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ABSTRACT

With the increasing cognition of the importance of organiolecules, they are

widely applied in printing, biological and pharmacoloditalds, because of their
special capabilities of harvesting solar light, scavegdiee radicals, and chelating
metal ions. During the past decades, the unique photoetectand photochem-
ical properties of organic molecules, such as phthalooyantyanidin, and their

relevant derivatives, attract tremendous attention, iiseéhey provide an excellent
opportunity to solve the worldwide energy crisis by convertdirectly the solar

light to electricity. The surface morphology and electmimteraction of these or-
ganic molecules with other molecules, surfaces or intedfgitays a critical role in

determining the performance of the electronic and optieala@ks based on organic
molecules.

In this thesis, we focus on the investigation of organic rooles, and its inter-
action with molecules, inorganic semiconductors, and mitgaemiconductors, by
using first-principles electronic structure calculatidrased on density functional
theory, and time-dependent density functional theory. Aigaar attention is paid
to study the atomic structure, electronic and optical prig® of organic molecules
and the corresponding interfaces. The focus of this thesmithe following as-
pects of the organic molecules: (i) The complexation meismarof flavonoids
with metal ions. The most likely chelation site for Fe is thiy&lroxyl-4-carbonyl
group, followed by 4-carbonyl-5-hydroxyl group and tHe43hydroxyl (if present)
of quercetin. A complex of two quercetin molecules with ag&nFe ion is ener-
getically more stable, however, six orbitals of Fe in theéquercetin complex are
saturated by three perpendicular molecules to form anchedtal configurations.
Furthermore, the optical absorbance spectra serves agsigs to identify various
complexes. (ii) The electronic coupling between a dye mdé&e¢Cyanidin) and a
TiO2 nanowire. Upon molecular adsorption on 3if010]-wire, cyanidin will be de-
protonated into the quinonoidal form. This results in itgh@st occupied molecular
orbitals being located in the middle of Ti®andgap and its lowest occupied molec-
ular orbitals being close to the Ti&onduction band minimum, in turn enhancing
visible light absorption. Moreover, the excited electrans injected into Ti@ con-
duction band within a time scale of 50 fs with negligible ¢ten-hole recombina-
tion. (iii) The atomic and electronic structure of coppeudfio-)phthalocyanine and
graphene. When adsorbed on graphengC&Pc molecules prefer to form a close-
packed hexagonal lattice with two-ordered alternatirasnd stripes, whereas CuPc
would like to form a square lattice. In addition, phthalocyee adsorption modifies
the electronic structure of graphene introducing intgnsioothing at 2-3 eV be-
low the Dirac point and a small peaka0.4 eV above in the density of states. And



finally, (iv) the electronic interaction between CuPc antlefene. For CuPc/p
molecular complex, CuPc prefers to lie flat on thg) Gurface rather than stand-
ing up molecular orientation. The favorable adsorptioa &t CuPc is the bridge
site of Ggo with one N-Cu-N bond of CuPc being paralleling to a C-C bon€gj.
Based on the analysis of molecular complex, we predict thBrol3p(001) thin
film heterojunction adopting the lying-down molecular otiion should have a
higher efficiency of charge transfer in comparison with thlevant CuPc/gp(111)
heterojunction with the standing-up arrangement.

Keywords:

organic molecules, flavonoids, phthalocyanine, surfatierface, adsorption, van
der Waals interaction, electronic interaction, optica@bance spectra, graphene,
fullerene, metal ions, heterojunction, scanning tunmgghmcroscopy, first-principles
calculation, density functional theory time-dependemisiky functional theory.



ZUSAMMENFASSUNG

Mit zunehmender Erkenntnis der Wichtigkeit organischeréiille werden diese
auf Grund ihrer speziellen Fahigkeiten Sonnenenergiamunseln, freie Radikale zu
binden und Chelatkomplexe mit Metallionen zu bilden, in@qBiologie und Phar-
makologie verbreitet eingesetzt. In den vergangenendhahtzn haben die einzigar-
tigen photoelektrischen und photochemischen Eigensaafiganischer Molekiile
wie Phtalocyanin, Cyanidin und deren relevanter Derivaitd2g Aufmerksamkeit
auf sich gezogen, weil sie eine exzellente Moglichkeitdnedurch direkte Umwand-
lung von Sonnenlicht in elektrische Energie die weltwenefgiekrise zu [6sen. Die
Oberflachenmorphologie sowie die elektronische Weclidalwvg dieser organis-
chen Molekile mit anderen Molekulen, Ober- und Grenhigchaben entscheiden-
den Einfluss auf die Leistung drauf basierender elektrbeisend optischer Bauele-
mente.

In dieser Arbeit konzentrieren wir uns auf die Untersuchairggnischer Molekile
und deren Wechselwirkung mit Molekilen, anorganischelbldiern und organis-
chen Halbleitern mittelsib-initio Berechnungen der Elektronenstruktur basierend
auf Dichtefunktionaltheorie und zeitabhangiger Dichtedtionaltheorie. Beson-
deres Augenmerk liegt auf der Betrachtung der atomarerkiBtruind elektron-
ischen sowie optischen Eigenschaften organischer Migakiid der betreffenden
Grenzflachen. Der Fokus dieser Arbeit liegt auf den folgendspekten organis-
cher Molekile: (i) Der Komplexbildungsmechanismus voavehoiden mit Met-
allionen. Der wahrscheinlichste ChelatisierungsplatzAé ist die 3-Hydroxyl-4-
Carbonyl-Gruppe, gefolgt von der 4-Carbonyl-5-Hydro@fuppe und dem 3'-4’
Hydroxyl (falls vorhanden) von Quercetin. Ein Komplex zeeQuercetin Molekile
mit einem einzelnen Fe ist jedoch energetisch stabilerhs€@rbitale des Fe im
drei-Quercetin Komplex sind durch drei senkrecht zueiearsiehende Molekiile
abgesattigt. Des weiteren dienen die optischen Absargsipektren als Signaturen
zur Identifikation verschiedener Komplexe. (ii) Die elektische Kopplung zwis-
chen einem (Cyanidin) Farbstoffmolekill und einem Fianodraht. Bei der Ad-
sorption auf einem TiQ[010]-Draht wird Cyanidin in die quinonartige Form depro-
toniert. Daraus resultiert, dass sein hochstes besdvddzkilorbital in der Mitte
der TiO; Bandliicke liegt und sein niedrigstes unbesetztes Orbiéhae dem TiQ
Leitungsbandminimum, wodurch die Absorption von sichéipat.icht verstarkt wird.
Des weiteren werden die angeregten Elektronen innerhadls &eitraums von 50 fs
und mit vernachlassigbarer Elektron-Loch-Rekombimaiio das TiQ Leitungs-
band injiziert. (iii) Die atomare und elektronische Stukivon Kupfer-(fluoro-
)Phtalocyanin und Graphen. Adsorbiert auf Graphen begemnzthsCuPc Molekile
ein dicht gepacktes hexagonales Gitter mit zwei geordreeterd3 Streifen, wahrend
CuPc ein quadratisches Gitter bilden mochte. Zusatnhohifiziert die Adsorption
von Phtalocyanin die Elektronenstruktur von Graphen woduie Intensitat der
Zustandsdichte zwischen 2 und 3 eV unterhalb des Dirac Pargeglattet wird
und ein kleiner Peak bei0.4 eV oberhalb auftaucht. Und schlieflich, (iv) die
elektronische Wechselwirkung zwischen CuPc und Fullererié@ir den CuPc/gg
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Molekulkomplex bevorzugt CuPc flach auf degg@©berflache aufzuliegen mit einer
N-Cu-N Bindung des CuPc parallel zu einer C-C Bindung dgs Basierend auf
der Analyse des Molekiillkomplexes wird vorhergesagt, des€uPC/Gg Diinnschicht-
Heterolibergang mit liegender Ausrichtung des Molekiils dhere Ladungstrans-
fereffizienz im Vergleich zur relevanten CuPgi(111) Heterostruktur mit stehender
Anordnung haben sollte.

Stichworte:

organische Molekile, Flavonoide, Phthalocyanin, Obeh§, Grenzflache, Adsorp-

tion, van der Waals Wechselwirkung, elektronische Weetigaling, optische Ab-
sorptionsspektren, Graphen, Fullerene, Metallionergetdébergang, Rastertunnelmikroskopie,
ab initio Berechnung, Dichtefunktionaltheorie, zeitabhangigehiafunktionalthe-

orie.
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CHAPTER 1

Introduction

1.1 Organic molecules and applications

1.1.1 Flavonoids as antioxidants

Flavonoids are the most abundant polyphenolic natural comgs with a G-C3-Cg
carbon skeleton, as shown in Fig. 1.1. They are ubiquitobgginer vascular plants,
particularly in the leaves, fruits, nuts, skins, flowersd ghant extracts such as red
wine and ted. Depending on different substituents in the two benzenesr{Agand
B in Fig. 1.1), distinct chelation sites, and variationshi heterocyclic rings, over
4000 different flavonoids occurred in nature have been destiand studied, and
the quantity is still increasing 2

There have been numerous investigations of flavonoids enteeears because
of their potent capacity of scavenging free radical$n addition, the beneficial
biological and pharmacological properties of flavonoidgehbeen reported, such
as antitumor, antibacterial, and antimutagenic actiatyjcarcinogenic, immune-
stimulating, antiallergic, and cardiovascular protecfic® Furthermore, the power-

Figure 1.1: Basic structure of flavonoids.



1 Introduction

ful antioxidant activity of flavonoids plays an essentiderm prevention and treat-
ment of oxidation damage? 1% Quercetin, the 3, 5, 7/ 34-pentahydroxylflavonol,
is the most abundant and one of the most powerful antioxédarthe flavonoid fam-
ily. These useful properties are attributed to their pramgsbilities that flavonoids
can chelate transition metal ions, such a$'F&€w?+, and Mg, bind to biologic
polymers such as enzyme, hormone carriers and DNA, and rsgavermful free
radicals as welt?

There are two possible mechanisms for the antioxidantigctf flavonoids.
One is ascribed as free radical scavenging activity, becatithe lower reduction
potentials of flavonoids radicals than those superoxidecatsl Flavonoids may
inactivate these species by binding them diectly, premngritie damage of their re-
actions with biological polymers. Another is the metal imh®lation® since tran-
sition metal ions involve in the initiation of free radicaiggesses. It is well known
that flavonoids can scavenge metal ions to provide protedtmn oxidative dam-
agell 12 Take iron as an example, because it is the most abundant imiesaih a
human body. Excessive concentration of iron ions may legaraduction of free
hydroxyl radicals through the Fenton reactfdn'* Flavonoids can efficiently bind
Fe ions to form complexes through charge transfer from ifgsatenated hydroxyl
group to form stable phenoxyl radicals, which prevent thetdeous consequence
of the Fenton reaction. It is worth pointing out that flavatsalone provide mini-
mal benefits due to slow absorption by the body. Chelatinghi@bs can enhance
the antioxidant activity and accelerate the whole process.

Several investigations have emphasized that the antiokatdivity of flavonoids
complexes dependents strongly on the number of hydroxyl) (@bups, the rele-
vant positions on the different rings, and metal ions climtagites®: % 15-17Despite
tremendous efforts, the atomic structures of metal-flaicboomplexes and the cor-
responding binding mechanism remain unclear, mainly bexatiexperimental dif-
ficulties in detecting these complexes with the moleculsoltgtion in solution8-20

In general, the complexes of flavonoid and metal ions have beestigated
by using various methods, such as ultraviolet-visible &} or fluorescence spec-
troscopies!H and13C nuclear magnetic resonance (NMR) spectroscopies. Experi
mental results observed in UV/vis region confirm that theeg\ao major absorption
bands for most flavonoids: ranging from 320 nm to 380 nm cpoeds to the ab-
sorption of the ring B, and the 210-285 nm region represér@sontribution of the
ring A.%21 However, it is very hard to identify the atomic structure ofrplexes,
the ratio of metal/flavonoids, and the chelation site forahieins from these experi-
mental results. To address this puzzle, it needs the thealratork to figure out the
possible configurations and understand the mechanism obthplexation from the
atomic level.

1.1.2 Cyanidins as light sensitizers

Cyanidin is another natural organic compound, which beddaghe family of antho-
cyanines with the similar structure of quercetin, as shawkFig. 1.2. The difference

2



1.1 Organic molecules and applications

Figure 1.2: The geometry of cyanidin molecule. C, O, and H are repreddnyegray, red
and white spheres, respectively.

between cyanidin and quercetin molecule (as discusseckiprivious section) is
that cyanidin molecule lacks the carbonyl (C=0) group asite4 and replaces the
OH group by the C=0 group at the site #h comparison with quercetin molecule.

Cyanidin is a water soluble pigment found in most red coldredies including
cranberry, blueberry, blackberry, bilberry and cherrg ather fruits such as apples,
pears, peaches and plums as well. It can also be found in béchga and red onion.
The highest concentration of cyanidin are distributed &gkin of these fruit2 23
Depending on the the pH value of the solution, the color ohajia changes from
red in acidic solution to blue in basic solution.

Cyanidin has attracted extensive attentions becausemigtsnacological prop-
erties, such as anti-toxic effect, anti-inflammatory, aatncer, skin protection, and
aids in preventing obesity, diabetes, and cardiovascigaade$?24 Due to the
similarity of geometry as the flavonoids (discussed in presisection), cyanidin
is also a powerful antioxidant and radical-scaverfget! Furthermore, cyanidin
is widely used as a light absorber in natural dye-sensitsdid state photovoltaic
cells, because it can absorb intensely the visible lightr@dd50 nm and UV radia-
tion around 330 nm.

Recently, more and more investigations are focusing onykesénsitized solar
cell (DSSC)?8-2often named the “Gratzel cel?® since it is a promising alterna-
tive to the traditional route toward harvesting solar egénghe effort to address the
daunting global energy crisis and environmental challsngeTiO,-based DSSCs,
the power conversion efficiency of over 13%an be achieved under standard global
air mass 1.5 sunlight by using ruthenium-based compoundgeasensitizers. But
the expensive and complicated synthesis process, anditatdegnvironmental im-
pact of this kind of prototype call for cheaper, simpler aatés natural dyes includ-
ing chlorophyll, cyanin, arotene and porphyrin, as altéwea 3 38 Experimentally,
natural dye sensitized Tisolar cells have reached the efficiency of 73¢%ith
the high stability, and 1098 for synthetic metal-free organic dyes. The advantage
of using natural dye molecules as light sensitizers in th80% the low cost, easy

3
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Figure 1.3: The schematic diagrams of natural light harvesting proedin photosynthesis
(a), and the operating principle of dye-sensitized soldi(loe

fabrication and the high efficiency, which qualifies it as anpeting candidate to
more established technologies based on monocrystalliaedsnanocrystalline thin
film solar cells™

The central idea of the DSSC is to separate the light adsorptiocess from
the charge collection process, mimicking the natural llggnvesting procedures in
photosynthesis, by combining dye sensitizers with sentdaotors (see Fig. 1.3a).
This enables the use of wide-bandgap and cheap semiconsigaith as Ti@and
ZnO in DSSCs. To be effective, it requires the highest oadipnolecular orbital
(HOMO) of the dye to reside in the band gap of the semiconduwatd its lowest
unoccupied molecular orbital (LUMO) to locate within thencluction band of the
semiconducto?? as depicted in Fig. 1.3b.

On the other hand, nanostructured materials offer new dppities to reduce
both cost and size and design more efficient solar cellscesfyefor one-dimensional
(1D) nanostructuré? 43 The use of these 1D nanostructures, including nanowires,
nanorods, nanoparticles and nanotubes, can improve afficief photon absorp-
tion, electron transport and collection in DSSE€33 42due to its additional benefits
in two aspects: 1) enhanced visible light scattering andribien, because of the
high length-to-diameter ratio and a total length reachingdreds of micrometers;
2) the 1D geometry facilitates the rapid, diffusion-freeatton transport to the elec-
trodes3!: 33 As a result, special attentions have been paid in preciseliralling the
growth of one-dimensional (1D) nanowife3! and nanotubé? 33 However, there
are still enormous challenges we have to meet. DSSCs bas&D oanostructure
show a relatively low power conversion due to reduced saraeas and poor sta-
bility than thin-film based DSSC%: 43

1.1.3 Phthalocyanines as charge conductors

Discovery. In 1907, Braun and Tcherni#tobserved dark insoluble precipitates

4
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Figure 1.4: The geometry of isolated 4#c and MPc molecules with M= Cu, Mg, Zn, and
other metal ions.

during the preparation of ortho-cyanobenzamide. Sinyilaté Diesbach and von
der Weid® obtained exceptionally stable and blue materials (mets-and copper
phthalocyanine) in 1927 by accident. Later, the full elation of the structure of
Pc and its derivativé§—*by the X-ray diffraction techniques and the corresponding
synthesis, have been reported during the 1930s.

Structure of metal phthalocyanine. Phthalocyanine (Pc) is a symmetrical aro-
matic macrocycle, composed of four isoindole units corebdiy four nitrogen
atoms, which is close to the natural porphyrin, as shown ¢ Ei4. The suffi-
cient size is beneficial to the accommodation of various efgai ions in the central
cavity of Pc molecule. Depending on the different centralaheation, the appear-
ance of metal phthalocyanine (MPc) changes from dark blusdtallic bronze to
green in its solid state.

