric eld, and d, is the transition dipole moment, given by
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do=h ojerj ni ; (1.18)

wherej oi is the ground state andj ;i is the i-th excited state.

From equation1.17,we canobsenethat in orderto be absorked, the incomingradiation
must be polarized along the transition dipole momert, whosedirection strongly depends

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

From equationsl.15and 1.16, we can write the absorption cross-sectioras

41 X .
ass(! ) = e i dnj? : - ; (1.19)

N (h'  hi)?+ 2 (h! +h )%+ 2

which, when |, = 0, reducesto

4 21 X
c n

ass(!) = i doj?( (Mt hly) (! +hty) (1.20)

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

directions of §, thus obtaining

2 %he? X

o fo( (N h'y) (! +hty) (1.21)

ass(! ) =

wherethe adimensionaloscillator strengthis de ned as

fo= S—he!n i oixj wiiZ+jh ojyj aii?+jh ojzj Wij® (1.22)

The absorption cross-sections hencecharacterizedby a seriesof lines (or, when |, > 0,
Lorentzian functions) certered at the excitation energiesand with intensity equalto the

oscillator strengths.

We note that under the sameconditions (isotropic radiation and , = 0), alsothe real

part of the complexpolarizability is completely de ned by the sametwo quartities:
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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; nonethelessthese
materials su er from signi cant drawbadks: they are very expensiwe to synthesize and
di cult to process;furthermore, their engineeringat the atomic scaleis subject to con-

straints due to the crystalline structure.

Molecular materials, on the other hand, have distinct advantagesin all of theserespects:
they are very simple and cheapto synthesizeand process,and, what is most important,
they can be modi ed in almost unlimited fashion, thus tailoring their optical properties
accordingto the speci ¢ needsof di erent applications. Furthermore, the performanceof
organic semiconductors-basedevicescortinuesto improve as long as basic and applied

researt 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 electroluminescen devices (Organic Light-Emitting Diodes - OLEDs) , an
organic semiconductor(active layer) is embeddedbetweentwo electrodes,the anade and

the cathade, asshowvn in g.2.1.

e

Cathode

+

I Active Layer

Anode

Glass

i

Emitted Light

Figure 2.1: Typicalstructureof an organicLight-Emitting Diode.

The energeticlevels of this device under normal operation are shavn in g.2.2. The
anode must have a large work function (energyneededto add or remove an electronfrom
the metal) Wy, 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 ciently

inject negative charges(electrons).

A common choice for the anode material is Indium-Tin oxide(ITO), which allows for
a good injection of holesand is transparert 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 oer a good performance. This happens becausein
orderto have a good injection of electrons,it shouldbe W¢ Lum o, for thosematerials,
howewer, it turns out that We < _ymo, and hencea high voltage bias is required for

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

To circumvert this situation, it is either neededto raise W¢ or to lower ymo; the
rst result can be obtained by using a proper layer of dipolar material (e.g. LiF ), which
inducesa potertial drop betweenthe cathode and the active layer. The secondresult can

be achieved by choosinga di erent 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 movemen,
occupy the LUMO of di erent molecules;holes,on the other hand, occupy the HOMO.
When the samemoleculehostsan electronand a hole, its situation is analogueto that of
an isolated excited molecule,which canthen decy to its ground state with emissionof a

photon.

This is howewver 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-medanical 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 molecule has only % probability of being in a singlet state; then, the
maximum theoretical quantume ciency of electrically injected deviceswill be limited to

that value.

Howewer, spin considerationsare not the only factor limiting the overall e ciency of
actual devices;indeed, the total quantum e ciency for light generationinside a diode

(also called internal quantume ciency ) can be expressedsthe product of three terms:

where is the ratio betweenthe number of excitonsformed inside the deviceand the
number of electronscirculating in the external circuit, rg, = 0:25 the fraction of excitons

which can decg radiatively, and q the e ciency of the radiative decy 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 device are related to many factors, like the
refraction of light emitted at the interfaces,or non-radiative coupling betweenexcitonsin

the active material and excited states of the metal cortacts[14].

Figure 2.1 reported the scheme of a single-layer organic LED. It is howewer possible
to think at di erent, more complicated multi-layer structures, which turn out to be very
usefulto increasethe deviceperformancé. Thesedevicescan be consideredthe organic
analogueof the commonly employed inorganic hetelostructures; it is important to note,
howeer, that organicheterostructuresdon't su er from problemsrelatedto strain, lattice-

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

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

combination of layers emitting di erent colors; this topic will be treated in section5.3.
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functionality of their inorganic courterparts; this favorablebehavior is dueto the weakness

of inter-molecularinteractions in typical organic compounds.

The typical structure of actually fabricated OLEDs is reported in gure 2.3. In this
stheme, two new layers appear: the Electron transprting layer (ETL) and the Hole
transporting Layer (HTL), whosepurposeis to improve electric and optical con nemen,
avoiding carrier reconbination in the vicinity of electrades; as for the active layer, also
for the ETL andthe HTL, many di erent materials can be chosers.

—

Cathode

Electron transporting Layer

Active Layer

I Hole transporting layer

Indium-Tin Oxide

Glass

111

Emitted Light

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

transporting layers.

Organic LEDs are starting to compete with their inorganic courterparts (based on
GaAs or nitrides)[15, 16] with respect to performanceand stability. 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 henceresistart[17]. Organic displays are a good alternative to Liquid Crystal

20ften only the HTL is actually preser, the ETL coinciding with the active layer itself.
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Displays (LCDs), and at the momen found applications in mobile phones, car-radios,
calculators and monitors from some of the major consumerelectronics providers (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 cortrolled by
amorphous-Silicontransistors[20,21, 22] or also by organic transistors (seesection 2.4),

thus realizing fully-organic displays.

2.2 Solar cells and photo-detectors

Organic LEDs are designedin order to maximize the formation of excitonsfrom recom-
bination of injected charge carriers, and hencethe electro-luminescencesolar cells and
photo-detectors,on the other hand, work by exploiting the inverseprocess:exciton dis-

scciation 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 diuse until somedis-
saiation center is reathed, wherethey are separatedin the correspnding free charges:
electronsand holesare then transported by the electric elds. This processis di erent

from what happensin OLEDs, where photon absorption directly createsfree carriers.

In orderto improve the photo-voltaic e ect, it isimportant to maximizethe dissaiation
probability of excitons;this can be adchieved by embedding proper quenchingcenters in
the active layer. Better performancecan be achieved by exploiting the photo-indued

chamge transfer processdescriked in the following.

Consider a donor moleculeD (i.e. a moleculewith low ionization potertial) in the
vicinity of an acceptor moleculeA (i.e. with high electronanit y): then whenD is in
an excited state (seeupper panel of gure 2.4), it can transfer its LUMO electronto the

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

negative charge: thus a charge-transferinduced by optical absorption is obtained.

LUMO

HOMO —T—

A
41— LUMO
—H— HOMO

Figure 2.4: Photo-inducedchage transfer mechanismin the upper panel,the exciteddona
molecule(D ); in the lower panel,the resultingchage transfer,with the positivelychaged

dona molecule(D*) andthe negativelychagedaccepto molecule(A ).

In gure 2.5is reported the typical schemeof a photo-voltaic or photo-conductive de-
vice. The absorbed radiation createsexcitonsin the donor layer, which dissciate at the

interface betweenthe donor and the acceptorlayer.

The corversione ciency of typical organic solar cellsin of the order of 1-2%[23, but
their low costand 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 also be applied as non-linear optical materials. Thesematerials,

characterizedby a high second-ordethyper-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 are of fundamertal importancein optical
communications, becausehey allow the electrical modulation of an optical signalat very

high frequencieq10-100GHz)[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 sthemeis calledbottom-contact becausedrain and sourcecortacts are embeddedin
the organiccrystalline Im. The gate-e ectis realizedby a highly-doped Silicon substrate,
which allows a good electric cortact with the gate electrade. A negative gate biasinduces
an accunulation regionin the (p-type) organic Im, thushighly increasingits conductivity

(on-o ratios canbe ashigh as10?). Many organicsemiconductorshave beenemployedin
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Figure 2.6: Typicalstructureof an organic Thin-Film-Transisto.

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

(T6), which have a high mobility value.

It is important to note that the highest mobilities obtained so far for pure crystalline
organic semiconductorsare of the order of 1-10cm?=Vs, thus from two to three ordersof

magnitude lower than those of inorganic materials like Silicon or Germanium.

Hence,OTFTs are not suited for high-performanceapplications;they are however com-
petitive 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 OLEDSs.
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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
device characteristics, and the active layer properties must be carefully optimized. The
device structure, for instance, can be modi ed by using di erent cathodes and charge-
transporting layers, in order to improve and balancethe chargeinjection in the emissiwe

layer.

The active material, on the other hand, must be chosenwith good intrinsic properties.
To that end, much attention hasbeendewted to the classof thiophene-derivatives Thio-
pheneis a ve-membered ring composedof a skeleton of four carbon atoms and a sulfur

atom, as depictedin gure 2.7.

Figure 2.7: The thiophenemolecule.

The simplest menbers of this ewver-increasingclassof compounds are oligothiophenes
chain-moleculesobtained by joining two or more thiophene monomerswith bonds on
the carbon atoms* (in gure 2.8 a represemative oligomer is shawvn); in the limit
of an in nite number of thiophene units, the correspnding polymer (poly-thiopheng is

obtained.

3In gure 2.7, aswell asin all other similar pictures, dark, greenand white spheresrepresen carbon,

sulfur and hydrogen atoms, respectively.
40Organic chemistry nomenclature is generally quite obscure;for the thiophene ring, howewver things

are simple: the -carbon is the carbon atom adjacert to the sulfur; the -carbon is the next onein the

ring.
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Figure 2.8: Ter-thiophenethe oligo-thiophenavith three monomers.

Other important starting points for further functionalizations are the benzo-thiophene
obtained by joining together a thiophene-and a benzene-ring,as depictedin gure 2.9,
and di-thieno-thiophene in which three thiophenerings are fusedtogetherto form a rigid

structure® (see gure 2.10).
g

Figure 2.9: Benzo-thiophenea thiophene-derivativeomppsedof a thiophenering fused

togetherwith a benzeneing.

Oligothiophene-base@ompoundsturned out to be materials of choicefor the fabrication

of organic devicesbecauseof their many favorable properties:

High chemical stabilit y: thiophene compounds su er comparatively lessfrom

commonproblemsa ecting organic materials (e.g. oxidation in air) which leadto

5This molecular structure can equally be seenas either a ter-thiophene with the three rings collapsed
in a planar tightly-b ound arrangemen, or as a bithiophene molecule with an additional sulfur-bridge

joining the two main rings
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Figure 2.10: Di-thieno-thiophenea thiophene-derivativebtainedby the oligo-thiophenavith

threemonomers.

a rapid degradationof the fabricated devices.

Easy pro cessabilit y: thiophenesare easily solublein common organic solverts,
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 5it will be shovn
that this procedure,when carefully optimized, canleadto signi cant improvemeris

of the optical properties of thesematerials.

Wide color tunabilit y: by meansof proper functionalization, absorption and
emissionwavelengthsin these moleculescan be carefully tailored, and indeed an

almost complete coverageof the whole visible spectrum was obtained[26 27].