In general, the macrocycle exists as a dianiort (¢ Therefore, MPc can be
divided into five categories in terms of the central ionshg tnetal free Pc, namely
H»Pc, ii) monovalent MPc, such asJEPc; iii) divalent MPc, such as MgPc, CuPc,
ZnPc, CoPc, etc- iv) trivalent MPc, including AICIPc and AIOHPc. (in general
M can be a metal halide or a hydroxide in this case); and vgtatent MPc: TiOPc,
SiChPc, and Si(OH)Pc, which belongs to a metal oxide, dihalide or dihydroxide.
Many metal ions, such as €t, Zn?t, Fé*, and Mgt can hold tightly with Pc to
form planar structuf®->2without the distortion of macrocycle. However monova-
lent, trivalent, and tetravalent metal cations, and larigalent metal ions (such as
PE?+), will protrude from the plane of Pc rings to form non-plastucture®®

The potential application in optical and electronic desicequires highly or-
dered crystalline Pc materials. In contrast to the inorgaectronic materials
dominating by covalence bonds, the relatively weak forsash as van der Waals
and 11— Tt interactions within organic crystals decide the coexisteaf Pc poly-
morphisms, especially for systems deposited by the vaculmimsation. Different
polymorphic crystalline structure has distinct stackimglas, unit cells, and sym-
metries, which shows the different absorption spectra.tMtiacs have at least two
polymorphoric phasesi¢ andp-phasef? It is often stated that th@-phase, trans-
ferred from then-phase through heating, is thermodynamically more stéiale the
a-phase, except for small particles, due to important siteeein this systent® %6

5
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Characteristics and applications. Most MPc molecules show intense absorp-
tion in the red/near infrared (IR) regions of the solar speatat 600-800 nm (Q-
band) and in the near-ultra violet region around 300-400 Brbdnd)®>°7-61 The
non-peripheral substitutions will largely influence theiogl spectra of MPc8® In
addition, MPcs show the nonlinear response to the lighttheamore, MPcs are
characterized by electronic conductors, high thermal dn@ingcal stability, which
make them suitable for widespread technological appboati such as dyes, inks,
chemical sensors, photosensitizers, semiconductoms;niation storage systems,
optical filters, and energy conversion materials in pholtaoand solar cells# 5% 62-65

1.2 Brief history of research on MPcs in organic solar
cells

1.2.1 Organic photovoltaic device architectures

MPc and its derivatives have received tremendous atteaSasm major component
in various types of organic solar cells (OSCs) (Fig. 1.5@&rgast decades, because
of their potential advantages: be relatively cheap to &te, can be used on flexi-
ble and large-area substrates, and can be shaped or tirded ttbmestic devices,
architectural or decorative applications, with a rapidéase in energy conversion
efficiency.

The current OSCs with high performance can be grouped piymato two
types of junctions, the bilayer heterojunction with tworga thin films?466.67and
the bulk heterojunctiofi®" The typical bilayer heterojunction thin film device, as
displayed in Fig. 1.5a, is composed of two dissimilar orgaimiconductor materi-
als as the electron donor and accepter, forming a sandwiattste in contact with
the top and bottom electrodes. The principal fabricdtii¥: “2process is: indium
tin oxide (ITO) is used as the transparent and conductivsteatie electrode (bottom
contact), then covers successively an electron donor areptar layer by vacuum
deposition or by spin doping, and finally uses a low work fiorcimaterial as the
top contact (e.g. Al, Ag/Mg, Ca, etc). The essential diffexe for two kinds of
OSCs is the active interaction area between the donor ampexcdayers. For the
bulk heterojunction, there is no obvious interface betwienelectron donor and
acceptor layers.

1.2.2 Basic operating principles

In general, copper phthalocyanine (CuPc) is most widelysehaas an electron-
donor (p-type) materials in contacting with electron-acceptoty(pe) fullerene (Go),
and copper hexadecafluorophthalocyaning@EPc) molecules as welf: /4 The
whole process of converting solar light into electric powethe organic solar cell
contains three consecutive steps (taking MRg/& an example in Fig. 1.5b): 1)
MPc absorbs photons whose energy matches the band gap of tMBenerate
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1.2 Brief history of research on MPcs in organic solar cells
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Figure 1.5: The ideal schematic diagrams (a) and schematic views ofjgrevels from
Ref. [76] (b) in MPc/Gg heterojunctions. (c) The photo of the organic solar cells.

the electron-hole pairs (excitons). 2) Excitons diffuseéhi® space charge layer of
MPc/Cyg interface, where excitons are separated by the electretciglsent in this
layer. 3) The electrons are injected into thg @yer and finally collected by a cath-
ode, and the positive holes are driven to an anode throughttitash the external
circuit.8% 7>

Although DSSCs have something in common with OSCs, suchnasdst, easy
fabrication and flexibility, they differ in several aspecty DSSCs are composed
of dye molecules and inorganic semiconductors, whereass@&&ace inorganic
semiconductors by organic semiconductors; 2) the incigkaton absorbed by the
dye molecule will excite an electron directly rather thaneawiton (electron-hole
pair), since the excited electron in organic semicondsdias strong Coulomb in-
teraction with a hole left in the valence band; 3) dye molesuih DSSCs need the
liquid electrolyte, normally iodide/triiodide solutiosée Fig. 1.3b) to compensate
electrons after exciting electrons; 4) most of DSSCs fuamciin the liquid solution,
whereas OSCs work in solid states.

1.2.3 Characterization of a solar cell device

The current-voltage characteristics of a solar cell in thk@nd under illumination
are described in Fig. 1%, which is of importance to judge the performance of a
device. In the dark, there is almost no current flowing uht torward bias applied
on the contact is higher than open circuit voltaggdVUnder the illumination, the
maximum generated photocurreng)lis under the short circuit condition. The max-
imum power output Rax is denoted by the largest product of voltage and current,
at the maximum power point (MPP) as shown in Fig. 1.6.

The photovoltaic power conversion efficiency) of a solar solar cell, as defined
as

= Ve X lse X FF, FE_ Vmpp X Impp (1.1)
Pin Ve X lsc

where FF is the fill factor, and;fis the incident light power density. The,yand
lscis marked in Fig. 1.6.
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Figure 1.6: Current-voltage (I-V) curves of an organic solar cell (dagkay curve; illumi-
nated, black curve) from Ref. [63].

1.2.4 Highlights of researches on MPc/C60 organic solar cel Is

Recently, tons of studies are dedicating in the enhancewfetite photovoltaic
power conversion efficiency of organic solar cells based gra@d MPc heterojunc-
tion. The common approaches they used include: 1) dopirey atlterials, such as
pentacene or rubrene into MPc layer to improve its carriebifity or broadening
light absorption and improving exciton diffusion efficignt’- '8 2) modifying the
morphology of heterojunction by controlling substrateaurse temperaturg®: 79-81
3) inserting an intrinsic layer to increase Voc, reduce #nasresistance, or opti-
mizing optical interferenc@-8°4) modifying the geometry of the electrod®s88
5) introducing highly purified organic semiconduc8rg) adopting the tandem
cell?%-°1 The power conversion efficiency (PCE) of organic photovol{®PV)
cells have recently achieved 5-6% through these approadhesworth pointing
out that precisely controlling the morphology of interfatening the relevant elec-
tronic structure, and understanding the mechanism of tieedction at the interface
of the heterojunction attracts increasingly attentiomsduse it plays a crucial role
in improving performance of solar cells.

It is obvious that enhancement of the charge generatiolusitih and injection
ultimately rests upon the interface geometry and intevactif the heterojunction,
which can largely enhance the conversion efficiency of dgysolar cells. Unfor-
tunately, the interface structure and the environmentatefs not well understood,
especially at the atomic level. In addition, the electranieraction between the
electron donor and acceptor is not clear as well. Therefdugjidating the possi-
ble configurations of heterojunction, demonstrating theesponding mechanism
of the electronic interaction, and understanding the ezlewptical properties of the
interface are the principal objectives of this study.
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1.3 This thesis

1.3 This thesis

This thesis presents a theoretical and computational stfidsganic molecules, in-
cluding flavonoids, cyanidin, and phthalocyanines, andctireesponding surfaces
and interfaces with other materials, based on first-priasigdensity functional the-
ory calculations. Our study focuses on the structure, theding characters, the
mechanism of electronic interaction, and optical propsrtif molecular adsorption
on surface.

This thesis consists of eight chapters. Each chapter gibegfintroduction to
background together with discussion on some of the results.

In Chapter 1, we introduce the background of organic mo&scule mainly in-
vestigated in this thesis, and overview researches indalvéhese fields, in partic-
ularly for the study of organic solar cells.

In Chapter 2, the theoretical and computational methodsameloyed in the
whole thesis.

In Chapter 3, we develop self-consistent time-dependemgityefunctional the-
ory (TDDFT) for calculating optical properties of molecsilend nanostructures.

In Chapter 4, we focus on the study of complexation mechawisfiavonoids
with iron.

In Chapter 5, we compare GaAs and }i§&miconductor nanowire, and focus on
the research of natural dye sensitized J&0lar cell by exploring the deprotonation
process and charge injection.

In Chapter 6, we compare the molecular structure, eleatrand optical prop-
erties for two typical phthalocyanine molecules (CuPc apyCHPc) adsorption on
epitaxial graphene, and elucidate the correspondingrel@ctinteraction mecha-
nism.

In Chapter 7, we make a thorough discussion about the atawnibgeirations,
charge transfer and optical signature of the CuRgf@olecular complex, and pro-
pose the CuPc/(001) thin film heterojunction with higher efficiency of thiearge
transfer in comparison with the CuPggCl11) system.

In Chapter 8, we present general conclusion and expresatf@tesearch di-
rections.
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CHAPTER 2

Theoretical methodology

In this chapter, we briefly introduce the theoretical methdlde density functional
theory (DFT), time dependent density functional theory DHT), with van der
Waals density functionals (vdW-DF) and hybrid density fiimeals which have
been extensively used for the study of organic moleculeslar ell and biological
environment. DFT is a quantum mechanical theory of corelamany-body sys-
tems, which has tremendous impact on calculation of eleitrstructure of atoms,
molecules and solids in the ground states. Combining thetreldc structure with
TDDFT, this approach can provide the exact features of tlegexk states, such as
optical absorbance spectrum. For organic molecules sgsteenapply the vdW-DF
to treat this kind of system in which the van der Waals forcenthates. In this the-
sis, we give a brief description of the theoretical methogslved in the atomic and
electronic structure calculation and the optical eledtrexcitation simulations.

2.1 Density functional theory

A quantum mechanical theory for a system of nuclei and ioterg electrons is
based on solving the many-body Schrodinger equation \WweHdrm:

HWY{ri,Ri}) = E¥({ri,Ri}), (2.1)
whereH is the hamiltonian for the system of electrons and nuclei,

H = Hee+Hen+Hnn

_ _Zh— 2, 1 Z ¢ 2,¢
2Me Y 2 e \r.—rj\ i =Ry
h2 1 2z
—Z 02 + 120 . (2.2)
Ny 2IJ %, IRI—Ry|

11



2 Theoretical methodology

The above equation contains the kinetic energy and the paltenergy due to the
interactions between the ions and the electrons. HesePlank’s constant divided
by 2t me andM; are the mass of the electrons and nuclei respectiely; and
{R,} describe the relevant positions of the electrons and nuclei
Based on the Born-Oppenheimer approximafidthe nuclei are treated as clas-

sical particles. Thus we can ignore the nuclear kineticggneand take it into ac-
count as a classical contribution. In addition, we also @eighe final term in equa-
tion (2.2) , since it is simply a constant, as far as the edeotrdegrees of freedom
are concerned. The hamiltonian of the system can be writen a

h? 1 e
—ZT%D?‘F 2 _‘rl } +Vext, (23)
[ I,(#])

where Vext = — 3| %, which is the potential applied on the electrons due to the
nuclei. Directly solving the equation (2.1) for the coupkddctron-nucleus system
is extremely difficult, even with this simplification. It isopsible to obtain solution
by using the quantum Monte Carlo methtfhowever, such calculations become
extremely expensive as the number of electrons in the syistaease.

In order to simplify the many-body wavefunctions to an eqient one-electron
picture, we introduce two approximations. The simplestragph is to represent
the many-body wavefunction by a product of the wavefunaiohthe individual
electrons,

WA {ri}) = d1(ro)da(ra) - dn(rw). (2.4)

This is known as the Hatree approximation, which would beapate if the elec-
trons were non-interacting particles.

With this approximation, the equation (2.1) can be put it® $ingle-particle
Hartree equatiof*

h2

2 /H’J . _Ed.
[~ o 2+ Vel Hﬂ /d 0i() —Edi(r).  (2.5)

r—r ’|

Taking the ferminoic exchange nature of electrons into astowve can choose a
properly antisymmetrized wavefunction, which changes gigen we exchange the
coordinates of two electrons. To this end, by using the Skgeerminar®® of the
single-partical wavefunction:

WD = (Er .2.6)

12



2.1 Density functional theory

the Hartree equation evolves into the single-particle tdarEock equation®
2 r'\i (r’
s 3 far O - 5 a0 —gi0)
Me Jséu 1 (T4) Ir=r
(2.7)

In comparison with the Hartree equation, it contains oneaeberm, called the ‘ex-
change’ term, which describes the effects of interele@trerchange.

2.1.1 Kohn-Sham equation

Based on the Thomas-Fermi approximat?ér?® Hohenberg, Kohn and Sham de-
veloped the density functional theot,1°°which can be applied to any system of
interaction particles in an external potential. The badeaiof density functional
theory is to use the electronic density as a basic varialdesaribe the many-body
system, which dramatically simplifies the many-body sdimger equation (2.1).
This theory is based on two theorems proposed by Hohenberg@m?? in 1964.
Theorem |. For any system of interacting particles in an external paE¥ex(r ),

the external potential and hence the total energy is an eriigqctional of the ground
state electron densityy(r).

Theorem Il. The ground state energy can be obtained variationally. Rpmpar-
ticular external potentidlex(r ), the ground state energy of the system is the global
minimum of this functional. The density(r) that minimizes the total energy is
the exact ground state density(r). As a self-consistent method, the Kohn-Sham
approach replaces the many-body problem by using indepépdeticles equation
but interacting density. The Kohn-Sham approach to tharitdracting many-body
problem expresses the ground state energy of the systenuhgt@oial of electronic
densityn(r),

E[n(r)] = -3 /d rr'”

wherevex(r) is the external potentlal, arEi<C[n] is the exchange-correlation energy
functional. Thus, all the difficult term in the many-body ptem is incorporated
into an exchange-correlation functional of electronicsign The density is given
by sums of squares of the single-particle orbitals,

—|-EXC +/drvext n(r), (2.8)

A 2
=3 0P (29)
The independent-particle kinetic energy Ti(s given by
B N i h2 o
=3, [ 40 ) TP, (2.10)

We apply the variational principle to the Kohn-Sham funcéb
3{E[n( s. > el [ dro7 ()8 (1) ~11}/86i(r) =0 (211)
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2 Theoretical methodology

Finally, we arrive the single-particle Kohn-Sham equatith

2
(P venlr) + far 20 ) —er),  (242)

which can be solved by iteration until it reaches self-cstesicy. Unfortunately, the
exact form ofEyc[n(r)] is still unknown. Therefore, to address this issue, coestst
approximations to exchange-correlation energy are need.

2.1.2 Local density approximation and the gradient correct ions

The local density approximation (LDA) is the simplest apgn@ation to the exchange-
correlation energfxc[n(r)] by considering the local form of the exchange-correlation
term of a uniform electron gas. The main idea is to treat a ig&énehomoge-
nous electronic system as locally homogeneous. This wasopea by Kohn and
Sham!% in which the exchange-correlation energy term is an integrer all the
volume of the system with the relevant energy density at @aatt assumed to be
the same as in a homogeneous electron gas with the sameydensit

ELDA[ / drn(r)eif (n(r)). (2.13)

The common form ok, in LDA is obtained by the Ceperley and AldeMonte
Carlo simulatiof% for the uniform electron gas. The corresponding exchange en
ergy is given as
elPA(rs) = —0.9164/rs, (2.14)
—0.2846/(1+1.0529,/fs+0.3334) if re>1
LDA/, \ _
g (rs) =
—0.0960+ 0.06221nrs — 0.0232 5+ 0.0040Q¢Inrs if rs<1.
(2.15)
where the Wigner-Seitz radiusrigs= /3/4m.

The LDA is very successful approximation in the calculationmany systems,
in particular whose electronic density is uniform, such asnbulk metals, and less
uniform systems, such as semiconductors, alloys and iogstals. However, the
main limits of the LDA: not taking into account the inhomogéres in the den-
sity and non-local exchange-correlation effects; and #o& bf cancelation of the
self-interaction, make it less accurate for the systemgevtiee electronic density
varies rapidly, such as in molecules and at surfaces. Teeaddhe issue of inhomo-
geneities in electronic density, an expansion of the dgmsiterms of the gradient
of the density as well as the density at each point is used poave the LDA. In
general, the exchange-correlation functional can be fhymaitten as

ECGAN( /dr fee(n(r), [7n(1)]). (2.16)

The exchange energy could be represented by the revisee Beuitionall®?

EGGA_ELDA g / drn 4[1-0.55exp— 165x2)] —2.40x10%*
1+ 6Pxsinh 1x+ 1.08 x 10-6x4

. (2.17)
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2.1 Density functional theory

wherex = |vn|/n*3. The above exchange-correlation functional is called as th
generalized gradient approximation (GGA). Normally, tie&Sworks very well for
molecules, which improves over some of drawbacks of the LT# common used
functional is composed of Langreth-Meff Beckd92, BLYP,1%4 Perdew-Wang 91
(PW91)195 and its simplified version PBE®

Recently, a revised version of the PBE, known as REBBRas also been pro-
posed, which provides an improved description of adsongitd hydrogen-bonded
system. In addition, a practical meta-G&Rwith the fourth order gradient correc-
tion is in progress to give very good geometries, frequen@ad quite reasonable
energy barriers.

2.1.3 Hybrid density functionals

The hybrid density functionals describe a wide range of ol systems accu-
rately. The basic idea is to incorporate a certain amount aftrele-Fock (HF)

exchange with the exchange and correlation from LDA or GGAcfional. The

“half-and-half” form of the hybrid functional was proposby Becke!%?

1
Ec=5(ELT +ES. (2.18)
Later Becke proposed a semiempirical exchange-correlftioctional (B3P913°
with three parameters containing Hartree-Fock exchahgeBéecke exchange func-
tional (B88)1%%2 and PW91 correlatiof?® which are successful in describing many
molecules.

Exe=Exc +a0(Ef" — Ex°™) +aAE + acAES VL. (2.19)

where the semiempirical coefficient&€0.20,a,=0.72,a.=0.81) have been deter-
mined by fitting to a data set of measured atomization energhternatively, the
B3LYP102 104 exchange-correlation functional uses the LYP correldftbmstead
of PW91 correlation, which are widely used in chemistry field
Based on the arguments that the exchange-correlationyeveatigs as a function
of the interelectronic coupling strength, Perdew, Ernagriind Burké!introduced
the form: L
Exc = EPFA+ y (EFF —EDFA), (2.20)
where DFA is GGA. They mixed 1/4 Hartree-Fock exchange gneargd gave phys-
ical explanations.
Recently, a new hybrid density functional based on a sce€oellomb potential
for exchange interaction was introduced by Heyd, ScusanéFErnzerhof (HSE)2
ESRHF PBEO _ %E)I(-IF,SR_F ZE)I(DBE+ EPBE. (2.21)
They used the screened short range (SR) HF exchange indtéael foll HF ex-
change to construct new hybrid functional. Significant eidun in computational
cost can be used in calculation for large molecules andentsisin particular for
systems with small band gaps, with reasonable accuracy.
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2 Theoretical methodology

2.1.4 Van der Waals density functional

Sparse systems, including soft matters, biostructuresadsdrption systems, are
abundant and have strong local bonds and weak nonlocahatien, such as van der
Waals forces, which exist between atoms separated by spaeecommon use of
semilocal correction functionals in Kohn-Sham densityctional theory completely
miss nonlocal dispersion interaction. Recently, a van deaalg/density functional
(vdW-DF) was introducett® 114to deal with several layered materials with good
accuracy. The basic idea is to split the correlation enemtgyshort and long range
parts:

Ec[n] = EO[n] + EM[n]. (2.22)

The short-ranged teri®2[n], is treated by the LDA, and the long-ranged teEfh[n|
depending on densities, is written as

ENn| = %/drdr’n(r)q)(r,r’)n(r’). (2.23)

The vdW-DF is promising to get the comparable binding endéogythe molecular
adsorption system with experimental results. But the layer separation predicted
by the vdW-DF is a few percents higher than that of experialergiue.

2.1.5 Atomic orbitals and Pseudopotentials

When studying periodic crystals and nonperiodic systems as solids, surfaces,
interfaces, and isolated molecules, Bloch’s theorem isllysutilized in combina-
tion with basis orbitals which represent a solution of $dmger equation to verify
the translational periodicity of the supercell. AccorditagBloch’s theorem, the
single-particle wavefunctions have the form

W k(r) =exp(ik-rujx(r), (2.24)

wherej labels the bandk indicates wave vector, ang (r) is a periodic function
which can be expanded in planewave (PW) or atomic orbita®) (#asis sets. Thus,
the wavefunctions can be written as

Wik(r) = Cm(K)Xmk(r), (2.25)

m

where m labels the statas,(k) is the expansion coefficientmk (r) is a basis state,
and the summation is over the all the states in the basis.

For solids and general condensed phases with periodic laoyiedndition, it
naturally introduces the truncated PW basis set as sokitib&chrodinger equation.
It has some advantages, quite simple and analytic caloolafienergy, forces, and
stress, and representing the same accuracy for all regicszace. However, the
truncated PW basis sets show bad performance for systerog/afiinensionality,
such as molecules, wires, or surfaces, and charged syst@esscompensating
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2.1 Density functional theory

background is added. In addition, the calculation is quifge@sive with increase of
number of atoms in systems.

In contrast, a suitable AO combination constructed fromdigenstates of the
atomic pseudopotentidf$ 116as basis functions is successful to describe molecular
systems or condensed phases. The linear combination ofcatwhitals (LCAOS)
denotes a basis of atomic functions, which provides a gosdriion of electronic
states in materials. The numerical AOs are spatially codfiteing strictly zero
beyond a certain radius from the nucleus. The use of confinaterical AOs plays
a crucial role in achieving the high efficiency of calculao making it suitable for
large system calculations, because the matrix sizes in L@&j@esentation is con-
siderably smaller than that for other basis sets, such asmWeal-space grids-’
When the electron wave functions and density are projectenlareal-space grid in
order to calculate the Hartree and exchange-correlatioenpals and their matrix
elements, the computational cost for the construction tordge of the Hamiltonian
and the electronic density can be made to scale linearlytvtimumber of atoms in
large system$&!8

Due to the divergence of nuclear potenttal 1/r) at the origin, the wavefunction
of core electrons varies rapidly, which requires a huge remobPW components to
represent such steep wavefunctions. To solve this proldeayay is to modify the
PW by using linearized augmented planewaves (LAPfr linear combination of
muffin orbitals (LMTO)%20 another way is to modify the potential. The modified
potential, known as “pseudopotentiallis to replace the strong Coulomb potential
of the nucleus by an effective ionic potential acting on tlaéexice electrons. It
has a Coulomb attractive potential plus a repulsive patetdimimic the effect of
core electrons, thus the potential varies slowly in the euglregion. As a rule of
thumb, the construction of pseudopotential should mairttzat the corresponding
eigenvalues and wavefunctions are the same as that in ealegion. Assuming the
exact Hamiltonian for the valence statigsand core statep. isH,

Hl¢v) = Evdv), Hlde) = Eclde). (2.26)

Noting (¢¢|dv) = 0, we can construct a pseudo-wavefunctipfidby combining the
core and the true valence wave function in the following form

‘¢\F/)5> = ‘¢v>+z<¢c|¢\r/)s>‘¢0> (2.27)

Here, the pseudo-wavefunction is not orthogonalized toctive states. Thus the
pseudo-wavefunction satisfies the modified Schrodingeaisan:

(H+Z(E0—Ev>|¢c><¢c|>|¢\9s> = Ev|¢\9s> (2.28)
C
In this expressiontd =T +V, VP =V 4 5 (Ey, — Ec)|dc) (dc|, thus we obtain
(T+VP)[00%) = Ev/dF). (2.29)
VPSin the equation (2.29) is called the pseudopotential.
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2 Theoretical methodology

The goal of pseudopotentials is to generate the smooth andaie pseudo-
functions. It is not easy to construct pseudopotentialsesthey are nonlocal and
depend on real eigenvalues. The common approaches towcistrpseudopoten-
tials include fitting experimental energy g&{3,semiempirical model pseudopoten-
tials, and ab initio norm-conserving pseudopotenti&fsThe latter one reproduces
the all-electron wavefunctions out of cutoff radius, andl reharge density in the
whole space.

2.2 Time-dependent density functional theory

Although DFT gives a successful description of the grouategproperties, itis less
successful to describe the optical response and excitgpiectra. Time-dependent
density functional theory (TDDFT) is an extension versiéb& T, which is used
in calculation of excited states. The fundamental idea etecribe the excitations
in terms of interacting electronic density. In the manyyppdoblems, the response
functions (the response of systems to external pertunaisousually used in de-
scription of excitations. The basic formulas relating tegponse to the correspond-
ing electronic properties are based on the perturbatiooryh@nd response func-
tions. In the framework of current TDDF#/ we propagate the occupied Kohn-
Sham eigenstates for subsequent time step by solving treedependent Kohn-
Sham equation of the coupled electron-ion systems:

UL REY () (R 09U RO, (2:30)

Hiot is the time-dependent Hamiltonian of the multicomponesteyt24in the form
of

h2 1 e
Hot = —S =—02 -5 =02+ = =
“ ZZ"'e a2 ,ééj)‘”_”‘
Z|ZJ€'2

_Z|r. R|| %ﬂ W+Vext({ri},{R|},t). (2.31)

W{{ri},{Ri},t) is the many-body wave function for the system. The definitbn
the parameters in the equations are the same as previousd2idrns The Runge-
Gross theoref?® states that the external potentials is one-to-one corretpg to
the particle densities for a given initial many-body st#tgr;},{R/},t = 0). It
can be applied to both electronic and ionic system, consglyute external poten-
tials for the electrons and ions are determined by their oemsiies, respectively.
Therefore, the time dependent Kohn-Sham (TDKS) can beemrds:

dp(r,t) K
ot _(_Zme
=S lar P, (2.33)

i 02+ vs[n|(r, 1)) @(r,t), (2.32)
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2.2 Time-dependent density functional theory

nPOEY (R IR )0 (R0 (239
n(R.1) = [Wi(RD. (2.35)

wheren andn, in the expression is the density for the electrons and icspec-
tively. The single-particle KS potentiat andV, includings the external poten-
tial, the Hartree potential, and the exchange-correlgbiotential depends merely
on the corresponding density. Note that the electronic anit isubsystems are de-
coupled in the exchange-correlation functionals in thipragimation. However,
the correlation between ions and electrons is of importaaagbtain the accurate
ionic wave functions and ionic energy separations, esfped@ photons?® By
invoking the Ehrenfest theorem and classical trajectdoemns, the absence of ex-
plicit ion-electron correlation leads to Born-Oppenheaittyge dynamics for ground
state simulations and correct vibration frequencies i lgpbund state and excited
state, indicating that the ion-electron correlation is ligifty taken into account by
Coulomb interactions. The expression fgandV, is given by:

vs[n)(r,t) = Vex(r,t)— /dRZl‘nl_F;‘t
+ / ar' 1 +vxc[n]<r t), (2.36)
Ven](R.t) = VL(R,t)+Z Z/dR’W
7 / dr";(r_’tr)‘ FVEN(R ). (2.37)

We treat the ionic subsystems classically because ions aoh imeavier than
electrons. The ionic TDKS equation can be derived by invglihrenfest theorem.
The classic ionic patR{(t) and forcegF (t)) is defined as:

R (1) = (i (ROIRIG (R.1) = [Rmi(R.t)d (2.38)

(Fit) = —(W(R,1)|OrVs Wi (R,1))

—/n.(R,t)DRVS' (R, t)dR, (2.39)
we obtain: 2Rt
w CEY ), (2.40)

which recall Newton’s second law of motion for the ionic degg of freedom. The
ion-ion exchange-correlation function is negligible, se @an ignore it and assume
that the ionic density behaves ad-afunction:

n(R,t) = 3R —R (1)), (2.41)
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then, we obtain the simpler coupled ion-electron equations

d?R¥ (1) | el Zin(r,t)dr
M| dtz = DRCI [Vext(RC t /m
VAVA
+ 7], (2.42)
3G IRF =R
_0@(rt) h? ,n(r’t)
N = g e+ far 1|
Z
_Zervxc[n](r,t)](n(r,t). (2.43)
RN

Therefore, the time-dependent evolution of a coupled ieoten system can be
described by equations (2.42) and (2.43). Within TDDFT edaution of electronic
subsystems only depends on its density and the initial sii#ttea total potential that
contains a term describing the moving ions. The ionic sulesyshowever, is treated
classically, evolving along the Newtonian trajectoriegwviiorces which consider the
electron effects by invoking Ehrenfest theorem and reshemtectronic density cor-
responding to either the ground state or the excited stasawbrth pointing out that
the above derivation does not involve the Born-Oppenheaperoximation since
the electronic and ionic subsystems evolve separatelyowitfinding the electronic
ground state each time the ions move.
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CHAPTER 3

Optical properties of clusters and
molecules from real-time
time-dependent density functional
theory

Optical excitation of finite-size structures like moleaibnd clusters is one of the
most fundamental and versatile methods for investigatieg structure and stabil-
ity, since experimental measurements can be linked to #arehic structure by
careful analysis of the excitation spectrum. Methods thatabtain very accurately
the optical properties of very small systems of limited cosiponal variability do
exist, however, these methods cannot be applied to largersgdecause of their
very high computational cost. Methods that can handle laygéems usually have
to rely on approximations that sacrifice accuracy for thees#lefficiency, and can
access the general trends of optical excitations but ofties the crucial details of
small systems. In our work, we present an alternative agprbadging these two
extremes, which should be a useful tool for investigatiredptical properties of a
wide range of finite-size systems.

This method is based on time-dependent density functidvedry (TDDFT),
which involves a self-consistent field for the propagatidthe Kohn-Sham wave-
functions in real-time region. Although our approach doetspnovide a straightfor-
ward assignment of absorption features to correspondamgitions between Kohn-
Sham orbitals, as in the case in frequency-domain TDDFT oakstht allows the use
of larger timesteps while conserving total energy and naainig stable dipole mo-
ment oscillations. These features enable us to study laygtems more efficiently.
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3.1 Comparison with other methods

Model systems. In order to validate our approach, we apply it to the study of
the optical properties of a representative group of smalemdes, for which ac-
curate experimental measurements exist. It includes fiifsseall molecules:
Oz, Oz, NO2, N2O, NHz, H20, H,CO, H,CO3, CO,, CHy4, CoHo, CoHy, CoHeg,
and GHe. In addition, application to a large atomic cluster, cotisgsof 220 Si
and 144 H atoms, is also reported to demonstrate its effigciee choose these
typical small molecules, because some of them, encougterithe Earth’s atmo-
sphere, play an important role in not only shielding livimganisms from harmful
solar ultraviolet (UV) radiatiod?’~12°but also in modifying the composition of the
atmospheré3%-133 Some small hydrocarbons are crucial in the photochemistry o
the Earth’s upper atmosphéfé 13*and in various industrial application. The UV
absorption of these molecules is of particular intereatesthey are activated under
UV light.

Quantum chemistry approaches.Theoretical studies, based ah initio quan-
tum chemistry approaches, such as configuration intera¢@t),*3° coupled cluster
(CC) 136 and complete active space perturbation theory (CASP9an easily pro-
vide a complete description of the energies, geometries,dgnamics of excited
states of these small molecules with sufficient accuracyaaadeasonable compu-
tational cost without invoking any important approximato While the majority of
previous such theoretical studies of small molecules facutheir atomic structure
and electronic properties, some calculations for theiltedcstates and photoab-
sorption spectra have also been repotfd These studies typically compare the
excitation energies with experimental values but do novide a detailed analy-
sis of the relationship between absorption peaks and thresmonding electronic
structure. As mentioned, these methods cannot usually fiesdo large systems
containing more thar-100 atoms.

The frequency-domain TDDFT. An alternative approach employs density func-
tional theory and its time-dependent version. The adialagproximation is usually
employed in TDDFT approaches, and this is also the case présent work. Com-
pared to the high-level, computationally demanding mesh@®DFT in its current
form has spectral accuracy close to that of the quantum dzérgpproaches® 140
and computational cost scaling @N?3) with N being the size of a system, which
is better than time-dependent Hartree-Fock théthy:4?

Traditionally, TDDFT calculations are performed in thejuency domaitf3-146
within the linear response approximation to an externadl fadla given frequency.
The absorption spectra and oscillator strength are oltdigecalculating the poles
of the density-density response function. This approashpinaven very successful
in reproducing the observed vertical excitation energras @scillator strength of
small molecules, and has been pursued extensively in thedaade with various
approximations for the exchange-correlation energy fonetst*’~1>%and types of
basis-setd#® 151-153|n these cases, excited states in a small energy rangealiypic
up to~10 eV, are calculated, since at higher excitation energiesitmber of fic-
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titious electron-hole pairs increases significantly aredftequency-domain TDDFT
calculations become very difficult.

Real-time TDDFT. In contrast to the frequency-domain formulation of TDDFT,
real-time propagation of wavefunctioi?$1>"can produce the full absorption spec-
trum by a single calculation, albeit at the cost of a large benof propagation
timesteps->*~156 In addition, the real-time approach has the advantage ofhzatt
ically including non-linear effects since it does not rely perturbation theory. A
practical problem in real-time TDDFT calculations for feysize structures, espe-
cially for polar ones such as water and ammonia, is that #herein density is very
sensitive to the external field so that a very small timessepeieded to ensure the
conservation of the total energy.