Thesevery good properties, however, are not su cient to ensurethe commercialvia-
bility of organic devicesbasedon thesecompounds: it is in fact necessaryalsoa detailed
comprehensiornof the key factors which limit the performanceof actual devices,as well
asa thorough understandingof the e ects of ead type of functionalization; in this frame,
ab-initio calculations turn out to be essetial, by virtue of the great accuracy of their
results. In chapter 5 someapplications of thesemethods will be preserted, which allowed
for a deeper insight in the photo-physicsof thesesystems,and resultedin the fabrication

of deviceswith record performance.
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Chapter 3

Theoretical tools

This chapter deals with the theoretical methods employed to obtain a solution of the
certral problem of ab-initio molecularengineering.the Scredingerequation, which com-

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

3.1 The electronic structure problem

Whereasin chemistry a moleculeds seenasan arrangemen of atoms and chemial bonds
its quantum-medanical[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 solwe the full Schredinger equation'.

H i(Xy:ihxn) = B (X i Xn) s (3.1)

where H is the Hamiltonian operator and ; is its i-th correspnding eigenstate. It
is these eigenstateswho completely identify the molecular behavior: for instance, the

eigenstatewith lowest eigervalue E; is the ground state wave-function o(Xy1;:::;Xn),

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

corresponding spin coordinate m;
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which descritesall the properties when no excitations are presen, like for examplethe

moleculargeometryor the electric dipole momert.

If we considera moleculeas an ensenble of N electronsat positionsri;(i = 1:::N)
and Q nuclei with chargesZ, at positionsR;; (I = 1:::Q), then the total Hamiltonian

operator for this systemwill be expresseds

Nop o, MRz N e

H = r
=1 2Me

: : i _ 3.2
== R T g N ) o

where e is the chargeof an electron, m. its massand M, the massof nucleusl. The
rst term in the above equation represeis 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, eat their collective wave-function must

satisfy the anti-symmetry requiremert

(rnXprnxgrn) = (CrnX s X, (3.3)

I.e. changeits signupon interchangeof any pair of variables. This condition is frequertly
expresseavith the Pauli exclusionprinciple, stating that two electronscannot occupy the

samestate in spaceand spin coordinates.

If we now considerN one-eletron orbitals, and indicate them with 1; 5;:::; N, cOn-
dition (3.3) is satis ed by a Slater determinant, which is a suitable linear combination of

products of theseorbitals:

1(X1) 1(x2) i a(Xn)
(Xp i) = p% 2(.X1) 2(.X2) 2(?(N) ; (3.4)
n(X)  N(X2) it Nn(Xn)
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for the well known property that the determinart of a matrix changesits signwhentwo

rows or columnsare interchanged.

Slater determinarts are the simplestpossibleanti-symmetric N-variable functions; they
arenonetheleswery important, asit canbe actually demonstratedthat eachanti-symmetric

function can be decomposal into a linear combination of Slater determinanty2].

Furthermore, a Slater determinart naturally arisesas the solution of the electronic
structure problem, when the independer-particle approximation is done. As introduced
in chapter 1, in this approad the complicated problem (3.2) is replacedby N simpler

one-particle problems:

2

Zh—mr 201y + Vs ()= 1 (r) ; (3.5)

where V¢ 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 eectiv e potential

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

basically in how the electron-electroninteraction is accouried for.

A rst classication can be done, depending on whether ¢ is local or not; a local

potertial actson its argumert function asa simple multiplicativ e factor:

Vert (1) = Vet (r) (r) : (3.6)

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

longerlocal:

Z
Vet (1) = Vers (r;17) (r)Pr’; (3.7)
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in this casethe two-variable function Ve (r; r°) is often called the kernel of Ofo .

Independerily of its actual expressionwhich di ers amongtheories,this generickernel
is usually decompmsedinto the electron-ruclei interaction potential, which is always local,

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

Xz

T Vie (1 17) (3.8)
1=1

Verr (r;1°) =

This kernel Vi (r;r°) is responsiblefor the description of three e ects: the electrostatic
interaction of an electronwith all the other electrons(Coulomb), the exchangenteraction,
which hasno analoguein classicalmedanics,and the e ects of electron correlation[2, 3].
Sincethe external potential dueto the interaction with the nuclei is determinedoncethe
molecular geometry is given, the real challengeis to devisea reasonableexpressionfor

Vixe (15 1°).

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 seartesfor the best possiblesingle-Slater-determinant
appraximation to the exact many-particle ground state wave-function, in a variational
sensethis meansthat thosesingleparticle orbitals HF are constructed, which minimize

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

By carrying out the variational seart [2, 3], a Coulomb-exdhangepotertial is obtained,

which can be written as

Vuxc(r;ro) = Vu(r) (r ro) + Vx(r;ro) : (3.9)

In this expressionV,(r) is the (local) Coulonb potertial , which can be expressedas
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Z 0.
_ (r) s.o.
Vy(r) = € T rojd r; (3.10)

while V(r) is the (non-local) excdhangepotential , which can be expressedas
X k(r) k(r°
V()= @ ) 1), (3.11)
‘ jirorj

ng being the occupation numbers.

An important feature of thesetwo potentials is that they are expressedn terms of the
molecular orbitals, which in turn can only be calculated oncethe e ective potertial is
known. Therefore, the Hartree-Fock equationsmust be solved self-onsistently, leading

to an iterative procedure:

1. Initial guessof the occupiedmolecular orbitals;
2. Calculation of the new e ectiv e potential basedon current orbitals;
3. Determination of new orbitals accordingto the currert e ectiv e potertial;

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

above a given threshold value.

The nal e ectivepotertial acting onthe electronsis called Self-Consistent~ield (SCF).
This iterativ e approad is commonto almost all methods basedon one-electronorbitals

and e ectiv e potertials.

The orbitals found in this way are calledHartr ee-Fock orbitals and have someinteresting
physical meanings. It can be demonstratedthat the ionization enemgy, i.e. the energy

required to remove an electronfrom orbital * can be approximated as

= k> 0; (3.12)

the minus sign accourting for the negativity of the occupiedorbitals eigervalues. This

result is known as Koopman'stheorem. The most important ionization potential is the
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onereferringto electronswhich occupy the HighestOccupiedMolecular Orbital (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 assumeghat all other orbitals in the positive ion are left un-
changedby the removal of , which is certainly a crudeapproximation. Furthermore, the
ionization potential calculatedin this way will not equalthe exact (experimertal) value,

becauseof the inherert appraximations in the Hartree-Fock procedure.

The HF wave-function is in fact only a single Slater determinart (although the best
one), whereasthe exact many-body wave-function will be in generala linear combination
of many determinarts; all thosefeaturesof the true wave-functionwhich are not takeninto
accoun by the HF procedureare collectively known ase ects of the electron correlation|[2,

3.

Another important physical quartity is the electron a nity , de ned asthe energywhich
is releasedwhen an additional electron is captured by a molecule, which in this way
becomes negatively-chargedanion. As donebefore,a rst approximation to this quartit y
can be obtained by letting the additional electron occupy one of the HF unoccupied

orbitals, all the others staying unchanged:

Ay = K - (313)

The most common choice for the evaluation of (3.13) is to put the additional electron
into the lowestunoccupiedHF molecularorbital (LUMO). Note that, unlike the ionization
potertial which is always positive for stable moleculesthe electrona nit y canbe positive
or negative, depending on the stability of the correspnding anion. It must be stressed
that (3.13) often gives poor results, sometimeseven with the wrong sign; this happens
becauseéhe e ects of electroncorrelation are strongerfor 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 potertial is expressedas

Vixe (F;7)) = (Vu(r) + Vie(r)) (1 1) (3.14)

l.e. it is fully local; more importantly, this method is in principle exact, yielding the
true ground state energyand properties, with full inclusion of electron-electroncorrelation
e ects. In practice, howewer, the so called Exchange-Corelation (XC) potertial is not
known, evenif it hasbeendemonstrated[4] to existsand dependonly on the exactground
state electrondensity (r). This dependences very important, becausehe density itself
dependson the orbitals usedin the one-particle description (seeequation 1.4): hence,
like in the HF sdheme, also DFT-based calculations require a self-@nsistent iterative

approad:

1. Initial guessof the occupied molecular orbitals;

2. Calculation of the new electron density basedon current orbitals;

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

4. Determination of the new orbitals accordingto the currert 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 potertial Vi, canbe decommsedinto two parts, respectively accourting for the
exchangeand correlation e ects: V. = Vi + V; in particular, the local exdhangepoten-
tial hasbeengiven a correct expression,while the correlation part is almost completely
unknown, though some appraximations exist; one fortunate aspects of DFT is that it

is quite robust in the sensethat also appraximate e ectiv e potertials often give results
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which arein acceptableagreemenwith experimerts, or other sophisticatedcomputational

approades.

The mostusedappraximation for the exchange-correlatiorpotential is the Local-Density
Approximation (LDA), where the potential is a local function of the electron density

[7, 6, 10Q:

Vie = VIPA(C (1) ; (3.15)

and vtPA( ) is in generala complicated non-linear function. The expressionfor this
appraximated e ectiv e potential wasderived[7] by consideringa simple systemwhich can

be accurately solved, the homaen®us electron gasin which (r) is constart.

In DFT the orbital eigervalueshave no direct physical meaningas outlined above for
their HF courterparts; only the HOMO eigervalue can be interpreted as the correct

ionization energy including the e ects of electron correlation [28, 29].

3.3 Computational approac hes

The two methods intro duced above can be implemerted in many fashions.In both cases
3.5 are integro-di erential equations, and this makes them in generalvery dicult to
solve analytically; for this reason,the most commonprocedureis to expandthe unknown
orbitals in a suitable basis-set,turning the problem into an algebraic problem with the

coe cien ts of the expansionas unknown quartities [30].

A common choice for the basis set is the use of Gaussian functions [2, 31] certered
at the atomic nucle?; they have proved very useful, especially becausethey allow an
analytical calculations of all of the integral quartities 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 implemertations, all of the occupied orbitals are treated in this way,
and onehasonly to specify the nuclear positions, the number of atoms and the employed
basisset. Thesecalculationsturn out to be very expensiwe, and so only small molecular
systems(of the order of 100 atoms) can be treated; with DFT-LD A this limit can be
somewhatlifted, but in generalno more than 300 atoms can be simulated with good

accuracy

In orderto overcometheselimitations, many other approadeshave beendevised,which
partially deviatefrom the formal proceduredescriked above, by making approximations in
di erent placesof the algorithm: theseare known assemi-empirial tight-binding methals.
The most known of them is the Heckel theory, whereonly -type orbitals are considered;
in its extendedversion,all valenceorbitals and a non-orthogonalbasisare employed (Ex-
tendal Huckel Theory). More sophisticated semi-empiricalapproadies have successfully
beendeweloped: 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-electronintegrals, but
estimate their value by proper parametrizationsbasedon a t of the experimertal values

for a set of selectedmolecules.