In our approach!® 158we use local atomic basis sets and real-time propagation
of wavefunctions for solving the time dependent Kohn-Shaoeéons with a self-
consistent field (SCF), based on the adiabatic local deappyoximation. TDDFT
simulations with a self-consistent field (SCF) are not nevg have been applied
to electron dynamiésS® and implied in general procedutg® However, they have
seldom been used for optical calculatibtfsand their applicability in this domain
has not been carefully examined. Our approach with SCF skeweral important
advantages: 1) nonlinear effects and strong electric fisdtsbe applied; 2) reveal
directly the information about the ultrafast dynamics efo#tons and ions; 3) utiliza-
tion of local basis sets maintains relatively high accurai the high efficiency,
leading to a linear scaling (order-N) of the algorithm widispect to the number of
electrons N; 4) absorption spectra and polarizability dao ae obtained readily.
All of these advantages makes it suitable for simulationxaited states dynamics
for large systems.

3.2 Computational methods

Computational parameters. First-principle calculations are carried out with the
SIESTA codet® We use pseudopotentials of the Troullier-Martins t#3¢o model
the atomic cores, and the Ceperley-Alder fé?frof the local density approximation
for the exchange-correlation functional, as parametefizePerdew and Zungéf!
Periodic boundary conditions with box sizes of 74 8® minimize interactions with
periodic images are employed to calculate Hartree energieauxiliary real space
grid equivalent to a plane-wave cutoff of 100 Ry is used. Femrgetry optimization,

a structure is considered fully relaxed when the magnitdderoes on the atoms is
smaller than 0.01 eV. We use a basis of double-zeta polarized orbitals. For €, th
basis set includes two radial functions to represent thst&es with confinement
radii rs=5.12 a.u. and two additionalp2shells plus a-type polarization shell for
p electron$®2 with confinement radif ,=r£°"=6.25 a.u., so that the total number of
basis functions for a C atom isx21+2 x 34+ 1x 5= 13. The use of additional
polarization orbitals is necessary, singgolarization functions are essential for
TDDFT excitation energy calculatiot8® For N atoms we use a similar basis of

23



3 Optical properties of clusters and molecules from real-time time-dependent density
functional theory

13 orbitals, including two 2shells, two D shells, and a orbital for p-electron
polarization with radirs=4.50 a.u., andp:rE°'~:5.50 a.u., respectively. The number
of orbitals for O is also 13, with two<shells, two 2 shells, and al polarization
shell with confinement radiis=3.93 a.u. andp=rE’°'-=4.93 a.u., respectively. For Si
and P, thirteen numerical atomic basis: twesBells withrg=5.01 a.u. and 4.56 a.u.,
two 3p shells and ad polarization shell with confinement radi,@,:rgo':G.Z? a.u.
and 5.57 a.u., respectively, are considered. Finally, taebat shapes for thesl
orbital and ap-type polarized orbital with confinement radQ=r§°'~:6.05 a.u are
employed for H.

For the optical absorbance calculation within our modifi&@DFT scheme, the
Crank-Nicholson operatdt® a timestep of 3t x 103 fs and 6107 steps to propa-
gate the wavefunctions for all molecules, which gives amggneesolution of 0.1 eV.
The perturbing external electric field we add on all the malesis 0.1 VA. For the
O2 and NG molecules, spin polarization is used to calculate the aptibsorbance
spectra. All calculations are performed in vacuum.

Procedure of calculation. We have modified the TDDFT scheme, used in ear-
lier work to calculate optical absorption of small biologlianolecules like DNA
base$!”163pased on linear response, to include a self-consistentgio@agation
of the electron density. This approach, when applied to agaisorption calcu-
lation which is essentially within the linear response megji proceeds as follows:
At time t=0, an initial diagonalization step is performed to obtdia Kohn-Sham
wavefunctions for each orbital under a perturbative exeetectric field. The re-
sulting KS eigenstates are denoted @g0) }, wherej is the index of the occupied
states. At > 0, the external field is switched off and the KS orbitals alevetd to
evolve. The time propagation ¢fp;(t)} is realized by multiplying it by the propa-
gator exg—i# [p,tn] At), at then stept, = nAt:

@j (th+ At) = exp(—i# [p,ta] At) @j(tn). (3.1

Here 7 is the DFT single-particle hamiltonian, including the Kiseenergy op-
erator,—%vz, and the electron-electron, electron-ion, and ion-iomriattions;p
is the time-dependent density of electropst) = ¥ | @;(t) 2, which enters the
Hartree term (electron-electron repulsion) and the exgéaiorrelation term of the
the hamiltonian. The propagation of KS orbitals is basedervariation of TDDFT
action functions in the adiabatic approximation. The detadescription of the self-
consistency loop was presented in Ref. [118].

In the present work, the assignment of absorption peaksnaatdrom TDDFT
to specific excitation transitions in the molecular elegicostructure was obtained
by comparing to the peaks of the joint density of states weidjby the magnitude
of the transition dipole moments calculated from DFT:

SorT(0) = oy 3 (E) (1-n(e)) B —2)) [t (32)
]

whereSyet(w) is the optical oscillator strength based on fictitious KStaib, e and
mare the charge and mass of the electrgs; ;) is the occupation of the KS eigen-
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statei (j) with energyg; j, with the indiced andj running over occupied and unoc-
cupied states, respectively.,j is the transition dipole moment between the Kohn-
Sham orbitalsp (r) and @;(r) in the ground-state configuration of the molecule,
given by:

iy =<@(r)|r|a@(r)> (3.3)

The DFT calculations give main peaks of the optical absompsipectrum which
exhibit a pattern similar to that obtained from the realdifDDFT simulation. In
the DFT calculation, the peak position is the energy difieeebetween a pair of KS
orbitals and the intensity is proportional to the squarénefIDM.

Advantages of the self-consistency loopThe TDDFT density evolution with
the self-consistency loop increases significantly thellétabf the simulation, there-
fore a longer timestep can be used. To illustrate theseriegtwe report the results
for the optical absorption spectrum of quinone-imine, aeriesting biomolecule
which is a key component of melantf* This molecule has a small optical gap.
In Fig. 3.1a we compare the total energy of this molecule asnation of time
during time evolutionwith and without the self-consistency loop. In the regular
time-propagation scheme without the self-consistencp,|tioe larger the timestep
we use, the sooner the total energy of the system divergegn\Mif-consistency
is imposed by the scheme described above, we find that it leaglscellent total-
energy conservation, with variations smaller than 1.5 meN0(06% of the total
energy) after 40 fs.

The TDDFT propagation with a self-consistent field also ssin long-time
stability of the dipole moment oscillations of the systenmjat is particularly im-
portant for the low energy excitations. Stable dipole monoeaeillation is main-
tained for a time interval exceeding 40 fs with SCF, whiletérts to diverge at
t = 12 fs without SCF (see Fig. 3.1b). As a result, the opticatsBpen obtained
from the Fourier transform of the dipole moment evolutiomvisl converged with
SCF, while the spectrum without SCF shows broader distohuand much more
noise (Fig. 3.1c). Although the optical absorption of thisletule has not been di-
rectly measured, its very small optical gap of 0.9 eV (1379 reconsistent with
the energy gap measured at-£@®2 eV in melanin sample¥® The second peak at
2.73 eV (454 nm) also agrees with the measured peak at 2.88m¥®lanin interme-
diates'® The computational cost for TDDFT with SCF is ony2 times that with-
out SCF on average. As a result, the efficiency of the optpeatisum calculation
is greatly enhanced, since the self-consistency loop allwnuch larger timestep
(by an order of magnitude or more). In addition, the longéaltbme spanT of the
simulation without energy divergence leads to enhancedutsn AE in the optical
spectrum, sincAE ~ h/T with h being Planck’s constant. On the other hand, the
timestep can not be arbitrarily large because it then wasigbe fast oscillations of
the dipole moment, thus removing high-energy featureseatisorption spectrum.
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Figure 3.1: (&) Total energy; (b) dipole moment; and (c) optical speutaf the quinone-
imine molecule (structure shown in (c) insat)ithout (red lines) andwith (blue lines) the
self-consistency field (SCF) in TDDFT (for computationataiks see text).

3.3 Results and discussion

Large SioooH 144 Cluster. We begin with an example which clearly demonstrates the
computational efficiency of our self-consistency schemeugh the calculation of
the optical absorption spectrum of a rather large systemd$is4) by the present
standards. The relevant structure of Si nanocrystalsbéxig an approximately
spherical shape with a diameter of 2 nm is shown in Fig. 3.2 Silze range attracts
more attention recently because of their potential apgina in nano-scale devices.
Issues related to their electronic and optical excitatiargsof central importance
in their potential usefulness(see, for example, Ref. [L66herefore, being able
to calculate the optical and electronic spectrum of sualcsires efficiently and
accurately becomes of paramount importance in determihieig properties. The
optical spectrum of this model Si nanocrystal is shown in Big. The calculation
required 2100 steps (with a timest&p= 0.0102 fs) and a total computational time
140 cpu hours on an Opteron single-node. The calculateclbgbape and optical
gap of~3.0 eV are consistent with previous calculations and erpanis on clusters
of similar size (2.6-3.2 eV)%7-168More details and examples are described in our
paper®8

The small molecules We next consider the small molecules mentioned in the in-
troduction, for which detailed experimental and theogdtiesults are readily avail-
able for comparison. Based on the different chemical comipaosand complexity
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Figure 3.2: Optical spectrum of the SigH144 cluster obtained from TDDFT with the SCF.

Atomic structure is shown in the inset, with grey spheresasgnting Si atoms and white
spheres representing H atoms.

of the molecules we studied, we divide them into four groupsoup I, consisting

of N2, O, and @, are the simplest elemental molecules; Group 1 ,N@O, NHs,

and RO, are the simple bi-elemental compounds composed of N, ©Hasroup

lll, H>CO, H,CO3, and CQ, are the carbon oxides; and Group IV, £HCoHo,
CyH4, CoHg, and GHeg, are the hydrocarbons. The ground state geometry for each
of these molecules is shown in Fig. 3.3.

A compilation of optical absorption spectra for represtwacases is shown in
Fig. 3.4.

Group I: The @ and N» molecules show two dominant absorbance bands in
the UV region. The positions of the second peak for both mdéscare very close,
around 83 nm, though with very different intensity. The fpetk for Q is located
at 139 nm, different from that for )\ which is at 95 nm. The differences can be
attributed to features of the electronic structure of the tmolecules: the strong
triple-bond between the two N atoms i ié related to the stronger absorbance at
the higher energy (83 nm), while the presence of the trigktteonic states in @
results in a lower-energy transition at 139 nm.

Group Il : The first peak of the DD molecule, compared to the first peak of,N
is red-shifted to 112 nm, due to the presence of the O atomoffte two peaks are
located at similar positions as those fof,Suggesting a similar origin in electronic
transitions. Overall, the oscillator strength (intenpiyy enhanced relative to A\
indicating a larger polarizability in this region. In the M@olecule, the first peak
has a large shift to 367 nm with a small intensity, and the rothieee absorbance
bands are evenly distributed in the region from 100 nm to X60 n

Group Il : For the HCO and HCO3 molecules, the trends for the intensity of
the first four bands are similar in both cases, that is, aterg large-small-large-
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Figure 3.3: The geometry of the fifteen small molecules studied, in faougs (I-1V) as
discussed in the text; Group I:2NO,, Os; Group Il: H,O, NO,, N2O, NHs; Group Il
CO,, HoCO, H,COs3; Group IV: CHy, CoH», CoH4, CoHg, CsHg. Red, white, gray, and blue
spheres denote the oxygen, hydrogen, carbon, and nitragers arespectively.
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Figure 3.4: The calculated absorption spectra for several small mtdedn the 80 nm to
200 nm range. For Ng the first absorption peal, lies outside the range shown.
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small peaks with decreasing wavelength. With the presehogoce O atoms, the
peaks of HCOs are red-shifted by-14 nm, accompanied by a sharp decrease in the
intensity of the first peak.

Group IV : Two peaks, at 95 nm (13.02 eV) and 113 nm (10.93 eV), are promi
nent in the UV spectrum of the simplest of the hydrocarbonemaes, CH. They
are close to experimental valdé3of 13.6 eV and 10.4 eV. It seems that the first
peak in experiment at 9.6 eV is missing or mixed with the peak(a93 eV in
Fig. 3.4. The calculated oscillator strength for the firstlpentegrated from 106 nm
to 124 nm, is 0.401, in very good agreement with experimaratiale 0.417 In lit-
erature the low energy excitation in Gt 9-11 eV has been assigned to Rydberg
transitions to states that involve @G 8rbitals!’! The explicit inclusion of C 8or-
bitals in basis-set, however, does not change the spectrlow @nergy<15 eV in
the present work. This question is open to further invetibga C;Hg has similar
peaks in its absorption spectrum to those ofsCékcept that each peak is split into
two due to the presence of two Glgroups connected by a C-C bond and smeared
out. The optical spectra of moleculesk; and GHg exhibit similar overall trends.
The C=C double bond in thes84 molecule leads to a large red-shift in the posi-
tion of the first band compared to thels molecule, and the other three peaks are
red-shifted by a smaller amount. Compared to the spectrudaldf, the C=C triple
bond of GH> results in a large increase in intensity for its first absorppeak with-
out significant change in the peak position. However, a neak péath a significant
red-shift is present at 158 nm for the case gHg, due to the transition from a triple
bond to a double bond. At higher energy, absorption peaks shoilar features for
the two molecules &H, and GH4. The calculated excitation energy (158 nm) and
oscillator strength (0.324) for the first peak oft> are very close to corresponding
experimental values (161 nm and 0.30, respectivER)).

We also compare our theoretical excitation energies obdtdiom TDDFT with
available experimental values. More importantly, our lssepresent a complete set
of electron excitations within a consistent theoreticahtment, which provides not
only the unbiased excitation energies but also the correlipg transitions between
electronic states, TDMs and number of excitation channélss information can
help interpret optical spectra measured in experiment @clectronic properties
of these molecules. More details of the corresponding g@tisorbands, transitions,
and dipole moments for these molecules are presented irflB&F. [

Water molecule. The simplest case we considered gHnolecule as an exam-
ple to analyze in detail the spectral features, the cormdipg wavefunctions, the
electronic excitation channels, and TDMs, as presentedleT3.1.

The H,O molecule exhibits four major absorption bands with wawgthk in the
range of 80 to 250 nm, shown in Fig. 3.5a, together with the P&dks ofSHrT (W),
which in the case of this molecule happen to be in rather ggpdeanent. The
first two peaks are at 164.2 nm (7.553 eV) and 127.9 nm (9.790reSpectively.

In experiment, the primary photoabsorption peaks of gaséb® are centered at
7.447 and 9.672 eV28in excellent agreement with our calculations. The osdaitat
strength for the first peak, calculated at 0.036, is also glage to the experimental
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Table 3.1: Absorption bands, corresponding transitions betweerirelg@c states, and tran-
sition dipole moments for O molecule. Molecular axial directions are defined in Fig. 3.
(Group II).

EandeV) . Transition dipole moments
Band Exp. The. Assignment 3 D, D, N
HO A 74528 755 H-L 0 0 032 1
B 9.67 9.74 H-LL 0.39 0.39 0 1
C 11.93 H-1»L+1 -0.32 0.32 0 1
D 13.72 H-2»L 051 -051 O 1

(@) (b)

7 eay 00
L

Intensity (arb. units)

| \E | i L | L | 1
100 150 200 250

Wavelength (nm)

Figure 3.5: (@) Absorption spectrum of #0 molecule. The red bars represent the peaks
of Sopt(w), Equation (3.2), which help identify the nature of the TDDpdaks, and are
scaled so that the heights of the dominant pdakffom the two calculations match. The
small blue bars below the zero intensity line indicate thsitmn of experimental peaks.
(b) Energy level diagram and transitions correspondinghéoabsorption peaks. For each
energy level, the corresponding wavefunction is shown as @ositive) and red (negative)
iso-electronic contours. The letters in (b) identify thentsitions that correspond to labelled
peaks in (a). Black vertical arrows represent single-chhefectronic transitions between
two states.
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value of 0.03t% The other two peaks in our calculation are located in the drigh
energy region: at 104.5 nm (11.926 eV) and 90.3 nm (13.715 egpectively.
They are mixed with the Rydberg series with significant viticdfeatures in ex-
perimental measurements. In order to demonstrate théoredaip between optical
absorption and the electronic structure, we explore inildéta relevant state tran-
sitions in water, as shown in Fig. 3.5b. The first absorptieakpA, is attributed to
the HOMO—LUMO transition. The HOMO, often referred to as thejlf8olecu-
lar orbital, is primarily composed of O orbitals. The LUMO, the 4A orbital,
however, is primarily composed of the @rbital from the two H atoms and thes,2
2pyx, and 2y orbitals from the O atom, with the Hskontribution being dominant.
Therefore, the first absorption peak has 1B1A; character. The calculated TDM
in Table 3.1 shows that the orientation of the electroniaragement aligns along the
zdirection. The second absorption baBgljs ascribed to the H-2LUMO transi-
tion. The electronic orbital assignment of the H-1 state,3A; orbital, is similar
to the LUMO, except that the linear combination has equatrdmrtions from all
orbitals. Therefore, the second absorption peak corresptinthe 3A—4A1 tran-
sition. From the TDM analysis we find that the electrons aranmed along the
diagonal direction of the-y plane. The third pealC, in Fig. 3.5a results from the
contribution of electron excitation from the H=L+1 state. In the L+1 state, with
2B, character, thedorbital of the two H atoms also dominates the wavefunction, i
combination with the contributions from GpR and 2y orbitals. In the H-1>L+1
transition, which has 3A—~2B, character, the electron is distributed on the diago-
nal direction in thex-y plane with a change of sign in thedirection. The fourth
absorption pealD, is related to the H—2LUMO transition. The H-2, 1Borbital,

is the linear conformation of the Hs10 2py, and O 2y orbitals. The orientation of
electronic charge of O for the 1B—4A; transition is located in the diagonal of
thex—(—y) plane.
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CHAPTER 4

Biological systems: Complexation of
flavonoids with iron

It is well known that flavonoids, the potent antioxidants) t& used in pharmacol-
ogy fields, because their powerful ability of scavenging fredicals and metal ions
chelation can prevent effectively from oxidative damagisecial attention has been
paid to study the metal ions chelation mechanisms of flawswith Fe ions, the
most abundant metal element in a human body. Several ige¢istns have empha-
sized that the biochemical activity of metal-flavonoid cdexpgs depends strongly
on the number of hydroxyl (OH) groups, the relative positidnthe OH groups on
the different rings of flavonoids, and the metal chelatioessP—1’ Despite extensive
efforts, the atomic structure of metal-flavonoid compleaed binding mechanism
are far from understood, primarily attributed to experitaddifficulties in detecting
these complexes with molecular resolution in solutiert® In this work, we ded-
icate in studying the complexation mechanism of severabflaids with Fe using
first-principles calculations based on density functiaghabry (DFT).

4.1 Models and computational details

In order to study the complexation mechanism, we choosealdia/onoid molecules
as model systems, including quercetin (Que), luteolin)laempferol (Kae), galan-
gin (Gal), and chrysin (Chr). All of these flavonoid molecitge composed of two
aromatic rings (A and B) and an oxygenated heterocyclic (@g as shown in
Fig. 4.1 for Que molecule, the 3,5,78-pentahydroxylflavonol. Others just differ
in the number and position of OH groups in these rings, farimse, Lut, 5,7,34'-

OH; Kae, 3,5,7,40H; Gal, 3,5,7-OH; Chr, 5,7-OH. Depending on the number and
sites of the OH groups they contain, the relevant antioxidapacity is different,
which can help us to understand the relationship betweechélation sites and an-
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Figure 4.1: Geometry and numbering of a quercetin molecule. C, H, and@sare shown
as gray, white, and red spheres, respectively.

tioxidant activity. Furthermore, the different chelatisites are tightly related to the
binding strength based on complexation with Fe ions, wharilme used to predict
the trend of scavenging ability for these typical flavonoidlecules.

The first-principle calculations are carried out with th&STA code, and the
computational details are discussed in Chapter 3.

4.2 Structural dependence of antioxidant activity

Two main mechanisms to explain the antioxidant activity afdinoids were widely
discussed in the literaturéé 1/3First, the deprotonation makes flavonoids become
nonreactive phenoxyl radicals, which can interrupt thercheaction:

R® -+ ArOH — RH+ArO* (4.1)

In this mechanism, the bond dissociation enthalpy of the Ohtliplays an essential
role in determining the antioxidant activity. The weakez ®H bond the easier the
reaction occurs. Second, the one-electron transfer mexhathe antioxidant can
deactivate a free radical by transferring an electron tmfarstable radical cation:

R® -+ ArOH — R~ + ArOH®* (4.2)

In this case, the ionization potential is of importance ialeating the antioxidant
action. The lower ionization potential facilitates theatten abstraction.

Unfortunately, another antioxidant mechanism, based efatbn of metal ions
to form stable complexes, is still not clear. In fact, theligbof scavenging metal
ions, especially for iron, copper, and other transitionahieins, for flavonoids plays
a crucial role in protecting our body from oxidative damagesd largely enhance
the antioxidant capacity of pure flavonoids.
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4.2 Structural dependence of antioxidant activity

4.2.1 Chelation sites

Bors first proposed the three important criteria for effectiadical scavenging1’4
(2) theortho-dihydroxy (catechol) structure in the B ring can confertt@gstability
of radicals and involve in electron delocalization; (2) h8-double bond in conju-
gation with a 4-oxo function in the C ring is responsible f@otron delocalization
from the B ring; (3) the additional presence of the 3- and 5¢dblps in the A and
C rings largely accounts for maximal radical scavengingptal and the strongest
radical adsorption.

In addition, the numbers and positions of the OH groups adterchine the po-
tency of scavenging metal ions for flavonoids. Quercetie,;member of a flavonoid
family, exhibits potent radical-scavenging activity atieg antioxidant ability, be-
cause it meets all of these conditions. Flavonoids can tehelatal ions by remov-
ing one H atom, however, the ordering of chelation site i§ istidebate. Some
papers proposed that the first preferential site in the cexapion process is the 3-
OH group, and the second one is tmtho-dihydroxyl group 16:19:175But others
hold the opposite opinions, which means the first site itiigo-dihydroxyl group
and then the 3-OH grou}$:2%-176. 177, this chapter, we try to address which chela-
tion site is the most preferential site for chelating Fe ionhe complexation with
the five flavonoids mentioned above.

We analyze in detail the structure and properties of quiercethich has the
largest number of OH groups, and thus has the highest defyvaeability in terms
of complexation with metals. For the other flavonoids coesltere, we will mostly
point out the difference and similarities with quercetin. dptimized geometry of
pure quercetin, the hydrogen atoms in the hydroxyl grougmaitions 3, 5 and’4
are arranged so as to allow for hydrogen bond formation toéaeby O atoms (of
the doubly-bonded O at position 4, and of the hydroxyl groupasition 3). The
calculated bond length between C4=04 is 1.27791.267,&], between C10-C4 is
1.419A [1.4184], and between C2-Cls 1.456A [1.4794]; these are all in good
agreement with the corresponding experimental valfegven in parenthesis.

In the complexation process, we consider two H reservoudetime the chemical
potential for the removed H atoms: one is corresponding4anidlecules (energy
gain of 2.34 eV per H atom) and the second tgOHmMolecules (3.04 eV per H).
According to the choice of reservoir, the relevant bindingrgy of the complex is
defined as

1
Ep = Etotal — NFeEre — NQueEQue+ NHEH + NH EEHZ (4.3)

Ep = Etotal — NFeEre — NoueEQue+ NHEH + HH% (En,0 — EH — Eon) (4.4)
whereE;qq is the total energy of the complex akg, nx, are the energy and number
of species X involved in the complexation reaction (X = Feg(Qd); in particular,
Ny is the number of H atoms missing from the neutral Que molsafier complex-
ation, andEy, is the binding energy pertmolecule.

For a single flavonoid molecule, there are several possitas that could bind
an iron atom. We classify the chelation sites by binding gynealculated using
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4 Biological systems: Complexation of flavonoids with iron

the H, molecule as a reservoir for the removed H atoms. The mostdbi® one
are shown Fig. 4.2a-c for quercetin. The correspondingibgnenergy is 2.09 eV,

Figure 4.2: Configurations of Fe-quercetin complexes at ratio of 1:1Herand quercetin.
The Fe-Que complex with Fe (denoted by a purple sphere) &-thsite (a), at the 4-5 site
(b), and at the 3-4' site (c).

1.87 eV, and 1.64 eV per complex (see Table £J), respectively. Our results
indicate that the preferred site for Fe chelation is the 3-#did 4-carbonyl group
(denoted as 3-4 site). The attachment of the Fe atom to theculel breaks the
double bond of the 4-carbonyl group and deprotonates thglBskyl group to form
the two Fe-O bonds. The next site is the 4-5 site, howeves,l@ss likely not only
because of kinetics: deprotonation of the 5-OH group reguix.5 eV more energy
than that of the 3-OH group, but also steric repulsion andHRedformation after Fe
binding at 3-4 site.

The next available site is’@ site. Here, either one or both H atoms can be
removed from the 3 and 4-hydroxyls, denoted ag 34’, 3-4,, 3-4' sites, respec-
tively, in Table 4.1. Therefore, our results suggest these-binding strength at
different chelation sites has the order 3>44-5 > 3'-4'. For the complex with
two Fe atoms, binding to the 3-4 an4 sites simultaneously, the binding energy
(3.4-3.6 eV) is considerably smaller than twice that of one Fe-Q@itle Fe bound
at the 3-4 site (4.2 eV). In addition, the same trend is foun@u-Que complex’®

Other possible chelation sites, such as the 7-hydroxyk lagewer binding en-
ergy~1.3 eV per complex. The 1-oxygen and 4-carbonyl have muckidmding
energies €0.4 eV) and will not not be considered further. Furthermexgerimen-
tal measurements dH Nuclear Magnetic Resonance (NMR) spetirshow that
the signal for the proton of the 3-OH group disappears dfiefHe-Que complex is
formed, which confirms the importance of the 3-hydroxylatbonyl site (Fig. 4.2a)
as the preferred site for Fe chelation.

The same trends apply for complexation of other flavonoids,(Kae, Gal and
Chr) with Fe. Our results show that for all flavonoids invgated, the Fe binding
energies are around 2.08.09 eV for the 3-4 site, and 1.84..88 eV for the 4-5 site,
1.6 eV for the 3-4' site or the 34, (with one H remaining on the' ®r 4 hydroxyl
sites), and less than 1.3 eV for other sites, using the firgddmvoir. This suggests
that there is a universal trend for Fe-flavonoid complexatibe 3-4 site is the most
favored site if present; otherwise the 4-5 site also bindstFangly; then the '34’
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Figure 4.3: Electronic absorption spectra of quercetin in methanobiseace and in pres-
ence of Al(lll). The molar ratios [AIG])/[Q] are indicated on each spectrum, from Ref. [16].

site. The comparison of energy and structural charadtesisf these complexes
contained in Table 4.1 leads to the following ordering in Relation ability:

Que> Lut > Kae> Gal > Chr,

which agrees with experiment&0-182

4.2.2 Stoichiometry of the complexes

Complexes with a wide range of stoichiometry of metal/fladids were investigated
by the UV-vis absorption spectra and electrospray massrspeetry16-20.175,182
Different metal-flavonoid complexes exhibit distinct staometry of metal/flavonoid
from 1:1, 1:2, 2:1 to 1:%-16.19,20,175,182 i terms of chelation sites, environment,
and metal ion concentration. Fig. 4.3 shows electronic igatiem spectra of Al-Que
in methanol with increase of the concentration of metal ink is clear that with
the increase of ratio of metal ions, the first absorption b&imfl largely, indicating
the formation of complexation. However, the general coxgitien mechanism at
different ratios and the optimal stoichiometry for the nhét@onoid complexes is
far to understand.

To this end, we consider higher quercetin concentratiortferFe/Que com-
plexes. At the ratio of Fe/Que=1:2, three highly symmetitiatures are presented
in Fig. 4.4a-c. Two molecules are coplanar, with reflectipmetry for Fig. 4.4a,
denoted a$x; with inversion symmetry for Fig. 4.4b, denotedRs respectively.
Two molecules are perpendicular to each other with respdeetatom, denoted as
O symmetry, as shown in Fig. 4.4c. The binding energies fonkkase three struc-
tures, per complex, are 4.69 eV for tAestructure, 4.72 eV for thg structure, and
4.78 eV for theO structure. The difference of binding energy suggests tieaspa-
tial symmetry plays a role in the Fe complexation process:gtiercetin molecules
prefer to be arranged on orthogonal planes. Furthermaedyitiding energy in the
same structure but with Fe bound at the 4-5 site is smaller®§ €V per complex,
indicating that in the complexes containing two quercetoienules the 3-4 chela-
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4 Biological systems: Complexation of flavonoids with iron

Figure 4.4: Configurations of Fe and quercetin complexes with higherceotration of
quercetin. (a) Fe-2Que iRg, a planar structure with reflection symmetry; (b) Fe-2Que in
P, a planar structure with inversion symmetry; (c) Fe-2Qu®jra structure with the two
molecules on orthogonal planes; (d) Fe-3Que with Fe havingovalent bonds. In (a)-(d),
the Fe atom is at the 3-4 site of each molecule.

tion site is again preferred. These results are in generakawent with Ref. [17]: for
instance, the orthogonal complex is favored over the plaoarmplexes in vacuum.

At the ratio of Fe/Que=1:3, the planes of the three molecaitesnutually per-
pendicular, as shown in Fig. 4.4d. In this structure, Fe ignloioto the quercetin
molecules by six Fe-O bonds in an octahedral configuratitwe. cCBlculated binding
energy of 6.47 eV per complex indicates that this structicg stability comparable
to that of the one- and two-Que complexes. However, the bgdtrength is the
strongest in the two-Que complex, with an energy of 2.39 eW@e&e molecule,
compared with 2.16 eV per Que here in the three-Que comphek229 eV in the
one-Que complex. This is consistent with experimental olagi®ns in the mass
spectrometry, where metal-flavonoid complexes of stoitieitny 1:2 are usually
preferredt®? From these results we conclude that the Fe ions are cheynizth
urated when bound to three quercetin molecules. The hidjilistaof Fe-3Que
complex may have important and profound biological sigaifite, as was revealed
in a recent study that protection against intracellular DiNnage in the presence
of peroxides dies when the Fe:Que ratio is larger thar#4.:3.

4.2.3 Solvent dependence

The stoichiometry and preferential chelation sites of ir&onoid complexes will
vary slightly, depending on different solution. In pure htol, the 3-OH group
exhibits the strongest chelation strength with 1:2 staictetry for Al-Que com-
plex;:1® while in the presence of alkaline medium, treho-dihydroxy!l group with

the Al/Que ratio of 1:3 is more favorable. However, the Cy,4i, Pb-Que complex
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Figure 4.5: Optimized geometry of hydrated Fe-deprotonated querdéti ratio) com-
plex’

presents the deprontation of the 3-OH group and stoichigenettio of metal/Que
as 1:2 in the watet”®

In our work, we choose $and HO molecules in Eqn. (4.3 and 4.4) as H reser-
voirs to provide information of energetic favorable chiglatsite and the relevant
stoichiometric ratio in an acidic and basic condition. Hoe first choice, the 3-4
site is the preferred chelation site; while for the seconoiady the 34’ site with
two H atoms removed becomes slightly more favorable. Bus#tpience of bind-
ing energy and the relative stability of complexes remaichamged, when the same
number of removed H atoms is involved. Furthermore, the magdrated Fe-Que
complex, as depicted in Fig. 4.5, confirms that the 3-4 sipeaeterred for both ratio
of 1:1 and 1:2'7 It is worth pointing out that the water molecules surrounpliefer
to form the octahedral configuration with other four Fe-O dmn

In addition, our study of the Cu and Que complexatfSralso approves the
preferred chelation site of the 3-4 site under the gas phaseavated by OH group
and HO molecules. At pH 5.5 (acidic media), the 1:1 complex is oesjble for
spectroscopic features, while the 1:2 complex is mainlgtexi at pH 7.4, which
is in good agreement with experimental findir§3. Therefore, the Fe-O binding
strength may be modified in the presence of water moleculgsyé expect this to
be a small change because the F&Hbond is relatively weaker than the covalent
bonds between Fe and O responsible for the binding energiepared here.

4.3 Optical signatures

In experiment, the optical absorption of the molecules sdu® identify changes
in their structure and stoichiometric ratio, such as comxgtien with metal atoms.
To address this issue, we calculate the optical propertigaercetin and its various
complexes with Fe using TDDFT. The free quercetin moleculel®ts two major

absorption bands as indicated in Fig. 4.6a. The first peak3@@nm and the second
one at 283 nm. The primary peaks in the measured UV-vis spactrat 372 nm
and 256 nnt%:18 Our calculation for the optical absorption of quercetinngbod
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Figure 4.6: The UV-vis spectra calculated from TDDFT for pure quercetmlecule (a), and
Fe-Que complexes (b). The ratio of Fe/Que concentratiogesfrom 1:1 to 1:3F: planar
geometry with inversion symmetn®: orthogonal geometry (see text). The two vertical
grey lines represent experimental peaks.

agreement with the experimental values, as shown in Fig. 4.6

For the Fe-Que (1:1 ratio) complex, the first absorption Baa@ red shifted
with respect to the free quercetin molecule, as shown in &igp: the first two
peaks are at 474 nm and 290 nm. With the increase of the caatientof quercetin
molecules, the first absorption peak is almost at the sam#éqgyoat 470-480 nm,
but the intensity is gradually enhanced with increase ofjtinercetin concentration.
In addition, the relative intensity of the shoulder at 410 decreases and the the
second band at around 300 nm shifts to longer wavelengtrseTingensity changes
can be used to identify different stoichiometric ratioshe £e-Que complex.