3.4 Excitation energies

In section1.2.3it was shavn how one can build crude appraximations to excited singlet
and triplet states. In this sectionit will be shavn how one can improve upon that and
calculate better approximations to the excitation energieswhich are key quartities in the

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

In the spirit of the single-particlepicture discussedn 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 independen, this procedurewould

yield exact excitation energiessimply asdi erences of orbital energies:

ES = ET = LUMO HOM O : (316)
where the most common excitation is considered,i.e. that from the HOMO to the
LUMO; theseenergydi erences are usually called single-farticle enelgy gaps

In the independent electronapproximation, then, singlet and triplet stateswould have
the sameenergy;in the HF and DFT schemeshowever, electroninteraction is takeninto

accourt (up to a certain degree),and sothesetheorieslead to di erent expressions:

ES= LUMO HOMO ‘]HL + 2KHL (317)

and

ET — LUMO HOM O ‘JITL : (318)

whereK . represets the exchangenteraction betweenthe two orbitals:

4

KhL = H(r) o(r) L

0. 0. 0
T p(r) L(r)drdr (3.19)

andJy ,J[]| arequartities which aredi erent in the HF andin the DFT-LD A schemes;

in the former case:

z o 1
JuL = H(r) L(r)jr ]

H(r) L(r)drdr”; (3.20)
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while in the latter:

Je= o a® OMACE) o) (Odrar (3:21)
and
z 0, 0
W= dndre w(n) LM () () C(Ddrdr”; (322)

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

It is important to note that the exdcange interaction energyis always positive, and

hencesinglet states always lie above the correspnding triplet states.

3.4.2 Ab-initio theories for excited states

Excited states are formally de ned by quantum medanics as the eigenfunctionsof the
full N-particle interacting Hamiltonian of (3.2). Therefore,it is not su cient to consider
a single excitation asdoneabove: asalready introducedin section1.2.3,an excited state

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

A commonly usedextensionof the DFT which treats excitation energiesis the Time-
Dependent Density-Functional Respnse Theory (TD-DFRT) [36, 37, 35, 38, 39]. As for
ground-stateDFT, the certral role is playedin this theory by the electrondensity; indeed
it starts from the linear response of the time-dependen electron density n.(r;!) to a
small time-dependent variation vy(r;!) in the external potertial. Thesetwo quartities

are related by the formula[35:

Z
n(r;t) = (e )va(rs ! )dr’ (3.23)

(r;r%1) being the linear response kernel, whosepolesin the Fourier spacecan be

demonstratedto equalthe exact excitation energies.
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Thesepolescan be calculated by solving the eigervalue problem[36 37, 39:

p— p

ab st( S a)2 +2 S aWas;bt b t Fti)t =1 izF;Ls ; (3-24)
bt
where
z ez 0 0 0
Was;bt = We?s;bt = 2 a(r) s(r)jr I’Oj b(r) t(r )drdr
z dvip A
+ a(r) s(r) . ( (r)) or) «(r)dr

in the caseof singlets,and

4
Wast = Wagee = a(r) s(r)m( (1)) o(r) «(r)dr (3.25)

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

It is worth noting that if in (3.24) we only consideran occupied orbital (the HOMO)
and avirtual orbital (LUMO), andwe have Wy << UMO  HOMO '\we obtain again

expressiong3.17) and (3.18).

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

S 2

hajrj i SI_ A2Fl. (3.26)
=

_2me, X

fl= Ly
3 h as

Another method for the estimation of excitation energiesand oscillator strengthsis the
Intermediate Neglect of Di er ential Overlap with spectros®pic parametrization and Sin-
glesCon guration Interaction (INDO-SCI) [40,41, 42]. This is a semi-empiricalHartree-
Fock-like method where orbitals 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 usual HF theory, but ma-
trix elemerts are not calculatedanalytically, but estimatedby meansof empirical relations

tted on a set of referenceorganic molecules.
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The CIS technique consistsin the description of a generic excited state as a linear
combination of Slater determinarts obtained from the ground-state referenceby means

of single promotions of an electron from an occupiedorbital into a virtual orbital.

This resultsin an eigervalue/eigervector problem[ wherethe eigervaluesare the ex-
citation energies! ; and the eigervector elemerts are the coe cien ts of the linear conbi-

nation itself; for singlet excited states, the equationto solwe is:

( ab st( 5 a) + Z(Sajbt) (Stjab)) Fl.)t = iFails ; (3-27)
bt

whereasfor triplets the equationis:

(ast(s a) (stiaD)Fi="Fl; (3.28)
bt

in both cases

ZZ
(ij jkI) = i(r) j(r)jr ezroj

() ((r)drdr’ (3.29)

Also in this case,if in the above equationswe only consideronly a single occupied
orbital (HOMO) and a single virtual orbital (LUMO), we fall bak to the approximate

valuesof equations3.17and 3.18.

The appraximations with respectto the standard HF schemeare donein the evaluation
of (ij jkl) terms. In the LCAO formalism '(r) = P ¢ (r), and hencethesequartities

are expresseds linear combinations of analogousquartities involving atomic orbitals:

(ij jkI) = X cdcdd( j ): (3.30)

Thesequartities ( j ) canbe appraximated as[4Q 41, 42

(7 )= (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 distanceR sg , accordingto

the Mataga-Nishimoto expression

1:2
(AB)= g5 —
s T Res

: (3.32)

in which ¢ is obtained as the di erence betweenthe experimertal ionization energy

and the experimental electrona nit y of atom K:

k = Ik Ax: (3.33)

Finally, the oscillator strength is obtained[d as

2

2Mey % i) SiEL (3.34)

fi= I
3h '
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Chapter 4

Hardw are and software tools

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 appraximations; this is
in cortrast with most empirical approades, where usually only someof theseproperties
are accessible.Moreover, ab-initio results have proved to be so accurate, that in some

caseghey are even employed to correct or reinterpret experimertal ndings.

The principal disadvantage of this approad, howewer, is that these methods are in
generalvery expensivwe from a computational point of view, and hence,at presen, are
only applicableto moleculescomposedof a small number of atoms. This unfortunately
preverts applications to systemsof extraordinary basic and applied interest, like metal

and semiconductorclusters, or biological macromoleculesand proteins.

In the following section,the natural approad to mitigate this limitation, parallelization,
is discussedtogetherwith its related architectural and programmingissues.Next sections
deal with the characteristics of the program padkage actually employed in calculations,

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

Recerly, parallel computing architectures have readed pricesthat allow their useevenin
normal laboratoriesand universities, in cortrast 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 sud 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 importancein the eld of sciertic calculations,wherelarge

problemscan be divided among CPUs in order to reducethe overall computation time.

Howewer, sud divide et impera strategy must be carefully adaptedto the actual charac-
teristics of parallel hardware, in order to give the desiredresults. The ideal linear saling
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 among proces-
sors,the coordination and syndronization 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 bottlenedk even on single-CPU systems,is of fundamerial
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 dierent CPUs, but at the price of a sewere
reduction of its performance:this preverts the fabrication of massiely parallel computers,

all accessingat maximum speed the same main memory. As a consequenceparallel
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computersare actually designedaccordingto two di erent strategies:

Symmetric-Multi-Processing (SMP) madinesare systemswherea small number of
CPUs (currently from 4 to 32) all accesgshe samemain memory, which is designed
with special expensive hardware in order to be able to satisfy many concurren

requests.

Non-Uniform Memory-Access (NUMA) architectures, on the other hand, relax the
constraint of concurrent accesgso memory, by giving ead CPU its own main mem-
ory, and featuring specializedhardwareto allow a fast comnunication of data among
processors.This choicehasthe greatadvantage of allowing the integration of a much
larger number of processorgcurrently up to seweral thousands)and a much larger

amourt of total memory.

It must be stressedhowe\er, that the above distinction is not in practice assharpasit
seems:actual supercomputersoften combine the two approades,by joining together (in
NUMA style) smallersetsof tightly bound processorsvhich sharethe samemain memory.
Thesesystemscanbe usedassmall SMP madineswhenmemoryaccesspeedsarecritical,
while allowing very large problemsto be attacked by partitioning them among a large
number of processors. By resorting to special hardware tricks, moreover, the NUMA
bottlened can be somewhatlifted: this is the caseof architectures whereead CPU has
a large cachememory, which temporarily storesdata already accessedrom other CPUS'

memoriesthusreducingdrastically further accessimesto the same(or cortiguous) data.

It is worth noting that the above categoriesalsoaccommalate newtypesof multi-CPU
systems: computer clusters, which are conbinations of low-cost autonomoussingle-CPU
madines, interconnectedby standard or variously specializedcommnunication hardware,
can be consideredas loosely-lound 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 increasing number of sucd systemsinterconnectedby fast

optical interconnections.

4.1.2 Software issues

The above distinction betweenSMP and NUMA architectures has a profound impact on

the way serial codesare adaptedto parallel hardware.

On shared-memorymadines eadh CPU can executeits own code, without being con-
cernedabout the location of data: it has,in fact, equalaccesgo the whole main memory,
As a consequenceit is not crucial for the programmerto ensurethat each CPU works
on a well de ned, contiguous portion of the problem!. He must only ensurethat eah
concurrert processworkson a di erent part of the problem, and in the end he must assign
one of the processeshe task to perform any required (necessarilyserial) post-processing

of data?.

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 are particularly seere,
becausethen a CPU must ask explicitly data to another, which then stopsits current

execution, retrievesdata, and sendsthem badk.

To easeand standardizethe implemertation of thesecommnunication techniques,di er-
ert software libraries have beendeweloped: the most commonlyemployed are the Message

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

1This is not strictly true, becauseother hardware-related issueslike CPU internal vectorization and
cacthe-misspenalty suggestin any casethat eac CPU concerrates on cortiguous portions of memory.
What is certainly true is that the penalties for non-cortiguous accessesre signi cantly lower than for

NUMA madines.
2In somesensethis approad is similar to that found in the developmert of corvertional multi-thr eaded

applications, where ead thread can accesshe whole processaddressspace[46 47].
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In MPI1 (which is actually usedin our codes)a set of standard library callsare provided,
which help CPUsto exdhangedata, independerily of the actual hardware implemertation:
the same calls can be usedto comnunicate data among independert computers (via
remote communication protocolslike RSH or SSH),amongprocessoron the sameNUMA
madine (via standard or specializedinterconnectionhardware) or even amongdi erent

processe:xecutedby the sameCPU (usually only for testing or debuggingpurposessy.

The programmeris thusleft freeto work on the main task, i.e. partitioning the problem
in smaller, almost independen, execution units, and to set up all the comnunication
patterns which allow data exdhangeand the subsequehcollection and post-processingof

results.

It is evidert that the two programming approahesare quite di erent, the latter being
certainly more di cult and cumbersometo dewelop, test, debugand maintain. Nonethe-
less,mostscierti c codesare parallelizedwith NUMA architecturesin mind; this happens

for seweral reasons:

An MPI code can be equally run on a SMP madine: it will uselibrary calls to
exchange data which howewer 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 madinestacitly assumethat ead CPU

can accesshe whole set of data.

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

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

Many sciertic computations are intrinsically local. As an example, most codes
solve di erential equationsby numericaldi erentiation: in this approad di erential
operators are replacedby nite di erencesamongcortiguous points in space;then,

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

3Just as SMP codesresenble multi-threaded applications, message-passintibraries are analogousto

Inter-ProcessCommunication (IPC) facilities provided by most modern operating systems[46 47].
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only communications required during operation will involve regionboundaries. This
reducedneedfor commnunication among CPUs can reducethe overheadof message
passingto a negligible level (which gets even smaller when the size of the problem

is increased).

4.2 The Turbomole program package

Quantum chemistry codesare huge program padckagesdeweloped by tens of programmers

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

by Prof. Reinhart Ahlrichs, and cortinuesmainly in Germary; the theoretical division at

the National Nanotednology Laboratory, where | worked during the Ph.D., is the only

Italian group currently involved in the project.

Turbomolestarted asatool to computeground-stateenergyand properties of molecules.

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

most advancedprogramsin its eld:

Full use of symmetry

Many moleculeshave geometricalstructures shoving someform of spatial symme-
try [49, 50]; as a simple example,planar molecules,already introducedin chapter 1

areinvariant with respectto the inversionof the axis perpendicularto the molecular
plane. Under sud circumstances,molecular orbitals can be partitioned in disjoint

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

shapeis identical above and below the plane,or that it changests sign, respectively.

In these conditions, calculations are signi cantly simpli ed, becausethe two cases
can be handled separately eat of them involving lessbasis functions and hence

smaller matrices.

Adaptiv e calculation of integrals

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

Z Z i

kD= () (g W) ((r)drar: (4.1)

over basis-setatomic orbitals. Theseintegrals 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 codeswereimple-
merted. After sometime, howewer, it was realizedthat integrals 4.1 are so many
(of the order of the number of basisfunctions to the fourth power) that even for
moderate basisset sizes,it is impossibleto store them in the main memory A pos-
sible solution could be to store them on disk: unfortunately disk accesdimes turn

out to be larger than the time required for their re-ewaluation at ead step of the
SCF procedure. Most current codes,hence,implemert the re-ewaluation on-the-y.
Turbomoleis smarterin this respect, becausat is capableto distinguish, amongthe
whole set of two-electronintegrals, the most expensiw in terms of CPU cycles,and
storesthem on disk, calculating all others on-the-y. In particular, depending on
the speedof actual hardware, it allowsthe userto adjust somerun-time parameters,

which increaseor reducethe amourt of integrals stored on disk.

Integral pre-screening technique

Another interesting feature of Turbomoleis its ability to perform a fast estimation
of upper boundsto the value of two-electronintegrals. This allows the program to
neglectcompletely thoseintegrals which would only give negligible cortributions 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.

Interactiv e text-mo de input of simulation parameters
Turbomole, like most scierti ¢ programsconceived to work in a Unix-lik e environ-
mert is heavily dependert on plain-text les for the input of simulation parameters

and the output of correspnding results. This is a good implemertation 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 expensiwe to produce, when they are
full of numbers), increaseportability amongmadineswith di erent internal binary
represemations. 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 guidesthe user
through all the stepsrequiredfor a completedescription of the desiredcomputation.
Scripts, thus, can drive the program either by directly modifying the input cortrol

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 erent processors. This makesit 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 Algeba Suboutines (BLAS)[51] numerical padkage: this
allowsto chooseat link-time amongdi erent implemertations of those subroutines,
and henceto nely tune the performanceon di erent macines*. Furthermore, it is
possibleto exploit SMP parallelism (as far aslinear algebrais concerned)oy simply
calling SMP versionsof theselibraries, i.e. with no modi cation of the serial source

code.

Another tool from the Turbomole padagewhich was extensively usedthroughout this

work, is the escf program, which calculates energiesand properties of excited states

by meansof the TD-DFRT approad (section 3.4.2). It sharessomeparts of code with

dscf (in particular the optimized routines for evaluation and pre-screeningf two-electron

integrals) and henceis asfast. The useof symmetry, in particular, is very important for

4Most hardware vendors (e.g. Intel, AMD, Compag, IBM) provide ad-hoc implemertations of the

BLAS library speci cally tuned for their processors.
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excitations, becauseoneoften knowsa priori the expectedsymmetry of the desiredexcited
state, and then can skip completelythe 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 heary useof linear algebraderivesfrom the needto solwe the very large eigervalue-
eigervector problem of equation 3.24. This equation involvesa matrix whosedimensions
are of 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 ©,
too high even for medium-sizedmolecules. Fortunately, oneis usually interestedonly in
the lowest few (and not to all N ?) eigervalues: this allowsto usesophisticatedalgorithms
speci cally optimized for this task. Escf implemerts the Davidson[53 scdheme, which
obtainsthe desiredresult by aniterativ e procedurebasedon vector-matrix multiplications,

which are all performedby callsto BLAS subroutines.

Other very important tools are grad and egrad, which calculate gradierts of the total
molecular energy with respect to the nuclear positions, in the ground and the excited
states, respectively. Theseare very important quartities, becauseare directly employed
in the iterative algorithms which perform geometry optimizations (seesection 1.3). If
analytical gradierts were not available, one would have to calculate somenumerical ap-
proximation to them, which in turn would raise the number of required electronic struc-
ture calculations. Furthermore, analytical gradierts are more accuratein the vicinity of

minima, and henceguarartee a much faster corvergence.

Many other programscompletethe suite:

rimp2 and ricc2 implemert sophisticated (and computationally very expensiwe)
post-Hartree-Fock methods, which werenot usedin the worksreported in this Thesis,

becausethey are only applicableto smaller molecules.

molach calculatesother useful properties of moleculeslike higher-order dipole mo-

merts.

66



aoforce calculatesanalytically the secondorder derivatives (Hessian)matrix of the
total molecular energy with respect to nuclear positions. This quartity is very
important for the calculation of the vibronic levels of electronic states (seesection

1.3.3).

4.3 Hardw are tools

Calculations presened in this work were performedon a wide range set of di erent ma-

chines, setup with the aim of covering most of the standard computational requiremerts

of scierti ¢ codes. In particular, our computing facilities include:

Serial workstations

Normal 32-bit PC workstations ere extensiwely usedfor calculationsinvolving small

and medium-sizedsystems. In sud conditions, these madines, by virtue of their

extremely low costand henceof a very favorable price/p erformanceratio, turn out

to bethe bestchoice. Small systemsare often studied in greaterdetail, esgecially by

performing large sets of simulations on slightly modi ed molecular geometries. In

this case the useof a large supercomputer,with all relatedissuesof job queuingand

sctheduling, would be a worthlesscomplication: it is a much better choiceto employ

marny single-CPU workstations, and implemert (by meansof scripting languages)
somecoarse-grin parallelization logic to distribute simulations amongthem; in the

following, somescript codesspeci cally deweloped for this task will be described.

A 8-way fully-SMP  machine (Radon)

Radon is a shared-memorymadine composedof 8 Intel Itanium |1 1.5GHz 64-bit
CPUs. Theseprocessorsare asserbled on 4 motherboards, ead 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 madine is ideal for codesimplemerting
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SMP parallelism, by virtue of the great performanceof the Itanium |l processor,

speci cally designedfor oating point arithmetic on large setsof vector data.

A hybrid 4x4 SMP/NUMA  architecture (Sierr a)

Sierrais a madcine composedof 4 nodes, ead hosting, on a single motherboard, 4
CompagEV67 667 MHz 64-bit CPUs and 2GB of main memory. All motherboards
are linked by specialized commnunication hardware. This hardware, howeer, is
neither fast enough,nor speci cally designed,to allow an instantaneousreplication
of memory cortent; hence,ead node actsasa SMP smallermacdine, the four nodes
being assermbled in a larger NUMA architecture: Sierra,thus, is a hybrid computer,
which can exploit both levelsof parallel execution. The largetotal number of CPUs
(16) madeit the best choicefor the treatment of very large problems, like the one

described in section5.1.

A very large NUMA supercomputer (XC6000 )

XC6000is a very large supercomputer composedof 128 1.4 GHz 64-bit Itanium 11
CPUs. Theseare asserbled 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
large number of processorsand a correspndingly large total (unshared)memory of
256 GB. This madine was unfortunately installed only after the end of my Ph.D.,
and hencewas not actually usedin any of the presened studies. It will however
be extremely usefulin the future, for the treatment of systemscomposedof a very

large number of atoms.

Of the presened systems,Sierraand XC6000are administeredby Prof. Aloisio's group
at the Center for Advaned Computational Techniques(CACT) in our University. All of
the workstations and the SMP madine (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 madines, with respect to di erent parts of the Turbomole program padage. One
of the most useful results is preserted in gure 4.1, where the performanceof di erent

Turbomole modulesrun serially on single CPUs 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 processorsthan on the newer
64-bit high-performancelntel Itanium |l CPU; other modules, conversely asfor instance
that responsiblefor 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: indeedin the dscf module most of the time is spent for the ewaluation 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 erent basic
madine instructions on heterogeneouslata); the escf module, corversely spends most
of its time in linear algebra operations, which are highly ordered (i.e. they executethe
samekind of madine instructions on large vectors of adjacent and homogeneouslata).
Consideringthe currert trend in CPU dewelopmen, which favors the fast execution of

vectorial operations, the above discrepancycan be motivated.

The conclusionthat for ground-statecalculations,commonworkstations perform better
than large (and expensiwe) computers(when a singleCPU is used!) is of greatimportance
when deciding on which madine ead job shouldbe run. This indeedjusti es the choice
to employ large madchinesonly for large calculations, where parallel execution makesthe
di erence. As an example,the very largeamourt of small calculationsreported in section
5.3 hasbeenrun on a workstation and not on larger maciines. The small number of very
expensiwe calculationsreported in 5.1, on the other hand, madeparallel useof all Sierra's

16 CPUs.
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Figure 4.1: Perfamanceof di erent Turbomolemoduleswhenrun seriallyon di erent CPUSs.

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 employedin 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 mertioned before) which performs basically the same
computationsof dscf but implemerting 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 integralsto ewvaluate for additional linear algebra.

As can be seenfrom the gure, in this casethe speed-upis sub-linear. This behavior,
howeer, is due to the moderate sizeof the calculation actually performed. The partition-

ing of a linear algebraoperation among CPUs, indeed, is really e cient only when the
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Figure 4.2: Speed-upin a calculationwith the dscf Turbomole module versusnumter of

emplged CPUs.

size of vectors and matrices involved is very large; otherwise, intercomnunication times
(and esyecially latencies) have a negative impact on overall executionspeed. Indeed, we

experiencedbetter speed-upson problemslarger than the one consideredin gure 4.3.

In conclusion, parallel versionsof codes which make heary use of linear algebra are
really performing when either the problem s very large or somespecialtricks are devised
in order to executein parallel only the small subsetof algebraic operations which really
would have a bene t from that. Again, theseare important informations when one has

to choosethe best madhine for a particular problem.

4.4 Other software tools

Running actual calculationswith Turbomole or other quantum-chemistry codesis only
onestepin a morecomplicatedpath leadingto nal results: many other softwaretoolsare
actually required for the set-up of simulations, their executionin a well-speci ed order,
and nally the collection, interpretation and presenation of their results. In this section
someof thesestepswill be analyzed,together with the software tools employed in ead

situation.
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Figure 4.3: Speed-upin a calculationwith the ridft Turbomole module versusnumber of

emplgyed CPUs.