To elucidate the nature of the absorption peaks and thenmsdso their shifts
upon complexation, we analyze the electronic structurdnefquercetin molecule
and its complexes with Fe. The peak at 390 nm in the quercbsorption spec-
trum is attributed to electronic excitations from the higheccupied molecular or-
bital (HOMO) of quercetin to the lowest unoccupied molecwdebital (LUMO).
The wavefunctions of these states are presented in FigThg HOMO comprises
mainly Tt bonding combinations while in the LUMO the antibonding conations
dominate. The HOMO is more localized at tGeandB rings but the LUMO is de-
localized from theB ring to the C2-C1bond and from the C2-C3 bond of tRering
to the C3-C4 and C4=04 bonds. Therefore, the first absorbéo hast — 1T
character. The change of wavefunction distribution alskicites that the first band
has contributions from both tHgandC rings.

Compared to the free quercetin molecule, the HOMO of quereetthe Fe-
Que complex is more delocalized spreading over the C2-CaiGhs, due to the
presence of Fe. There exist two singly occupied molecuktals (SOMO) between
the quercetin-related HOMO and LUMO states. These twostaigespond to the
4s orbital of the Fe atom, for the majority spin, and the3rbital for the minority
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Figure 4.7: Density of states of the quercetin molecule (blue dashex) lmd the Fe-Que
complex (red solid line), for the configuration shown in FAg.. The upper panels show
the corresponding wavefunctions of these orbitals. Theedatertical line indicates that the
Fermi level. Arrows indicates the majority)(and minority spin component).

spin. Consequently, the first absorption band should bendrd®20 nm, which
corresponds to transitions between the SOMO states reiatide bound Fe atom
and the LUMO state of the Que/complex, which is assignedeadigfand-to-metal
charge transfer (LMCT)/ However, this band will have very small intensity and
will be difficult to detect in experiments. As a result, thesfiband at-430 nm in
experimental UV-vis spectra reflects the transition betwiee HOMO and LUMO
states associated with quercetin, as they have been mdulfibe presence of the Fe
atom. From Fig. 4.7, it is obvious that the complexation ghmoves the HOMO
and LUMO states of quercetin closer in energy which accolantthe observed red
shift in the first absorption peak.
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4 Biological systems: Complexation of flavonoids with iron

Table 4.1: Energies and structural parameters for different Fe-flakboomplexes.

Complex Site Ep(eV) El(eV) N d(A)

Fe-Que 34 2086 2785 2 1.99
4-5 1.870 2569 2 1.95
3,-4 1639 2338 2 201
3-4, 1624 2323 2 2.02
3-4 1426 2823 2 1.90
3 1.364 2063 1 1.80
4 1.367 2066 1 1.81
7 1.265 1964 1 1.77

Fe-Que 3-4;3-4 3585 4.982 4 2.00
3-4;3-4, 3546 4943 4 201

3-4;3-4 3370 5.466 4 1091

Fe-Lut 4-5 1.873 2572 2 1.92
3,4 1.667 2366 2 2.02
7 1.324 2023 1 1.79
3-4 1.191 2588 2 1.85
Fe-Lut 4-53,-4 3495 4892 4 1.96
Fe-Kae 3-4 2093 2792 2 2.00
4-5 1877 2576 2 1.96
7 1.326 2.025 1 1.80
4 1.323 2022 1 1.80
Fe-Gal 3-4 205 2755 2 201
4-5 1.842 2541 2 1.93
7 1316 2015 1 1.79
Fe-Chr  4-5 1.880 2579 2 1.93
7 1290 1989 1 1.80

2 The iron binding energyHj, andE;, with respect to different reservoir choice for
the removed H atoms, see text), number of Fe-O boNj)lsahd average Fe-O bond
length @) are listed. H atoms are removed from the OH binding siteessienoted
with a subscript H. The cases in which the choice of resemaikes a difference in
the ordering of the binding energy are marked by an asterisk.
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CHAPTER 5

Dye Solar Cells: sensitizing inorganic
nanowires

Dye-sensitized solar cells (DSSCs) are the promisingrateres to conventional
solid state photovoltaic devices, due to the lower cost amigeranvironment friendly.
Recently, much attention has been particularly paid toraatlye, such as cyanidin,
chlorophyll, and carotene, sensitized }isvlar cells, because natural dye molecules
are cheaper, simpler, and safer dyes in comparison with éhsitezer based on
ruthenium polypyridyl complexe®:38n addition, the use of one-dimensional (1D)
nanostructural materials including nanowires, nanoradsptubes, and nanoparti-
cles, as the inorganic semiconductor in DSSCs provides gppdrtunities to reduce
the size and improve the efficienty.Despite intensive experimental and theoret-
ical studies on surface-based (2D) and nanopartical-b@2dDSSC, the mecha-
nism and electronic interaction between the Fi@nowire and natural dye molecule
(cyanidin), has never been elucidated. In this chapter, sseddompare the structure
and properties of the two different kinds of semiconducemawires used in DSSC
devices: the TiQ- and GaAs-based nanowire. We will focus on demonstratiag th
electronic coupling between the cyanidin molecule and, Ti@nowire, and provide
an insight into charge injection mechanisms of naturals#yesitized nanowire solar
cells.

5.1 Semiconductor nanowire

Semiconductor nanowires or nanotubes have attracted nitestitian because of
their application in photovoltaic solar cells with high eension efficiency. In com-
parison with the commonly used nanopatrticles, nanowiretding nanotubes) ex-
hibit additional advantages in two aspects: 1) visibletliggattering and adsorption
are much enhanced because of their long length-to-diamsgterand a total length
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5 Dye Solar Cells: sensitizing inorganic nanowires

reaching hundreds of nanometers; 2) due to highly orientestalline array, the 1D
geometry facilitates faster electron transport to thetedeles, and slower charge re-
combinatior®- 184,185y rthermore, several synthesis approat?e®’can be used
to control morphology of nanowires, including the diamgtére length, structure,
and interwire spacing, which are tightly related to the fiorcand performance of
DSSCs.

5.1.1 TiO2 nanowire

Among the inorganic semiconductors, pi®ased nanostructures have been used
most often as a wide bandgap semiconductor in DSSCs, dueitcstiperior pho-
toreactivity, nontoxicity, long-term stability, low pig and easy productiotf: 188,190

In general, two different crystal structures of BiQutile and anatase phase (see
Fig. 5.1), are used in photocataly$®. It is commonly believed that the anatase

9244

Figure 5.1: Geometry of rutile phase (a) and anatase phase (b) of Tigstal, from
Ref. [189]. Black and white spheres represent Ti and O atoespgectively.

phase exhibits much higher reactivity in light absorptiod @hoton-to-current con-
version, and is the prevalent phase used in experiméts’2 Therefore, the anatase
phase of TiQ is usually fabricated for an anode in DSSCs, which assistearat-
ing electrons from photon excitation by dye molecules.

In our calculation, we consider the anatase structure of memowire as a model
system, as shown in Fig. 5.2a. This segment exposes fou) ¢l two (001)
facets. Both surfaces are stable, with the former being famerable, as observed
in monocrystals and nanopartic€sThe experimental lattice constantsa= b =
3.784A andc = 9.515A are employed, which are close to the theoretical values of
3.80A and 9.53A. In principle, the nanowire unit can be repeated alongeeithe
[010] or the [101] direction, forming two nanowire struagsrof different orientation.
The latter structure is similar to that repeated along tHel [direction, with all
facets being (101). We studied all these structures, anasémt on wires along
the [010] and [11] directions, to which we refer according to their axiakdtion,
[010]-wire and [1L1]-wire. Periodic boundary conditions are used in thedtiogs
perpendicular to the wire axis, which separate the nancinora its images by at
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5.1 Semiconductor nanowire

least 10A of vacuum. We note that the nanowire structures constriuctze are
smaller than those used in experiment, whose diameter isatyyp30-80 nm (wall
thickness-8-20 nm for nanotubesf* 18519235 shown in Fig. 5.25%% However,
our structures have other features (e.g. 1D geometry,tation and facets) which
are the same as experimental ones and thus represent aaiglasoiodel.

[101]

[101]

(a)

Figure 5.2: Our calculation model for Ti@ anatase-phase nanowire (a), and lateral view
FESEM images of Ti@nanotube (b) from Ref. [192].

5.1.2 Wurtzite/zinc-blende GaAs nanowire heterostructur e

Another promising building blocks for nanoscale electesrand optoelectronics is
the p — n heterojunction nanowire, such as doped InP nand®irend coaxial sil-
icon nanowire$? Their small diameters and unique geometry exhibit the Egit
optical and electronic properties which are different fritma relevant bulk materi-
als. Furthermore, Integration of lattice-mismatched t@ijige structure into a sin-
gle nanowire presents the possibility in designing and pcody relatively cheap
devices for solar cell applications.

To this end, two main heterostructures, radial and axiarostructured?* 19°
are employed in devices, which increases the functionafityanowires, and mod-
ifies the corresponding properties. The difference betwe®nheterostructure is
that the radial heterostructure is formed by the growth efdbre/shell nanowires;
whereas the axial heterostructure is created by repetitfatifferent composites
along the growth axis. Recently, the axial heterostructaspecially for the lll-
V group materials, such as GaAs, GaP, InP and InAs nanowife’’ which is
composed of a mixture of wurtzite (WZ) and zinc-blende (ZByments attracts
increasing attention.

Currently, our collaborators have studied the direct dati@n between the op-
tical properties and structure at the atomic scale of si@fé&s nanowire. They
investigate GaAs nanowires either with pure wurtzite ocAende/wurtzite poly-
typism 128 by using photoluminescence spectroscopy and transmiskiotron mi-
croscopy (TEM). The corresponding wurtzite/zinc-blenééehostructure of GaAs
nanowire is shown in Fig. 5.3b. In this work, we try to use fpanciples calculation
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5 Dye Solar Cells: sensitizing inorganic nanowires

based on VASP code with hybrid-exchange functional, (&etaichap 2 methodol-
ogy part) to predict the band offsets for the polytypic zblende/wurtzite nanowire.
The unit cells we used for the calculation of both phasestaoe/s in Fig. 5.3a. We

[1-100]

Figure 5.3: (&) Unit cells for zinc-blende and wurtzite phase of GaAspestively. Red and
light blue spheres represent Ga and As, respectively. (A)EMRmicrograph of one region
of the nanowire from Ref. [198].

use the experimental in-plane lattice constant of ﬁqgorresponding to the bulk
lattice constant of 5.68\) for both ZB and WZ phases, which is very close to the
calculated one 3.94.

The corresponding band structures for both phases by udifgdnd hybrid
functional HSEOG6 calculations, are shown in Fig. 5.4. Theréadion is responding
to the [111] direction for ZB and the[0001] direction for Whawse, respectively.
The hybrid functional calculations obtain the band gap dD%.eV for the zinc-
blende phase, and 21 meV lower for the wurtzite phase, whecmagood agreement
with the experimental dat®2 In addition, the relevant band offsets and effective
masses match well with experiment, which can be used to stadet the electronic
properties of heterostructures.

5.2 Natural dyes cyanidin sensitized TiO 5 solar cells

Both TiO, and GaAs nanowire are promising candidates in photovatticevices
for assisting electron separations and transport, how&w@s is cheaper and easier
to fabricate, which makes Tigmore popular in DSSC applications. Therefore, our
study focuses on the dye sensitized solar cells based gmE@bwire, and consider

it as a prototype to elucidate the electronic interactiotwben dye molecule and
TiO2 nanowire.

5.2.1 Configuration and deprotonation process

Configurations. We consider cyanidin (Cya) molecule adsorption on two types
of TiO, anatase nanowire: one is [010]-wire, as shown in Fig. 5.5¢hvban be
repeated along [010] direction; another is [101]-wire atil]-wire, which extends
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Figure 5.4: The relevant band structures of zinc-blende and wurtzitsglof GaAs along
the Z—T direction in the Brillouin Zone. Open black circles and redisrepresent the LDA
results and HSEOG6 calculation respectively. The effectiasses (values in blue) in the units
of me are obtained from quadratic fits ndapoint (blue curves).

along [101] and [11] direction, respectively. Fig. 5.6a presents the stmecof the
dye sensitized TiQ[111]-wire with all facets being (101). For the Cya adsorption
upon TiG [010]-wire, the optimized geometry is that the carbonyl d&ydroxyl
groups on the rindg adsorb onto neighboring Ti ions of the (101) facet along [010
direction. It is worth pointing out that upon adsorption Qyansfers the H of the
hydroxyl group to the nanowire, and is deprotonated. Theesartrue for the other
wire orientations. The [101]-wire and11]-wire are more stable than the [010]-wire
by 0.26 and 0.27 eV per Tiunit, respectively.

Deprotonation process and charge injection. For the [010]-wire, Fig. 5.5
shows the deprotonation pathway and the corresponding@héc structures of the
initial and final states for the system. Initially, Cya adsomtact in the flavylium
form, with its OH on ringB pointing to the oxygen atom of the wire forming a hy-
drogen bond. The OH covalent bond and hydrogen bond lengéhs.@4A and
1.51A, respectively. The Ti-O bond length formed between theomare and the
hydroxyl (carbonyl) group is 2.28, (2.93 ,&). In the transition state, the hydroxyl
H atom forms two intermediate bonds with O atoms from Cya a},Tthe corre-
sponding OH distances being almost identical, 33ind 1.28A, respectively. The
total energy increases by 0.23 eV compared to the initiak stadicating a small
barrier of 0.23 eV for the H transfer process. After that, kthis completely trans-
ferred to the surface O of T¥with a bond length of 1.0A. The Cya molecule
anchors itself on the neighboring O atoms along the [01@datiion of the nanowire
with Ti-O bond lengths of 1.97 and 1.9 forming the quinonoidal form. The de-
protonation process lowers the system energy by 0.27 eMtirggin a Cya binding
energy of 1.0 eV on the TiPnanowire with respect to a free Cya molecule and a
bare nanowire.

The total density of states (DOS) and that projected on Cgashown for the
dye/wire system before and after deprotonation. Overa#, DOS of the TiQ
nanowire is similar to that for bulk Ti©) Before deprotonation, the Cya HOMO lies
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Figure 5.5: Deprotonation pathway and energy profile for a cyanidin gk on the TiQ
nanowire with the axis along the [010] direction (the [0%@ie). Total DOS (thin black
line) and that projected on the dye molecule (thick red lere)shown for structures before
and after the deprotonation. States from the dye molecelenambered as 1, 2, 3 ... for
occupied states counting from the HOMO toward lower ensrgead 1*, 2*, 3* ... for
unoccupied states counting from the LUMO toward higher giesr The Fermi level is set
to zero.

within the valence band (VB) of Tipwhile the LUMO is far from the conduction
band minimum (CBM) of TiQ (the latter being higher by 0.7 eV); both are unfavor-
able for charge injection. After deprotonation, howeviee HOMO is shifted into
the bandgap region of Ti&Dand the LUMO moves toward the CBM of T3Owhich

is now higher by only 0.3 eV. This is critical for solar cell@igations, because in
such cases excitation from the dye HOMO to the conductionl lediO, is much
easier than from the Ti©VB and involves visible light, given the smaller bandgap
of isolated cyanidin (2.4 eV) compared to that of anatase T82-3.3 eV)}¥ Our
finding is consistent with the experimental observatidhat upon Cya adsorption
the color of the solution changes from red (flavylium) to perfguinonoidal), in-
dicating that depronation takes place. Deprotonation et&uplex dyes attached
to TiO2 nanoparticles was found to be responsible for the strongldye coupling
recently?®?

This behavior is quite general for other dye/wire configiorag. Deprotonation
of Cya results in favorable overlap of the dye orbitals ardTii©, bandgap, though
the HOMO and LUMO positions may vary from case to case. Fomgle, the
LUMO is 0.42 eV lower than the CBM of Ti®for Cya attached on the edge of
the (101) facet, and 0.48 eV lower for Cya attached on the)(@t, while the
HOMO-LUMO difference is almost constant. These structunes0.4 and 0.1 eV
less stable than that shown in Fig. 5.5. We also studied amafiigns with the
proton transferred to different TgXites, which are typically less stable by 0.2 eV .
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Figure 5.6: (@) Structure of the dye-sensitized Eiﬂfl]-wire with all facets being (101).
Dashed lines mark the unit cell in the calculation. (b) Tetiin black line) and projected
(thick red line) density of states for this system. The cgponding wavefunctions for: the
(c) HOMO, (d) LUMO, and (e) LUMO+1 states at tiek-point.

For the [101]-wire and [11]-wire, the Cya LUMO is 0.27 and 0.20 eV lower
than the CBM of TiQ after deprotonation, respectively, resulting in Cya agson
energies around 1.5 eV. The latter structure with dye adieor{s shown in Fig. 5.6a.
From the corresponding DOS plot, the LUMO of Cya is almostethegate with the
CBM of TiO» (Fig. 5.6b). The wavefunctions of the states labelled 1 (HQML*
(LUMO) and CBM (LUMO+1) at thel" k-point are shown in Fig. 5.6c-e. In the
HOMO and LUMO states, electrons are mainly localized in tiga @olecule, with
a small fraction transferred to Ti ions. The main differercéhe bonding and an-
tibonding character between riryand ring€ for the HOMO and LUMO, respec-
tively. In the LUMO+1 state, electrons are delocalized aistrithuted in the whole
nanowire, mainly in Tidyy orbitals. Detailed analysis of this state reveals that 88%
of electrons reside on the Ti orbitals, which is the CBM of i@, nanowire. We
conclude from this analysis that an incident photon abgbdyeCya will promote
an electron from its HOMO to its LUMO state, then the electvah be injected
into the conduction band of the TigkManowire.

Size effect and oxygen vacancyVe have also investigated the dependence of
the LUMO—CBM energy difference on the size of the nanowire. THEL]iwire of
width 2 units, 4 units, and infinity (that is, the 2D (101) sué) have LUMG-CBM
separation of 0.38, 0.20, and 0.09 eV, respectively. Theeefwe expect that the
larger dimensions of the nanowire used in experiment wiulein smaller en-
ergy separation~0.1 eV) between the LUMO and the CBM of Ti@han what
we showed here for small model nanowires. In addition, wesleso considered
TiO2 nanowire structures with O vacancy defects, which are damian TiQ sur-
faces. Three different types of O vacancy were analyzed fildie¢ype involves the
O vacancy located at one of the four edges of the wire; thengketype involves an
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Figure 5.7: Optical absorption spectra of a finite segment of Ji@&nowire (inset) with
(solid) and without (dashed) sensitizing dye moleculese Galculated spectrum for a free
cyanidin molecule is also shown (dotted), together witheygerimental peak position (ver-
tical bar).

O vacancy on the surface steps, that is, the outermost oxyges) which connect
the 5-fold and 6-fold Ti ions of the wire; the third type of Ocaacy lies in the flat
surface terrace, the oxygen that connects two 5-fold Ti.iétighree types are pos-
sible, with the energy difference between them less thare\.per vacancy. Not
surprisingly, the O vacancy right beneath the Cya moleauif@eces dye adsorption
significantly (adsorption energy 2.7 eV), and results in thiMO being slightly
higher in energy than the CBM of TiDby 0.16 eV.

5.2.2 Optical properties

We calculated the optical properties of the Cya/di@anowire using TDDFT. We
used a finite segment of thel1]-nanowire with a narrow width (2 repeat units)
is terminated by OH or H at the two ends along its axis, rasylih a structure
consisting of 20(TiQ)-2(H20), shown in Fig. 5.7 (inset). We checked that this finite
structure reproduces well the DOS features of the infiniteomare. The optical
absorption of the dye/wire structure is shown in Fig. 5.7.

For free Cya molecule, it exhibits two major absorption [sati520 and 410 nm,
respectively. These peaks are prominent and red-shifté8@@nd 480 nm for Cya
adsorption on TiQ nanowire, with intensity much enhanced due to the inteafaci
Ti-O coupling between the molecule and the wire. These peaksspond to exci-
tations from the state 1 (HOMO) and the state 2 (HOMO-1) tcstage 1* (LUMO)
as labelled in Fig. 5.6b. The red-shift is also consisteti Wie decreased bandgap
of the adsorbed Cya (1.15 eV) compared to that of free Cy& @V in DFT calcu-
lations. Direct excitation from Cya orbitals to the BHi©onduction band is less im-
portant, as verified by the negligible transition dipole nemtbetween them. On the
other hand, the bare Tghanowire shows no absorption beyond 400 nm, consistent
with its large bandgap-3.2 eV1% Therefore, the dye sensitizer greatly increased
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the absorption of the TiPnanowire in the visible light range, which dominates the
terrestrial solar spectrum.

Comparing with experiment, free cyanin solution and cyamnliO, nhanopar-
ticles®® show absorption peaks at 520 nm and 532 nm, respectivelythanltter
exhibits two major emission peaks at 550 nm and 740 nm, demsigith our re-
sults. In addition, rosella extract with the main componagihg cyanin shows a
strong absorption peak at 560 nm and a shoulder at 650 nnaalfterption on TiQ
nanoparticle$% which agrees well with our calculated spectrum. The difiess
may be assigned to the versatility of dye adsorption cordigoms and different
TiO5 structures (nanowires in the calculation versus nanapestin experiment).

5.2.3 Rapid charge injection

In order to make solar cells efficient, rapid charge injaettmd transport are re-
quired in addition to intense visible light absorption. Marevious studies have
emphasized that the dye LUMO being higher than the CBM oL Tédeneficial for
efficient electron injectioR®1-29% However, this causes other problems for DSSCs,
namely, the electrons excited to the dye LUMO can dissigataigh non-radiative
processes into the lower-lying CBM of T¥Oreducing significantly the open circuit
potentialVoc and causing unwanted energy 18852%4 The ideal case would be that
the LUMO is close to and slightly higher than the CBM to proelloth largeVyc
and high injection rates, ultimately leading to latggaccompanied by intense light
absorption. For our system of natural-dye sensitized Ti@howire, larg&/,c would
not be a limitation because of the large difference betwberHOMO and CBM.
We demonstrate below that this structure also facilitateafast electron injection
from the dye LUMO to the CBM of the Ti@wire, a result coming from their close
match in energy, despite the fact that the LUMO is slightiyéao.

Electronic injection process. We monitor the electron injection process from
Cya to the TiQ nanowire after photon absorption using TDDFT. Fig. 5.8angho
the evolution of electronic energy levels with respect tawdation time. At time
t=0, one electron is promoted from the HOMO to the LUMO of Cydich is
a good approximation for representing the first excitedestdt We then let the
coupled electron-ion system evolve in real time. The ihitaic temperature is set
to 350 K. The energy of the LUMO, occupied with one electroteraéxcitation,
first approaches that of the CBM of TiOand later diverges from it. There is a
crossover at time 30 fs, after which the two states seem mexedenced by the large
off-diagonal Hamiltonian matrix element. The density disition of the excited
electron is also monitored, and projected onto all Ti and @nat orbitals in the
nanowire. The latter is considered as the “injected” etetiinto the nanowire.

We found that at = 0 only 0.14eis distributed on the Tig due to the electronic
coupling between Cya and the wire through carbonyl groubss Falue decreases
slightly then starts to increase after 5 fs (Fig. 5.8b), arathes a first maximum of
0.2eatt = 18 fs and a second maximum of G4tt = 48 fs. The value increases
further to 0.6e aroundt = 63 fs (not shown). This ultrafast charge injection is more
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Figure 5.8: (@) Evolution of electronic state energy levels after etmn of cyanidin from
its HOMO (state 1) to the LUMO (state 1*). Energy levels cdnited by the dye are shown
in dotted lines. (b) Fraction of electrons injected to th®Jlhanowire as a function of time

after excitation. The insets show the charge density of xbezl electron at = 0 and 48 fs
at the contour level of 0.00d/A3.
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obvious if we compare the density distribution of the extigdectron at = 0 and
48 fs in Fig. 5.8b. On the other hand, direct recombinatiothefelectron and the
hole is unfavorable because the off-diagonal matrix elérhetween them is:0.04
eV, much smaller than their large energy separation of 1\4Qwvhich gives zero
Landau-Zener probabilities, indicating that the lifetiofehe excited state is long.
The details are discussed in papet.

Experimental measuremefitshave revealed ultrafast electron injection from
cyanin to TiQ nanoparticles within less than 100 fs, and a recombinaitfietimhe of
67 ps, in good agreement with our result. Later experimé&ftaP’and theoretical
studie$2 298 confirmed even faster injection processes, within 10 fs ss,léake
place from other organic dyes (alizarin, bi-isonicotinioch catechol) to TiQ.

Injection pathways. We further analyzed the pathways of the injected electron
and its transport inside the nanowire. Fig. 5.9 shows thetina of electrons pro-
jected on each Ti ion of the nanowire during charge injections are numbered
explicitly in the unit cell in four directions from top (whelCya sits) to bottom. Not
surprisingly, the electron is mainly distributed on Til,ialis bonded to the car-
bonyl group on thé-ring of Cya, and Ti9, where the deprotonated hydroxyl group
binds. From Fig. 5.9a, we find that electrons proceed alodg-Ti2—Ti3—Ti4
during charge injection, resulting in density maxima in @4 = 16 fs and 52 fs.
Other pathways following the same direction show approkéyehe same trend.
This indicates that electrons first flow in and fill the whol@oaire. Parallel charge
transport along the nanowire axis, such as;Fi6—Ti5—Ti2' (Ti2’ being the im-
age of Ti2 in the next cell) is less favorable, judging by thea$ density and the
later appearance of electrons in this path. Efficient chixegesport could take place
along the Ti1l3»Til4—Ti9—Til0 direction at a later time. Interestingly, previous
quantum dynamics simulations with a model Hamiltonian renavrf92that charge
injection along the [101] direction is an order of magnitsli@ver than that along
[101] for electrons excited to the HOMO of catechol on Fi©onsistent with our
results (note that the direction indices are reversed in R6R]). Therefore, we
have demonstrated from first-principles that both charggeeiion and charge trans-
port occur effectively at the ultrafast timescale in theunaltdye sensitized Ti®
nanowire, even though in this system the dye LUMO is sliglatlyer than the CBM
of the semiconductor, mainly due to the influence of ioniarie motions in the
dye/nanowire system. As a result, both a lavgeand a high electron injection rate
can be achieved, which would result in a high efficiency oftariral-dye sensitized
TiO» nanowire solar cells.
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Figure 5.9: Electron transport pathways inside the nanowire. Tiioeswambered explicitly
in (a) the side view and (b) the top view. Only the bottom p#the adsorbed cyanidin (O-
C-C-0) is shown. Arrows show the direction of the nanowirésaxc)-(d) The injected
electron distribution on each Ti in the nanowire unitcellaaiinction of simulation time.
For better view, lines are shifted vertically by 0.05 for seautive curves.
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CHAPTER 6

Electronic interactions between
copper (fluoro-)phthalocyanine and
epitaxial graphene

The interaction between metal phthalocyanines (MPcs) atid surfaces plays
a crucial role in determining the performance of organiasalells. Their en-
ergy conversion efficiency depends sensitively on the fiter structure and elec-
tronic coupling between molecules and the electrode seidac between organic
molecule layers. Much current research has focused on stadeling and con-
trolling the epitaxial growth of MPcs on metal surfaéd%;211highly oriented py-
rolytic graphite (HOPG¥1??14and SiQ substraté'® by using scanning tunneling
microscopy (STM) and atomic force microscopy (AFM). Some dedicated in
studying the band alignment and charge transfer from ther@xgntal point view.
However, the mechanism of the electronic interaction atitierface is still un-
known.

In this chapter, we choose two typical MPc molecules, copbginalocyanine
(CuPc) and hexadecafluorophthalocyaning(fiPc), because they are air, chemi-
cal and thermal stable, and absorb intensively red lighe Sdif assembly process of
these two molecules on epitaxial graphene (EG) have beestigated, and we ex-
plore the corresponding electronic and optical propettiesising first-principles
calculations based on density functional theory (DFT) anteidependent DFT
(TDDFT). Moreover, we elucidate the mechanism of the etettrinteraction be-
tween MPcs and EG, the simplest model, which is useful to rtataled and predict
the charge transfer at the organic/inorganic interfaceateoular electronic devices
and solar cells.
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6.1 Models and computational details

The structure of CuPc andigCuPc molecule is shown in Fig. 6.1, as the model
systems to study the electronic interaction between MPeoub¢ and EG. First-
principle calculations are performed with the SIESTA cod®yed®® and the
Viennaab initio simulation propgram (VASP3L€ in the framework of density func-
tional theory. Since van der Waals (vdW) forces are imparfiansuch weakly in-
teraction systems, we also use vdW-density functional ARIVYT) of the Lungvist-
Langreth type for typical bonding configuratioh's, which would provide quali-
tatively correct energy difference and trend for the etwatr coupling. The Heyd-
Scuseria-Ernzerhof (HSE) hybrid functiofrs 2/is also used in the isolated molecule
simulation. An auxiliary real space grid equivalent to anglavave cutoff of 120 Ry

is employed in the calculation and the spin polarizationise @onsidered. Single

" point is used to optimize the structure, and the k-point ntégB x 8 x 1) in the
Monkhorst-Pack sampling scheme are used to analyze thenglelectronic prop-
erties for the unit cell (UC) of Pc/graphene system. Thesast superposition error
(BSSE) is excluded in the adsorption energies. Other comtipnil details are the
same as chap 4.

For the uniform kgCuPc overlayerso(— a), we consider two possible super-
cells: supercell lattice vectors run along the armchagdation of graphene (denoted
as gra[(3,4x(4,3)]) (Fig. 6.4b), and along its zigzag direction (graf((6,1)])
(Fig. 6.4a), respectively. Both lattice vectors for grad(3 (4,3)]) have a length of
14.96A with an angle of 69in between. For the CuPc/graphene system, we adopted
a square-like lattice(1,5) x (4, 3) with lattice vectors of 13.64 and 14.964, and
an angle of 86. For non-uniform lgCuPc stripes, &3,4) x (8,6) unit cell is used
to to simulate the layer of coexistimgandf3 stripes. It is noted that there are two
F16CuPc molecules in a unit cell.

6.2 Isolated phthalocyanine

6.2.1 Molecular structure

Both CuPc and fCuPc (see Fig. 6.1) are the planar structures, exhibitiraug f
fold symmetry Dan).The only difference of the two MPc molecules is that all H
atoms in phenyl group of CuPc are substituted by F atoms to FggCuPc.

The optimized structural parameters we calculated andxtperenental mea-
surement for both molecules are collected in Table 6.1. Rrentable, it is obvious
that our calculation results of the structural parametéSui’c are in good agree-
ment with experimental value from Ref. [218]. It approves tkliability of our
structure calculations. In comparison with CuPgGuPc shows the similar aver-
aged bond length for the Cu-N, C-N and C-C bond and‘a®€the N1-Cu-N3 angle.
However, the diagonal distance between two outermost FaatbirF1) in F1gCuPc
is 15.47A, 0.43A longer than the relevant H1-Htonds of CuPc (15.04), because
of 0.2 A longer for C-F bonds than that for C-H bonds (see Table 6.1).
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6.2 Isolated phthalocyanine

Figure 6.1: Atomic structures of the isolated CuPc (top panel) apgCPc (bottom panel)
molecules, and the corresponding charge density conta0ate/A3 for the HOMO and
LUMO states. C, H, F, N, Cu atoms are denoted as green, whiik, plue and orange
spheres, respectively.

Table 6.1: Calculated structural geometry for CuPc ang®uPc molecules with the experi-
mental values of CuPc molecule (Ref. [218]) for comparistme bond length shown in this
table are the averaged bond length of two molecules in theofidi. The unit of the bond
angle is°. Atoms are marked in Fig. 6.1.

CuPc Expt. F16CuPc

RCu_N1 1.944 1.935  1.946
Rc_N1 1.378 1.366  1.376
Rc_N2 1324 1.328  1.322
Rc_N 1.351  1.347  1.349

Rc_cC(Benzeng 1406 1.391 1.408
Rc_c(pyrrole 1459 1.453 1.459
RC_H(/F) 1.113 - 1.328
ON1_Cu-_N3 89.9  88.7 89.8
Bci-N1-C2 108.3 107.3 108.4
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Figure 6.2: (a) UV-vis spectra of CuPc and §CuPc calculated from TDDFT and (b) exper-
imental spectrum for CuPc from Ref. [58].

6.2.2 Electronic and optical properties

From Fig. 6.1, it is clear that the highest occupied molecothitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO) for CuPc anguPc molecules are
similar, except for small amount of electrons distributedatl F atoms of kgCuPc
molecule, due to large electron affinity of F atoms. It is Wqvbinting out that the
LUMO of F1gCuPc is brighter at the central Cu position than that in HOMOPCc,
however, does not show obvious contrast, which is in coisistith experimental
STM images’1?

We also compare the relevant absorbance spectra for bottcoies as shown
in Fig. 6.2 by using TDDFT. Both Pc molecules exhibit two miabsorption peaks
(Q- and B-band) in the visible light region. For CuPc, the @b locates at 624 nm
and B-band at 328 nm with a shoulder at 594 nm, which is in ggoeeanent with
the experimental UV-vis spectra 657 nm for the Q-band andi2%or the B-band,
with a shoulder at 600 ni¥f In addition, our results show small absorption peaks at
399 nm and 356 nm, which are missing in experiment becauseoésolution limit
in the experiment. For{CuPc, three absorption peaks lie in 693 nm, 446 nm and
346 nm, respectively. The red-shift of 0.2 eV of Q-band issistent with the band-
gap narrowing observed in optical measurements of CuPceM)7and RgCuPc
(1.5 eV)/* And a red-shift of 0.23 eV is also observed in CuPc aggCEPc thin-
films despite the presence of intermolecular interactfofis.