4.4.1 Operating systems and system management tools

Turbomoleand most similar codesare designedto work in a Unix-lik e ervironment. Our
madines,in particular, feature a wide spectrum of Unix variants: on most workstations
di erent 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,Compaq Tru64Unix on Sierra).

Other system administration tools, usedto create a unied computing environmert,
include tools for lesystem sharing (Networking File System- NFS), secureremote lo-
gins (Secure SHel - SSH), data replication and syndronization (rsync), basic network

protection (IPtables, TCPwrappers).

4.4.2 Compilers and related utilities

Most of the problemsrelated to madinesprovided by di erent vendorsis that ead comes
with its proprietary set of compilersand libraries. These compilers, though working in

substartially the samefashion,usually have di erent optimization options, driven by dif-
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ferert command-lineparameters. It is thus necessaryto study in detail ead compiler's
documertation, 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 presen in all codes,leadingto unexpected(and
dicult to debug) madine-dependert 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 implemertation of an open-
source Fortran 90/95 compiler: sud a multi-platform compiler would simplify things to
a great extert, presering a commoninterfaceand commoncommand-lineswitcheson all
supported platforms. On linux workstations we employed the freely available (but closed-
source)lntel Fortran and C/C++ compilers,which are designedto be mostly compatible

with Compagcompilers,and henceincreaseportabilit y.

Compilation of padageslike Turbomole,composedof hundredsof smaller subroutines,
is practically impossibleto perform by hand: for this reason,the standard Turbomole
distribution comeswith a well-structured, hierarchical setof Make les, which instruct the
make utilit y on all the steps (and their preciseordering) to carry out compilation and
linking. This, unfortunately, posesother incompatibility issues,due to the di erent and
not fully compatible implemertations of this utilit y. This problem is commonto 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 henceone can usetheseversionsinstead of proprietary tools.

5The GNU project, author of the well known g77 fortran77 compiler, is working to |l this gap; the

g95 program, though, is still under developmernt, to be releasedprobably in next months.
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4.4.3 Numerical and message-passing libraries

As anticipated, most hardware vendorsfreely distribute optimized implemertations of the
most commonsubroutinelibraries employedfor standard numerical operationslik e matrix
and vector manipulation (Basic Linear Algebra Subroutines- BLAS), higher-lewel alge-
braic operations(Linear Algebra PACKage- LAPACK), fast Fourier transforms(FFTW).

In particular we employedthe Intel Math Kernel Lirary (MKL) andthe AMD Core Math
Library (ACML) on workstations; on proprietary macineswe employed versionsof these
libraries directly distributed with the operating system: on the Sierra NUMA madine,

for example,the Commg eXtendal Math Library (CXML) was used.

A similar approat was usedwith respect to implemertations of the MessagePassing
Library: on Linux workstations a freely available version (MPICH) was generally used,

whereason proprietary madinesthe vendor-distributed tools were employed.

4.4.4 Scripting tools

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 proceduré.

Unix-like operating systemsprovide scripting functionalities, through command line
shells, ever since. In this work, an extensiwe use of the Bourne-Again SHel (BASH)
scripting facilities was done. For more complicated tasks, which BASH cannot handle
(e.g. oating point arithmetic), the recen, very powerful Python high-level programming

languagewas employed.

6Scripting eliminates user-degendert, random sourcesof errors; a buggedscript, however canintro 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 tools

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 cortained in a plain-text le with a two-line headerand
an additional line for ead atom, cortaining its atomic type and three cartesian
coordinates. This is a standard represemation of molecular geometries,known as

XYZ format

Basis set
The basissetto usein simulations is a list of gaussianfunctions (ead speci ed by
the value of its exponert prefactor), often grouped in contracted sets: in this case

alsorelative weights of eat elemen 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 erent 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. | dewloped the XYZtools program, which greatly simpli ed
theseoperations. This code performsall most commontransformations of XYZ les like
rotations, translations, replication alonglattice 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 erent (or eventhe same) le: this mode of operationsis particularly

usefulwhen onewants to study dimers, i.e. arrangemeis of two moleculescloseto eat

75



other. An important feature of the XYZto ols programis that it is completelydrivenfrom
the commandline: this comeshandy when, asis often the case,it is not run interactively,

but rather driven from a higher-lewel script.

Other custom tools were deweloped for the creation and manipulation of XYZ les
corntaining many geometrieswhich in this standard can be 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 some problems arise when coming to
performance.Indeed,the rst implemertation of this programwasrealizedwith the AWK
pattern scanningand manipulation language,which howewer turned out to be too slov
whenmanipulating very large les (in the application reported in section5.3the XYZto ols
program generatedXYZ les cortaining tens of thousandsof di erent geometries): this
happens becauseAWK is a very high-lewel, interpreted language. After trying other
solutions, the last implemertation, which performs much better, was basedon the old ed
Unix text-editor, which hasa very concise(and di cult to debug),but extremely powerful

and fastly-interpreted syntax.

Another useful tool that was deweloped is the GEOsman shell script, which performs
simulations by extracting geometriesfrom a big le (by calling XYZextract), running
Turbomole,and then parsingits output les to collectinformations; 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 tools

Oncethe simulations are done, it is often necessaryo visually inspect the shape of molec-
ular orbitals, in order to study their symmetry properties, or to track the changesof MOs
with moleculargeometrymaodi cations. For this task a large set of freely available molec-
ular visualization tools have beendeweloped over years. In particular, we often employ

the Molden program, which hasthe very handy feature to export imagesin encapsulated
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postscript format’: 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 also used,thanks to their greater customizability and the possi-
bility 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 numerical padkage,which hasalmostunlimited capabilities, but whoseproprietary
designmakesit more di cult (though not impossible)to integrate in a command-line,

script-basedautomated operations o w.

"Molden is very smart in this sense,becauseit usesthe full power of the very high-level Postscript
language: geometriesand orbitals are not generatedin bitmap format, but rather descrited 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 consequenceEPS 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 technologicalinterest will be
reported: a conbination of both experimental and theoretical analysis,led us to an ac-
curate description of the photo-physical properties of these compounds. In this frame,
ab-initio calculationsprove particularly useful,in somecasesven providing a detailed un-
derstanding of phenomenawhich would not otherwisebe explainedby bare experimenrtal

results.

We studied di erent forms of thiophene-deriatives, obtaining very good resultsin the
elds of deviceperformance(section5.1), improvemert of the intrinsic quantum e ciency

of molecules(section 5.2), and fabrication of diodesemitting white-light (section5.3).

5.1 Impro vement of luminance in OLEDs by Benzo-

Thiophene functionalization

As descriked in chapter 2, thiophenesare very interesting materials, actively studied for
their optical properties. Howewer, the thiophene moleculeand simplest oligo-thiophenes
do not shav by themseles luminescencee ciencies meeting industrial requiremerts.

Somework was donein the past to improve upon this situation; in particular, substitu-

78



tion of the certral sulfur atom with two oxygenatoms, together with  -substitution with
cyclo-hexylgroups,allowed usto signi cantly improve the performanceof oligothiophene-
basedOLEDSs, acdieving electroluminescencé€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 ? is required. A further improvemen in the EL properties of the thiophene-
basedcompoundsis very desirable,in that it may openthe way towards a new generation

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 replacemen of the corvertional linear structure of oligothiopheneswith a branched
benzo[b]thiophenéasedstructure, in conmbination with the oxygen functionalization of
the core thienyl sulfur atom and the cyclo-hexyl substitution of the lateral thiophene
rings, allows to read the remarkable luminance of 10500cd m 2, which is the highest

value sofar obtained in substituted oligothiophene-basedLEDs.

The chemical structures of these new compounds' (branched thiophenes; BTs) are
showvn in gures 5.1,5.2and 5.3. The BT1 moleculeis a regular benzo-thiophenewhich
has beenfunctionalized, both on the - andonthe  position carbon atoms, with two

identical bithiophene oligomers.

BT2, the secondderivative analyzedin this cortext, is identical to BT1, but it hastwo

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
functionalized with other lateral groups(one on ead thiophenelateral ring) called cyclo-

hexylg.

1The commonancestorof thesederivatives, Benzo-thiophene has beenalready preseried in gure 2.9
2These are CgH11 groups, with an hexagonal (non planar) structure, in which ead carbon atom is
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Figure 5.2: Secondnvestigatedderivativeof benzo-thiopheneBT?2.
5.1.2 Optical characterization of BTs

In order to explorethe basicphoto-physical behavior of new compounds, principal exper-
imental techniquesare room-temperature photo-luminescencgPL) and absorption (Abs)
spectrain amorphousspin-coatedthin Ims and solution. Thesemeasuresvereperformed

for compoundsBT1-3 asshown in gure 5.4.

bound to two hydrogen atoms (sp® hybridization, seesection 1.1).
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Figure 5.3: Third investigatedderivativeof benzo-thiopheneBT3.

All the spectraare quite broad and characterizedby onemain peakcorrespndingto 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 spectrain solution are very similar (Abs and PL peaksare reported in table 5.1),
evidencingthe predominart single-moleculeorigin of the optical properties. This is very
important, becauseusti es the application of theoretical simulations basedon isolated

molecules.

5.1.3 Calculations of excitation and emission energies

We calculatedboth absorptionand emissionenergiesor compoundsBT1-3. Thesevalues
are obtained by meansof the TD-DFRT approad descrited in section 3.4.2 as excited
states energiesin the optimized geometry of the ground state or of the excited states

themsehes, respectively.
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Figure 5.4: Solid-stateexperimentalabsaption (dotted line) and photo-luminescencsgpectra

(solidline) for BTs.

Figure 5.5 reports the comparisonamong results of simulations and peak values ex-
tracted from spectra of gure 5.4 (calculated and experimertal valuesare also collected
in table 5.1). As can be seen,the agreemehn is very good, especially in considerationof
the large sizeof presen moleculeswhich prevened the useof very large, highly accurate
atomic basissets. Howewer, the luminescencesnergywas not calculated for the largest
molecule(BT3), asthe calculation of excited statesenergygradierts is much more expen-
sive than that of excitation energiesand resulted practically impossiblefor this molecule,

composedof 109 atoms.

5.1.4 Performance of actual devices and theoretical discussion

We have employed the BT1-3 moleculesas active materials for the fabrication of OLEDs.

All BT-baseddevicesshow very good performanceand operational stability of a few hours
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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
Experimertal Lum. 2.28(2.38) 2.02(2.17) 2.16(2.27)
Theoretical Lum. 2.11 1.96 -

Table 5.1: Experimentalabsaption and photo-luminescencpeak energiesof BTs in the
solid-stateand in solution(in parenthesis)and computedrst singletexcitationand emission

energies

& -8 Abs. Experim.
B -8 Abs. Theor.

- <& Lum. Experim.
35F ¢ -6 Lum. Theor. -

Energy [eV]
[ |

25 -1

BT1 BT2 BT3

Figure 5.5: Compaisonamongcomputedandmeasurecbsaption andluminescencenergies

for BTs.

in air. In gure 5.6, both the luminance and the electro-luminescencgEL) 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 brightnessvalue of 1250cd m 2, three times higherthan the bestfunctionalized
linear (i.e. with no lateral branches) oligothiophene-basedlevicesreported so far (400

cd m ?)[27].

We ascribe this enhancemento the high disorderinduced by the brandhed structure,
which prevens the strong coupling between closemolecules,which is typical of the lin-

ear oligothiophene compounds[53. In fact, ab-initio geometry optimizations of these

83



| @ & ot

0 {oaomarhatenoneel aAqﬁg nz‘l’l]EL
104 1[] 102’ 101
Current Density (A/cn’)

0.5 3 =N
‘ (b) BTEO‘:DH;[ Oy )(.".’4:;00

0.04% o
2 46 8 10121415182022
Bias (V)

Figure 5.6: a) Luminanceversuscurrentdensiy of BTs (inset: photographof a BT3-based

LED at 15V. b) Quantume ciency(QE)[%] versusappliedbiasfor BTs-basedlevices.

molecules(seesection1.3.2) shoved 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.

Analogousgeometry optimizations performedfor the rst singlet excited state of BT1
and BT2, shawv that the bithiophene branches planarize in two di erent planes. These
theoretical results suggestthat the formation of non-radiative aggregatess unlikely. This
is con rmed by the fact that the oxygen functionalization of the corethienyl sulfur atom
(BT2) enhanceghe optical performanceof thesematerials only slightly (the PL quartum
eciency p, increasedrom 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 aggregateswith a remarkable enhancemenin the p,.

Although the oxygen functionalization doesnot result in a substartial enhancemen of
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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), goingfrom
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 emissie layer, which (seechapter 2) is

a key factor limiting electrical injection and henceoverall performance.

Our computer simulations showved that this e ect is related to the modi cation of the
lowestunoccupied-moleculaorbital (LUMO), which takesa morebonding character. This
causesa decreaseof the LUMO eigervalue and in turn a decreaseof the S; excitation
energy (seetable 5.1). This peculiar e ect of oxygenation will be discussedin greater

detail in section5.2.

A further improvemen 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-molecular distancesare 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 large number of atoms(109) presett in this molecule. Howewer, we expect
that it is more distorted than that of BT2, dueto the di cult planarization of the
moleculeinduced by the large-wlume cyclo-hexylgroups. This is con rmed by the

measuredemissionenergiesshaving a blue-shift of 0.14eV.
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The cyclo-hexylfunctionalization reducesthe molecular exibilit y of the brandhes.
DFT and TD-DFRT shaw in fact that, whereasBT1 and BT2 have seeral isomers
and are quite exible (sewral local minima with comparabletotal energy being
presen), for BT3 only one ground-state energyminimum is found due to the pres-
enceof the cyclo-hexylgroupsthat strongly stabilize the conformation and hence

increasemolecularrigidity.

In orderto shaw e ectiv ely that the cyclo-hexylgroupssuppresshe non-radiative decay
channels,we have calculatedthe radiative ( ;) and non-radiative ( ;) deca times of BTs
via relations 1.13and 1.14,in which p_ isthe PL decg time in the solid state measured

by time-resohed (TR) PL experimerts®. Resultsare reported in table 5.2.

A strong increasein the PL e ciency, from 2-4%to 21%,in fact occursfor BT3. The
measured p_ increasedby almost one order of magnitude going from 0.10nsin BT1 to
0.86nsin BT3. Consequetly, the calculated , is only weakly a ected by both oxygen
and cyclo-hexylfunctionalization, whereas . increasesy one order of magnitude going

from the lesse cient BT1 (0.10ns) to the e cient compound BT3 (1.09 ns).

PL PL r nr

BTT 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-luminescenceadiative,andnon-radiativedecy-timesfor BTs, with relative

PL gquantum-e ciencies.

Theseresults showv the key role of cyclo-hexylgroupsin changing the supramolecular
structure, the molecular conformation, and the sti ness of thesemolecules,reducing the

electronic de-excitation via non-radiative channels. Sincethe energeticbarrier between

3These are sophisticated experiments where a sampleis excited and one obsenes from time to time

the quartit y of light which is emitted by photo-luminescence.
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the cathode and the emissiwe layer is not substartially changedfrom BT2 to BT3, the
reduction of non-radiative pathways turns out to be the main causeof the EL performance

increase.

In conclusion,we have replacedthe corventional, linear structure of oligo-thiophenes
with a branched geometry This choice, and the substitution of these compounds with
oxygensand cyclo-hexylfunctional groups, allowed us to realize devicesexhibiting a lu-
minance as high as 10500cd m 2 and an EL e ciency up to 0.45%in air, which are
the bestresultsto date obtained for oligothiophene-basedLEDs. Ab-initio simulations
explainedthis remarkable result asan e ect of improved electroninjection in the device,

and increasedintrinsic quartum e ciency of molecules.

5.2 Impro vement of intrinsic quantum e ciency by

oxygen functionalization

As seenin previoussection,the addition of two oxygen atoms on the certral sulfur atom

of a thiophenering strongly in uences its electrical and optical behavior.

In orderto better clarify thesee ects, we performeda detailed analysisof the samefunc-
tionalization on another important derivative of thiophene, di-thieno-thiopheneg already

presened 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 moleculeis a rigid system[89],
in which someernvironmental e ects (i.e. e ects causedby solvernt molecules)can be
neglected[8# Thus, it represems a well suited systemto directly investigatethe e ects

of oxygen addition.

The optical properties of oligothiopheneshave beenstudied for a long time and in much
detail, but, dueto the sizeof thesesystems,only with semi-empiricalmethods[9] 92, 93,

94, 95]. Recertly, somestudiesusing more accurateab-initio approates[88 96, 97, 98, 99
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have appeared. On the other hand, dithienothiopheneshave not beenstudiedtheoretically
in detail and fewworks canbefoundin the literature [81, 100 101 102 103. Furthermore,
in all thesestudiesabout oligothiophenesand dithienothiophenes,the optical properties
have beentheoretically studied only in the cortext 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 cient
and accurate tools for their computation have becomeavailable only recerly[104]. In
our study, for the rst time, we calculatedboth the absorption and luminescencespectra
of dithienothiophenesby the rst-principles TD-DFRT approad. We have investigated
the emissionproperties and the energy levels sheme 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 certral sulfur atom functionalization with no, one and two oxygen atoms. The three
investigatedmoleculeswere thus 3,5-dimethyl-dithieno[3,2-b;2',3'-d]-thiopheng hereafter
calledDMDTT, whosemolecularstructure is plotted in gure 5.7), 3,5-dimethyl-dithieno[3,2-
b;2',3'-d]-thiophene-4-oxidg(called DMDTT ox and plotted in gure 5.8) and 3,5-dimethyl-
dithieno[3,2-b;2',3'-d]-thiophene-4,4-dioxidgDMDTT 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-luminescencéPL), photo-luminescenceuartum e ciency (PLQE)

and time-resoled PL experimerts. In gure 5.10we display the absorption and photo-
luminescencespectra in solution of the non-akygenated compound 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: Molecula structureof DMDTT.

Figure 5.8: Molecula structureof compund DMDTTox.

Figure 5.9: Geometryconfamation of the DMDTT-derivativeobtainedthrough insertionof

two oxygenatoms(DMDTT ox2).
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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-Shiftis also

largerin DMDTT ox).

In table 5.3the PL quantum e ciencies ( p_) arealsoreported. In DMDTT the PLQE
is extremely low. The oxygenationstrongly increaseshe PLQE, from lessthan 1%in the
non oxygenatedmoleculeDMDTT up to 73%in DMDTT ox2. This is a very interesting

result, becauseoptoelectronic devicesneedmoleculeswith intrinsic high PLQEs.
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Figure 5.10: Absaption andphoto-luminescencgectraof DMDTT, DMDTTox andDMDT-

Tox2 in solution.

In order to establishwhether sudh 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: Measuredabsaption and photo-luminescencpeak energiegand wavelengthin
nm in parenthesis) Stokes-Shift(S.S.) and PL quantume ciency( ) in solution. All energies

areineV.

dueto a strongercoupling betweenthe ground and the excited state (radiative decg) or
to a reduction of the non-radiative decay channels(by e.g. inter-systemcrossing(ISC) or
internal corversion(IC), seesectionl.4), we performedtime-resohed photo-luminescence

(TR-PL) experimernts.

The decgs were found to be monoexponertial, with the PL deca times reported in
table 5.4. As donein the previous section, the radiative and non-radiative decg times

are obtained from relations ; = p =pL and , = pL=(1 pL), respectively.

PL R NR

DMDTT ox 49 257 6.1

DMDTTox2 159 21.6 53.9

Table 5.4: Measuredohoto-luminescencgp ), radiative( ;) and non-radiative( ;) decy-

times[ns]for DMDTT andits oxygenatedierivatives.

Table 5.4 shaws that the radiative deca times are nearly equal, and hencealmost the
sameis the transition probability betweenthe rst singlet excited state and the ground

state*; corversely the non-radiative decgy-time of DMDTT ox is one order of magnitude

4An ensenble of isolated moleculeshas an overall PL decay dynamics which can be thought as a
Markovian process ead moleculedecays (either radiativ ely or non-radiatively) with a given probability

(pr or pnr, respectively) per unit time, or equivalertly a given deca/ time ( , or p, respectively). As
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lower than that of DMDTT ox2. More e cien t non-radiative decg channelsare therefore
presert in DMDTT ox. In following sections,these non-radiative decgy channel will be

demonstratedto be dueto Inter-System Crossinge ects.

5.2.3 Calculations of excitation energies

In table 5.5 we report, for the three systems,the rst singlet excitation energiesand the

correspnding oscillator strengths.

System State Contribution Energy f KS gap

DMDTT S;(1B,) 5a;! 8by 416 0.349 4.46
S(1A1) Thy! 8oy 435 0.104 4.83

DMDTTox S;(1A™) 27a”! 36° 3.40 0.147 3.92
S,(1A%) 35! 36a° 3.48 0.008 4.41

DMDTT ox2 Si(1B,) 6a,! 11y 345 0.190 3.93
Sy(1A;) 10! 11y 458 0.068 5.13

Table 5.5: CalculatedsingletexcitationenergiegeV], main contributions,oscillate strengths

(f) andKS gaps[eV]for DMDTT andits two oxygenatederivatives.

For all systems,the S, excited-state (of B,/ A°®symmetry) has the largest oscillator
strength and is almost completely characterizedby a transition from the highestoccupied

molecularorbital (HOMO) to the lowest unoccupied molecularorbital (LUMO).
The involved orbitals are displayed in gure 5.11togetherwith their energylevels.

The shape of HOMO wavefunction almost una ected by the oxygen functionalization:
the addition of oxygen atoms only shifts down its eigervalue (-0.34 eV for the rst and

-0.22eV for the secondoxygen atom).

a consequencethe number of moleculesstill in their excited state at ead time decreasesexponertially,
the overall time constart being p. = (, 1+ 1) ! It isthis exponertial decreasewhich is measured

during a TR-PL experiment.

92



Figure 5.11: HOMO-1 (HOMO-2 for DMDTTox2), HOMO and LUMO isosurfacedor

DMDTT andits oxygenatedderivativeswith indicationof orbital energiegeV].

This shift is instead more evidert for the LUMO (-0.87 eV for the rst and -0.21eV
for the secondoxygen atom) in agreemeh with electrochemical analysis[10]. 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 certral ring as com-
paredto DMDTT: a similar behavior has beenfound in terthiophene[88]. The LUMO
in DMDTT ox hasa quite di erent structure. It looks like the DMDTT ox2 LUMO from
above (i.e. wherethe oxygenis) 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 sameamourt, 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 1A;=1A° excited-
state, is quite di erent in the three systems. The double oxygenation of the HOMO-1 of
DMDTT removesthe certral sulfur cortribution and shifts down its energyby 1.32eV. A
molecularorbital which resenblesthe shapein DMDTT ox2 canbe foundin DMDTT ox at
similar energy but it represems the HOMO-3 and thusiit is not involved in the reported
optical transitions. The HOMO-1 of DMDTT ox hasinstead 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 emissionenergiedor the three systems,obtainedas TD-DFRT
excitation energiesat the excited-stateoptimized geometry All the transitions are dom-
inated by the samesingle cortribution ertering in correspnding excitation energies(see

table 5.5).

System State Contribution Energy f S.S.
DMDTT 1B, 5a, ! 8b 3.61 0.371 0.55
1A, 5a, ! 8y 4.12 0.097 0.23

00 00

272! 36° 251 0.113 0.89
35a°! 36a° 257 0.004 0.86

DMDTTox 1A
1A
DMDTT ox2 1B, 6ay ! 1l 266 0.154 0.79

0

Table 5.6: CalculatedluminescencenergiegeV], main contributions, oscillate strengths
(f ) and Stokes-Shifts(S.S.)[eV]for the lowest excited-stateof DMDTT and its oxygenated

derivatives.

The Stokes-Shift, which represetts the energydi erence betweenabsorption and emis-

sion energyfor 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 erent, asin DMDT-
Tox and DMDTT ox2 and much smaller in DMDTT where ground- and excited-state
conformation di er less. Interestingly the Stokes-Shiftin DMDTT ox is larger than in
DMDTT ox2. This is due to dierent modi cation of the DMDTT ox geometry in the

excited-state,and it is not directly related to the presenceof only one oxygen atom®.

For the S; geometrieswe have also calculatedthe lowest two triplet excited-states(see

table 5.7).

System State Contribution Energy KS gap
DMDTT 1B,(T;) 5a! 8bh 2.01 3.77
1A(T,) 7hy! 8b 3.34 4.63

DMDTTox 1A™(T,) 27a°! 36 1.30 3.01
1A°(T,) 3%’! 36a° 2,67  3.97

DMDTTox2 1B,(T:) 6a,! 11y  1.35  3.08
1A((T,) 100! 11 335  4.65

Table 5.7: Calculatedriplet excitationenergiegeV], main contributionsand KS gap [eV] at

the S; geometricaconfamationsfor DMDTT andits oxygenatedlerivatives.

Again all the transitions are dominated by a single cortribution and the single-particle
KS-gap can be usedto describe qualitatively the di erence among systems. Obviously

the KS-gap are lower than the onesin table 5.5, due to the di erent involved geometry

In gure 5.2.4we comparethe calculatedand the experimertal valuesof the excitation

and emissionenergiesfor the three systemsconsideredin this work.

The gure clearly shows that the employed TD-DFRT method reades, for these sys-

SWe 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
represerts another point in the potential energysurfaceof DMDTT o, is even higher than the DMDTT ox2

emission
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Figure 5.12: Compaison betweenthe calculatedand experimentalabsaption and lumines-

cenceenergiedor DMDTT andits oxygenatedderivatives.
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tems, the so-calledchemi@l accuracy, i.e. an error not exceedingd.1 eV in the prediction
of the optical properties. Sud high accuracyallows us to conrm that the measured
properties originate from single molecules(i.e. without ervironmental or aggregation

e ects).

Theseresultsshaw that the oxygenationfunctionalization doesnot changethe symmetry
of the absorbingor emitting state, but strongly reducests energy This red-shift is caused
alreadyby the rst oxygenation,whereashe second-ondiasa minor (and opposite) e ect
(see gure 5.2.4). As already pointed out, the (small) excited-state di erences between
DMDTT ox and DMDTT ox2 are not directly related to the presenceof one or two oxygen

atoms but dueto the di erent geometries.

5.2.5 Eects 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 ead moleculeexperiencesonceit is excited. In table 5.8 we report the changesof
selectedbond-lengths(see gure 5.13for the labeling of atoms) betweenthe S; excited-

state geometryand the correspnding ground-state geometry

The bond-length modi cations re ect the changesin the electronic density which fol-
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Figure 5.13: Labkelingof atomsfor DMDTT and its oxygenatedderivatives

lows, for the S; state, a HOMO! LUMO excitation. For example,the C; C, bond
length increasesn all the systemsbecausean electronis excited from the HOMO which
is bonding with respect to this bond (see gure 5.11)to the LUMO which is antib onding®.
The oppositeis true for the C, Cg bond-length. Sincethe HOMO wavefunctionis similar
in all the systems,the di erences obsened in the bond-length modi cations are directly
relatedto di erencesin the LUMO of di erent systems.The most signi cant oxygenation
e ect in the excited-stateis for the S; C; bond length, which decreasesn DMDTT ox
and DMDTT ox2 becauséor this bond the LUMO is bonding. Insteadin DMDTT small
changesare presen becauseboth the LUMO and the HOMO are artib onding. Another
distance which is strongly a ected by oxygenationis C; CJ2. This is related to the

bonding region createdin the LUMO, asdescrikedin [88].

6A bonding orbital is mainly localized in betweentwo atoms; an antibonding orbital, corversely has

a node in that region.
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bond-length DMDTT DMDTTox DMDTT ox2

S C +0.021 -0.029 -0.042
C, C, +0.048 +0.068 +0.070
C, G, -0.049 -0.064 -0.069
C, S,  +0.032 +0.020 +0.025
S, Cs 0.003 +0.013 +0.014
Cs C,  +0.037 +0.009 +0.024
Cs C -0.037 -0.015 -0.017
Cs GCs -0.001 0.000 -0.001
C, C? +0.014 -0.087 -0.082
O S - +0.027 +0.014

Table 5.8: Calculatedbond-lengthchangegA], followinganSy !  S; excitationfor DMDTT
and its oxygenatedderivatives.The largestfour bond length changedor eachsystemare in

boldface.

5.2.6 Eects of oxygenation on intrinsic quantum e ciency

Sincein dithienothiophenesneither processesud as IC are expected [84], nor solvert

dependencehas beenfound, we assignthe main non-radiative deca to ISC. The e ects

of oxygenation on ISC rate directly aect PLQE because,as shovn above, the lowest
emitting state has a high oscillator strength in all the three systems. A quartitativ e
analysisof ISC would requirethe calculation of the singlet/triplet potertial energysurfaces
(PESSs) and the spin-orbit coupling from S; to the triplet manyfold [110Q 111, 117. We
here descrike qualitativ ely the ISC rate as a function of the S;-T,, energyseparation[88
91, 113 53. Dierently to previousapproates,we usethe S;-T,, energyat the correct
potertial surfaceposition, i.e. the S; minimum. In gure 5.14we report the energylevels
sdheme,asobtainedin the S; excited state conformation(the S; valuerepreseis emission

energies).
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Figure 5.14: Calculatedenergylevelsfor the rst excitedsingletS; and the two lowest
excitedtriplet statesT; and T, of DMDTT andits oxygenatedderivativesn their resgective

S, excited-stateconfamations.

In DMDTT T, is below the S; state (gure 5.14). This meansthat the ISC rate is
expectedto be quite fast becausat is not thermally activated[91,113. This accours for
the very low PLQE of DMDTT. In DMDTT ox, S; goesbelow T, and thusthe ISC process
is thermally activated. Howewer S; and T, arevery closeead other. Thusthe ISC process
shouldbe still e ective, but lessimportant than in DMDTT. Indeedthe PLQE is still low
but higher that in DMDTT. DMDTT ox2 hasinstead the S; state well belon (0.69 eV)
T,. In this casethe ISC rate is very low becausethe ISC processis thermally activated
with avery large energy-gap[8891]. This explainsthe very high PLQE of DMTT ox2 and
the obsened non-radiative decg time one order of magnitude longerthan in DMTT ox1

(seetable 5.4).

5.2.7 Conclusions

In this work we have analyzedby a joint experimertal-theoretical study the optical prop-
erties of dimethyl-dithienothiophenesfunctionalized with no, one and two oxygen atoms
at the certral sulfur atom. It is found that the oxygen functionalization strongly changes

the optical and photo-physical properties of the molecules.While photo-physical proper-

99



ties suth as PLQE are linear with the number of oxygen atoms, excitation energiesare
not. Thesee ects are related to the di erent electronic structure of the molecules,as it
hasbeenexplainedwith the help of accurate TD-DFRT calculationsin the ground- and,
for the rst time, in the excited-state conformation. The employed TD-DFRT approadc
predicts, for the consideredsystems,excitation and emissionenergieswith an accuracyof
0.1eV. It isfound that PLQE di erencesarerelatedto di erent ISC rate dueto di erent
singlet-triplet alignmert. Theseresults are due to the di erent 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 light emission from boron-functionalized

dithienothiophenes

As anticipated in chapter 2, oneof the main goalsof optoelectronicreseart 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 usto fabricate the rst single-moleculevhite OLED. Very expensiwe calculations
on large setsof di erent moleculargeometries,shoved 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 light generation

In the last yearswhite emissionfrom organiccompoundshasbeenthe subject of increasing
interest due to its potential impact on lighting industry and badlight 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 erent molec-
ular speciesemitting at di erent primary colors [54, 55. This is usually obtained by
fabricating multilayer devicesby consecuti\e evaporations or co-ewaporation of di erent
emitting compounds [54, 55, 56, 57, 58, 59]. Howewer, this route requirescomplextech-
nological processesand resultsin a large waste of organic materials, with relatively high

fabrication costs.

Another commonly exploited approad is the spin-coatingof a blend of di erent soluble
emitters in a single layer[6Q 61]. Though cheaper, this approad hasthe drawbad that
suitable color combinations are not always possibledue to Ferster transfer from the high
energy emitting 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 erent
electrona nit y, whoseinteraction givesrise to exciplex states[63, 64]. The combination
of the exciplex emissionwith the blue emissionof the isolated donor moleculeresults in

the generationof white light.

Howewer, in all of theseapproadesthe purity of the color emissionis strongly dependent
on the relative concertration of the di erent molecular speciesand, generally on the
applied voltage. In this frame the syrthesis of a single soluble compound showving white
emissionin the solid state is strongly desirable becauseit might origin a new class of
deviceswhich join the simplicity and low costof the singlespin-coatedactive layer devices

with the possibility of avoiding material concenration and voltage dependen problems.

5.3.2 White light from a a single comp ound

In this frame, we found that a single organic compound, namely 3,5-dimethyl- 2,6-
bis(dimesityltoryl)- di-thieno-thiophene(hereaftercalledDTT-derivative #1 , shavnin 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-Thiophen€’, which hasat ead side a pair of mesityl® lateral

groups, linked via a boron bridge.

Figure 5.15: Molecula geometryof DTT derivative#1.

In compound #1 white electroluminescenceas acdhieved 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 excellenn properties, namely the
good electron acceptor characteristics of the di-mesityl-oryl moieties, and the peculiar
morphology of the spin-coated Ims, allowed usto obtain white electroluminescencé€EL)
with a maximum luminance of 3800cd m 2 at 18 V and external quartum e ciency of
0.35%;these gures could pave the way to the fabrication of low-cost single active layer

white emitting devices.

"Di-Thieno-Thiophene, one of the most important derivativesof thiophene, was already intro ducedin

section 2.5
8These are 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-shifted peak, which occursonly in the solid-state,

we performeda wide range of optical measuremets and theoretical calculations.

In gure 5.16the photo-luminescencgPL) and absorption spectra of #1 in solution
(a) and in the solid-state (b) are shavn. 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
obsened, whereasin the Im an additional narrow red-shifted emission(RSE) at 680nm

(1.82eV) appears.

Similar red-shifted emissionsin the solid-state have beenobsened in various organic
materials, and could be assignedo triplets activated in solid state or particular aggrega-

tion states[65, 66].

In orderto ched this point we investigatedthe dynamical processesnvolvedin the PL
emissionof solid state Ims by meanstime resohed experimerts. The decay dynamicsof
the BGE emissionat 480nm and of the RSE emissionat 680 nm are displayed in gure
5.17. The PL deca at 480 nm is bi-exponertial with a fast deca/ time of 30 1psand
a slow decay time of 91 1ps The slow deca time is closeto the decgy time of the

moleculein solution.

The PL signal at 680 nm shows a slover deca time of about 1700 170ps this value
allowedusto excludethat the RSEis dueto triplet emission,usually shoving much longer
decy times [66], and suggestghat the red shifted emissionis likely due to aggregatesor

excimers.

9This low energy peak is absert in solution regardlessof the concerration range (from 10 °M to

10 2M), indicating that the RSE is peculiar to the solid-state.
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Figure 5.16: Absaption (dotted line) and Photo-Luminescencgsolid line) spectra at room

temperatureof commpund#1 in solution(a)andin the solid state(b).

5.3.4 Theoretical calculations

Theoretical calculationson isolated moleculesare in perfect agreemeh with the corven-
tional blue-greenemissionobsened both in solution and in the solid state. The real
challengewasto explain the red-shifted emission,which, asseenabove, is likely to be due
to someform of molecularaggregation. One problem about aggregationstates, however,
in that in this case[6566], onewould expect the resulting emissionto be quite broad, in

corntrast to the narrow obsened linewidth of the RSE band.

We explainedthis behavior asan e ect of the limited humber of supramoleculararrange-
merts which compound #1 can assumein the solid state. Due to the planar and rigid

conformation and to the presenceof the large mesityl substituerns, we in fact supposed
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Figure 5.17: Deca dynamicf the BGEemissiorat 480nm (dotted line) and of the RSEat
680 nm (solid line) (in the solid state) of DTT-derivative#1. Inset: ratio of the amplitudes

of the fast/slow compnentsof the BGE relaxationversushe RSE/BGEintensit.

it to form in the solid phasedimerswith a speci ¢ well de ned geometricalstructure, i.e.

with the two moleculesin a cross-like con guration (see gure 5.18).

Only very small movemerts 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,sud asthe commonH-type [66] (i.e. with

= 180) are forbidden by the presenceof the substituerts, thus limiting the emission

broadeninginduced by supramolecularconformation dispersion.

In order to verify whether the supposedcross-like conformation is consisten with the
measured0.7 eV shift of the RSE peakwith respect the BGE peakin the solid-state, we
performedaccurateab-initio quantum medanical calculations: in particular, the excita-

tion energiesf variousdimer conformationswerecomputedwith the INDO-SCI approad
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Figure 5.18: Molecula structureof two interactingmoleculegorming a cross-lik dimer.

[11], already introducedin section3.4.

In the calculations we only consideredDTT dimers, thus neglectingthe mesityl sub-
stituents which were supposedto induceonly steric e ects. With the aid of the XYZto ols
program already preserted in chapter 4, and of other tools for the automatic execution
of simulations, we set up and ran thousandsof calculations, on di erent geometriesob-
tained by varying the coordinates(x,y) and the angle betweenthe two monomers.The
distance between molecular planeswas held xed at 3.2 A, in agreemeh 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
certral sulfur atoms exactly overlap was chosenas the certer of the coordinate system:
then one molecule(the bladk onein the gure) is held xed in spacewhereasthe other

(red one) is shifted (seeupper-left inset). Figure 5.19 shaws 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 intermoleculainteractions.The scaleon the right

carespndsto calculatedexcitationenergyshifts.

This valueis in very good agreemen with the experimertal result (0.7 eV), considering
the employed approximations. Another important result from the plot in gure 5.19is
that there is only one deepminimum. This meansthat only one conformation can be
responsible for the RSE in agreemeh with the narrow red-shifted emissionobsened 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 orderto corroborate the model and better clarify the e ects of the supramoleculampadk-
ing on the optical properties, we syrnthesizeda seriesof moleculeswith a structure similar
to that of compound #1 but di erent functionalization patterns. The analyzedmolecules

consistin an asymmetric 3,5-dimethyl-2,6-bis(dimesitylbryl)-dithieno-thiophenein which

107



only onedimesitylboryl moiety is grafted to certral core(DTT-derivative #2 , whosestruc-
ture is plotted in gure 5.20), a 3,5-dimethyl-2,6-bis(dimesitylbryl)-dithieno-thiophene
dioxide in which the certral 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(dimesitylloryl)-terthiophene with a exible certral core (DTT-derivative #4, whose

structure is plotted in gure 5.22).

Figure 5.20: Molecula geometryof DTT derivative#2.

All the synthesizedcompounds#1-4 have beenusedasactive materialsin organiclight
emitting diodesby spin-coatingthe emissie layer betweenbetween TO/PEDOT:PSS and
LiF/Al electrodes. These charge-transprting layers were usedin order to enhancethe
carrier injection in the active layer, as demonstratedby electro-absorptionspectroscoy
measuremets [67, 68]. Compound#1 showvsan EL spectrum similar to the PL spectrum
obtained in the solid state (see gures 5.16 and 5.23). Howeer, the low energy peak
at 680 nm is more intensethan in PL, indicating that a more e cien t population of the
aggregationstate occursupon electricalinjection. This e ect resultsin a clearwhite emis-
sionwith color coordinates(0.25,0.38,0.37), accordingto the Commissioninternationale

de I'Eclairage (CIE) °.

10Thesethree gures indicate the relative weights in the actual spectrum, of three standard color curves
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Figure 5.21: Molecula geometryof DTT derivative#3.

The e cien t chargeinjection from the LiF/Al cortact into the active material and the
excellen electron accepting properties of the molecule[69] allowed us to obtain no-bias
dependen EL with luminance up to 3800cd m 2 and quartum e ciency of 0.35%,in
air, comparableto the singlelayer devicesrealizedby spin coating di erent primary color
emitters. We underlinethat, at our knowledgethis is the rst white emitting OLED with

emissionfrom a single active 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 distance betweenthe molecules.Deviceswith compound #2 as active material shav
poor brightnessand high turn-on bias (25V) becauseof the smallernumber of boron atoms
(electronacceptors)and consequetly the poor balancingbetweenopposite charges.More
importantly, in agreemet with our model, the EL from this compound shovs a morered-

shifted peak (700 nm) than that of compound #1 (see gure 5.23)in agreemeh with the

for red, greenand blue colors;thesecurvesare normalizedto the responseof human eyeto di erent colors:

hence,what is perceived as white light must have the three weights all approximately equalto 1=3.
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Figure 5.22: Molecula geometryof DTT derivative#4.

expected smaller distance betweenthe two moleculesforming the dimer. Moreover, the
linewidth of the red-shiftedpeakis largerin compound #2 than in #1, in agreemeh with
the higher number of possibledimer con gurations in compound #2, inducedby the lack

of onelateral di-mesityl-toryl group, which causesbroadeningof the emission.

Converselyto #1 and#2, compound#3 and#4 do not show any red-shiftedadditional
peakin the EL spectra. This isin further agreemetwith our model. Indeed,in compound
#3 the two oxygen atoms, arrangedin a plain perpendicular to the rigid-core one [7(],
keepthe coupled moleculesfar from ead other, thus avoiding the dimer formation and
the correspnding emission. Finally, in #4, in which the DTT core has beensubstituted
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-luminescend&L) spectra of compounds#1-4.

5.3.6 Conclusions

In conclusion,we have studied a new classof bright singlelayer spin-coatedOLEDs emit-
ting white light from a single active oligothiophene-basecompound, in which a proper
functionalization allows to cortrol the supramolecularorganizationin 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 single moleculewith
the red-shifted narrow peakdueto the formation of cross-like dimersin the solid-state, as
con rmed by theoretical calculationsand experimertal measuremets. The simplicity of
the devicestructure togetherwith the useof a singlemolecularmaterial which avoidsvolt-
ageand material concettration dependernt drawbadks, makesour white emitting devices

a promising route towards lighting applications.
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Conclusions

Organic moleculesare very promising materials for the replacemei of convertional semi-
conductorsin the eld of optoelectronic devices. In this Thesis, | 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 sophisticated software tools, and in
closecollaboration with the organicsdivision of the National Nanotednology Laboratory,

| contributed to the study of new, very interesting materials. In particular:

We studied someparticular benzo-thiophenealerivativeswhich, thanksto 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, shoved 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 requiremen for industrial applications.

We have studiedthe details of 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 unoccupied molecular or-
bital, which assumes signi cant bonding character,ascomparedto non-axygenated

compounds;and ii) an increaseof the S; T, energydi erence, which in the oxy-
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genatedcompound reducesinter-systemcrossingnon-radiative decg channels,and

henceraisessigni cantly quantum e ciency.

We have demonstratedthat it is possibleto fabricate organic white-light emitting
devicesbasedon 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,conbined with the
corvertional blue-greenemissionfrom single molecules,generateswhite light. The
cross-like dimerization was conjecturedby geometricalconsiderationsand proved by
meansof very expensiwe theoretical simulations, performedon thousandsof di erent
dimer geometries. Photo-physical considerationsand characterization of similar

compoundscon rmed our model.

Besidestheseresults, my work was largely dewted to the set-up and maintenanceof a
large set of di erent parallel hardware and software tools to be employed in calculations.
In this frame, we conbined di erent macdines with di erent parallel architectures, in
consideration of the various computational requiremerts shovn by quantum-chemistry
codes. Moreover, many simulation procedureswere partly or completely automated by
meansof custom programsand extensi\e use of scripting languages. This simpli es the

cortrol of large setsof related simulations, and reducesthe probability of casualerrors.

This work demonstratesthat accuratetheoretical investigationsby meansof large com-
puter simulations are of fundamertal importance for a detailed comprehensiorof organic

systemsand the advancemen of organic optoelectronics.
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