To elucidate the nature of the absorption bands, we anafgzeléctronic struc-
ture of both Pc molecules. The density of state (DOS) and thesfunctions of the
HOMO and LUMO for RgCuPc by using HSE functional are presented in Fig. 6.3a.
The HOMO states are composed of two degeneraigdrbitals; while the LUMO
states comprise four degeneratgdorbitals, and ond, g orbital. Therefore, the
HOMOs behave mainlyt bonding character, whereas in the LUMOSs the antibond-
ing combination dominates.

In comparison with calculated results of Cu#88 as depicted in Fig. 6.3b, the
same orbitals for the corresponding HOMO and LUMO are oletirThe discrep-
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ancy between LDA and HSE results lies in the inaccurate gegnr of localized
states lf1g) in LDA, which contains a large self-interaction error farch states.
Therefore, the Q-bands for both molecules are attributegldotronic excitations
from the HOMO to LUMO states of molecules, suggesting ihe T character.
Furthermore, the electronic band gap @§€uPc is around 0.2 eV smaller than that
of CuPc, which accounts for the red-shift in UV-vis spectiscdssed above.

CuPc

u
|
BE=ER

Il

Figure 6.3: Density of states (DOS) and selected molecular orbitalseoFHsCuPc molecule
(a) and energy alignment for Cut€ (b) by using HSE functional. Up (black curves) and
down (red curves) panels show the spin-up and spin-down coemt, respectively.

6.3 Uniform phthalocyanine overlayers

6.3.1 Configuartion of the F 1gCuPc/graphene system

As defined in the above section, two possible supercells af(3#)x(4,3)] and
gra[(6,0)x(6,1)] are employed to simulate the unifoom- a F1gCuPc overlayer ad-
sorption upon graphene, as shown in Fig. 6.4a-b respegtifel match the lattice
vectors of 15.1Ax16.0A and the molecular arrangement along the armchair di-
rection of graphene measured in STM im&gewe focus on FgCuPc molecules
adsorption upon gra[(3,4)4,3)].

In order to find the optimized structure, we vary the adsorptieight and the
orientation of lFgCuPc with respect to the underlying graphene lattice. Osulte
in Fig. 6.5 show that the energy minimum is obtained whegCEPc molecule is
located 3.08} above the EG surface and the azimuthal angle9s, defined as the
angle between molecule diagonal and the short diagonaitatireof the UC, (see
Fig. 6.4b). Similarly, the optimized geometry in gra[(6s@%,1)] supercell has an
adsorption height of 3.08 and the azimuthal angle of19°. Upon adsorption, the
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Figure 6.4: Configurations of [gCuPc molecule adsorption on the gra[(609,1)] (a), and
gra[(3,4)x(4,3)] surface (b). The unit cell is described in red patafjeam, C atoms of Pc
are changed to green for distinguishing from graphene.
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Figure 6.5: The adsorption energy for,fCuPc molecule adsorption upon gra[(344,3)]
as a function of the distance between Pc molecule and graggheface (a), and the azimuth
of molecule (b).

molecule deviates from the ideal planar structure, witiNte@oms around Cu being
0.04A higher and the periphery F atoms 0.A0lower than Cu. In addition, the
molecular size shrinks by 0.48in diagonal directions. The corresponding adsorp-
tion energyk; is —3.19 eV and—3.17 eV in gra[(3,4x(4,3)] and gra[(6,0%(6,1)]
supercells, respectively, using vdW-DF functionals abapison height of~3.4 A.
The adsorption energy is defined as:

Ea = (Etot — Egra— N x Epg) /N (6.1)

whereEqt, Egra, andEpc is the total energy of the adsorption system, the energy of
the isolated graphene substrate, and the energy of gas-pltasiolecule, respec-
tively. nis the number of Pc molecules in the unit cell.

Based on the optimized configuration (Fig. 6.6a), we alsoutate the contour
plot of potential energy surface in Fig. 6.6b. The dark blgion at (1.42, O)'\ and
(0.71, 1.23)A are both close to the top site of a carbon atom in graphermysh
the highest binding energy of 3.19 eV, indicating the sigbdf the atop site for
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Figure 6.6: (a) The optimized configuration and (b) potential energyesgr contours for the
F16CuPc/gra[(3,4% (4,3)] system. Graphene is shown as a gray sheet to dissimgiLirom

C atoms in the Pc molecule. The unit cell is described by a agdllelogram. The potential
energy surface is calculated by using a & grid sampling in the rectangular region marked
in the lower right corner of (a).

F16CuPc adsorption on EG. Moreover, between these two statalg, $tig. 6.6b
reveals a smooth diffusion pathway with a very small barxiérl6 eV for FgCuPc
adsorption on EG. Hence the molecule could diffuse freelf@nto find its most
stable adsorption sites.

6.3.2 Band offset

For the adsorption system, the corresponding total DOSKthlack solid line),
as well as that projected on to Pc molecule (black dash-dej knd the graphene
substrate (red solid line) are presented in Fig. 6.7a. Theféatures below and
aboveE; in the total DOS mainly come from the contributions of the HONNd
LUMO of F1gCuPc molecules, which are composed of two spin-up and ackpium
orbital (for HOMOs), and two spin-up and three spin-downitatb (for LUMOS),
respectively. The HOMO and LUMO states are 0.93 eV and 0.3 bedw and
aboveEr, respectively, rendering a band gap of 1.30 eV. The valueeband gap

is smaller than that measured result feg€uPc molecules deposited on monolayer
graphene (MEG), 1.44 e¥2! as depicted in Fig. 6.7b and HSE result (1.7 eV).
It is well known that the band-gap underestimation is tybpina_DA. For the Pc
molecules adsorption on bilayer EG (BEG) (see Fig. 6.7t8,ldand gap is even
wider 22!

More importantly, the LUMO states of Pc are slightly occubiendicating a
small amount of electron transfer from graphenegfiPc. This is also consistent
with the fact thatEr is 40 meV lower than the Dirac point of EG. Furthermore,
the projected DOS (PDOS) of EG shows two small features & €\6(0.39 eV)
below (above) thép, and a major smoothing effect for the peak in the range 2—
3 eV belowEp. This suggests that the electronic states of graphenedistrilbuted
upon FgCuPc adsorption.
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Figure 6.7: (@) Total DOS (thick black solid line) and projected DOS oa Bc molecule
(black dash-dot line), on graphene (red solid line), upgsCPc adsorption on graphene,
and the DOS of the isolated graphene (blue solid line). Thtcat dotted line shows the
Fermi level. (b) Scanning tunneling spectroscopy (STSlopered on FgCuPc molecule
adsorption on monolayer (lower) and bilayer (upper) EGyeesvely.

6.3.3 Charge transfer

To gain more insights of the electronic interaction betwegiCuPc and graphene,
we show in Fig. 6.8 the bonding character and charge reuligion upon FgCuPc
adsorption by calculating the corresponding charge dedsferences (CDD), de-
fined as,

AP = Ppe/gra — PPc — Pgra (6.2)

whereppc/gra; Ppc, Pgra are the charge density of the combined system, isolated
Pc molecule and graphene with geometry fixed at optimized an®c/EG. From
Fig. 6.8c, it is clear thap, orbitals of Pc molecule and EG are mainly involved
forming a strongt— mtinteraction, and form an interfacial electronic layer betw
Pc and EG, yielding a dipole layer pointing towards Pc mdkedvore explanations
are listed in the papé&f? Integrating the CDD along surface normal directians
suggests a net.08e transferred from EG to fsCuPc for the neutral system, as
shown in Fig. 6.8d. To simulate the substrate charging efesiC 221 we charged
the whole system by Ogdand 0.& respectively, to model the realistic electronic
conditions of BEG and MEG. We find that charged system fatdg more charge
transfer to Pc molecule from charged EG surface. To quaatite charge transfer
by using the same analysis in Fig. 6.8d, a net charge ofeq@31e) transfers to
F16CuPc from BEG (MEG).

6.3.4 Comparison with CuPc/EG system

Atomic structure. First, we compare the atomic structure of the CuPc/EG sys-
tem (Fig. 6.9a) with the fgCuPc/EG system (Fig. 6.6a). The most stable adsorp-
tion site for Pc in both systems is the top site of C atoms of Eke structure,
however, varies in several aspects: 1) adsorbed CuPc geerdaranged in the
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6.3 Uniform phthalocyanine overlayers
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Figure 6.8: Top view (a, b) and side view (c) of the charge density difieee (CDD) for
the RgCuPc/gral(3,4% (4,3)] at contour levels of.003e/,&3. The blue and red clouds cor-
respond to regions with electron accumulation and depigtiespectively. To differentiate
from electron clouds, N atoms are denoted in light-blue.T{) plane-averaged CDD along
the surface normal direction of graphene for neutral sygt@ack line) and charged system
with —0.4e (gray line). Horizontal dash lines indicate the positiofigg@phene and the
F16CuPc molecule.

square-like latticél* 223 while FigCuPc overlayer in hexagonal lattié& 221 2)
On graphene CuPc overlayer is more compact than thaig@flfPc because of the
smaller molecule size (diagonal H-H distance of 1520#r CuPC vs. diagonal F-
F distance of 15.4A for F1¢CuPc) and weaker H-H repulsion than F-F repulsion
between neighboring molecules; 3) the adsorption heigtudtc is 3.15, 0.1 A
higher than that of fsCuPc in LDA, and the adsorption energy-2.47 eV in vdW-
DF (heightv3.4,&), which is 0.72 eV lower than that of;ECuPc/gra[(3,4%(4,3)].
The smaller absorption energy of CuPc thagGuPc is attributed to weaker vdW
interaction between CuPc and graphene and between CuPcutesiedue to the
smaller charge density around periphery H atoms than F atorRgsCuPc, and
0.07A larger distance between CuPc and graphene.

DOS and STM image. Fig. 6.9b represents the corresponding DOS for both
systems. The DOS features of CuPc/graphene are qualijatiase to that of
F16CuPc/graphene, whereas the biggest difference is the baakHlignment: with
reference to the Dirac point of graphekg, the HOMO of CuPC is 0.76 eV be-
low Ep while the HOMO of FgCuPc is 0.94 eV belovEp, and the LUMO is
0.56 eV and 0.34 eV higher thdp for CuPc and IzCuPc, respectively. Since
the LUMO of FgCuPc is closer to the Fermi level and could facilitate easharge
transfer from graphene to the molecule, consistent witm-igpe nature. On the
other hand, LUMO of CuPc is higher and more difficult to acadpttrons from the
substrate, re-assuring ipstype character. Our result is in good agreement with pho-
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Figure 6.9: (a) Geometry of CuPc molecules adsorbed on graphenel5)] surface.
(b) The corresponding DOS projected on CuPc and graphenthdoadsorption system,
respectively. The dashed line marks the Dirac point whictDisneV below the Fermi level
for CuPc/graphene.

Figure 6.10: STM images for the HOMO of fsCuPc monolayer(a) and CuPc monolayer
(b) on HOPG from Ref. [223].

toelectronic measurement of HOMO position on highly omehpyrolytic graphite
(HOPG)213it is 0.9 eV and 1.2 eV below ther of HOPG for CuPc and fCuPc,
respectively.

The fact that HOMO of CuPc is closer to Fermi level thag@®uPc is also con-
sistent with experimental observation of brighter CuPcgega(HOMO) under the
positive tip bias ¢2.0 V), as shown in Fig. 6.10, indicating that more electrons in
occupied sates of CuPc tunnel to the Fermi level of thé4ipSimilarly, FiCuPc
images (LUMO) are brighter than CuPc under the negative-b28 V,?1? suggest-
ing more electrons collected in this energy range.

Charge transfer. The redistribution of electron density upon CuPc adsongso
also similar to the case ofifCuPc. However, fsCuPc shows much higher electron
polarization at the interface, displayed by the higher tpespeak between Pc and
graphene planes and the lower negative peaks in the molesgiten (Fig. 6.11a).
A significant difference from FCuPc in Fig. 6.8 is that the charge redistribution
on CuPc is very small, whereas more electrons are locatethdrhe benzene-like
rings and F atoms in{gCuPc case.
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6.4 Non-unifrom F1gCuPc stripes

0.4

: —F,CuPe Thickness [Layers]
: CuPc 1 .
_ 02} : gO.G F 0\ —e—F, CuPc
[O) ] ]
< : A X :\ —4— CuPc
L 00 : A 503 i \
a : \/V g, IS
< : : §0.0 : \
02l : . < H .
: o . b , | , |
: -0.8 -04 0.0 04
o4l . L Voltage [V]
0 2 4 6 8 10

Figure 6.11: (@) The plane-averaged CDD along the surface normal directf graphene

for both systems. Dot lines mark the positions of grapherce raalecule plane. (b)The
amount of electron transfer from graphene to the adsorbeghdtecule as a function of
voltage applied in the system and thickness of graphenedayée red line with dots shows
the charge gained by;fCuPc, and the green one with triangles represents the CsBc ca

The amount of electron transfer from CuPc to graphene aléon® the same
trend as that of FsCuPc with the increase of graphene voltage or the decrease of
EG thickness, as also plotted in Fig. 6.11b. CuPc could gd&feland 038e on
MEG and BEG, respectively. The larger polarization effé¢ha FgCuPc/graphen
interface is consistent with the stronger electron-adogmtroperties of the fsCuPc
molecules. As a result, the induced interface dipole f@CRPc is greater than that
for CuPc, blocking electron transfer fromge€uPc to graphene in the former when
graphene is used as transparent anodic electrode in phtaiowtevices?

6.4 Non-unifrom F 16CuPc stripes

For the non-uniform ECuPc stripes arranged on EG surface, forming the alternate
o — [ orientation. The three optimized configurations are shawRig. 6.12b-d.
The relevant lattice vectors are 14.86and 29.92A, at an angle of 69 4for the
F16CuPc/gra[(3,4%(8,6)] system.

The adsorption energy is6.16 eV/UC for thex — a orientation in Fig. 6.12a.
Thea —  arrangements have very close energetics with an adsogtengy around
—5.9940.03 eV/UC for Fig. 6.12c-d. The difference is within the cortgiional
limit of accuracy, however, we find the molecular orientatio Fig. 6.12c is clos-
est to the arrangement observed in experiment (Fig. 6.1Bag. small difference
in the adsorption energy 6f0.1 eV/Pc indicates that Pc moleculesdn- a and
o — 3 orientations are almost energetic degenerate though the orientation is
slightly favored within this artificial UC. Tha — 3 orientation is indeed more stable
thana — a orientation on EG, by taking into account the intermolecuigeraction
between Pc molecules in the incommensurate lattice as wéhlevan der Waals
force between Pc and EG, which also explains ntoref3 orientation appeared in
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6 Electronic interactions between copper (fluoro-)phthalocyanine and epitaxial graphene

Figure 6.12: Configurations of uniform and non-uniformd€uPc overlayers adsorbed on
graphene[(3,4}(8,6)]. (a) thea — a pattern, and the — 3 stripes with relative azimuthal
angles of (b) 20, (c) 30 and (d) 40. The unit cell (red parallelogram) contains two Pc
molecules.

Figure 6.13: High-resolution STM image&$! (a) and the simulated STM (b) of ordered
F16CuPc patterns on epitaxial graphene. The inset in patt¢is {lae enlarged STM image.

the STM image. Furthermore, the simulated STM images base¢keocharge den-
sity of LUMO, as displayed in Fig. 6.13b, match excellentwthie STM images in
Fig. 6.13a. Our results of the calculated HOMO and LUMO insagkso appear a
brighter spot in the central Cu position for the LUMO of mal&xs and darker for
its HOMO.

66



CHAPTER [/

Theoretical investigations on the
fullerene and copper phthalocyanine
heterojunciton

Organic photovoltaic (OPV) cells have attracted a tremesdomount of attention
as promising alternatives to established inorganic teldgnes, because of their in-
comparable advantages such as low cost, easy fabricakiosl)ent flexibility, and
compatibility with large-area substrat& 226 A molecular heterojunction based on
copper phthalocyanine (CuPc) and fullerenggjGre widely applied in OPV cells
as an electron donor-acceptor pair. Although the moleariantation of CuPc on
Ce0,22"228the corresponding band alignméft 23%and ultrafast charge transfer at
the CuPc/Gy interfacé3! are widely investigated from the experimental point of
view, the atomic structure and the relevant interactionvbeh the CuPc andgg
thin film are not well understood at the atomic level. In tHigpter, we investigate
the atomic structure and electronic properties of a CuPeoutd adsorbing on a
Cgo surface with the lying-down and the standing-up moleculemntations, through
first-principles calculations based on DFT. In addition,explore the relevant opti-
cal properties for different configurations by using TDDNIbreover, we elucidate
the difference of the electronic interaction for the disti@uPc/Gg configurations
within these two different molecular orientations. Basedttwe optimized geome-
tries of the CuPc/gp molecular heterojunction, we extend to construct two m&del
to simulate the thin film heterjunction: CuPc monolayer dapon Gsp(001) sur-
face with the lying-down molecular orientation, and upq(C11) surface with the
standing-up configuration. Our results predict that thenfarone shows a higher
efficiency of charge transfer at the interface than thaténaktter one, because of the
larger overlap and stronger electronic interaction betw@ePc and gp molecules.
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7 Theoretical investigations on the fullerene and copper phthalocyanine heterojunciton

Figure 7.1: (a) Scanning tunneling microscopy (STM) image @fphase CuPc on
Cs0/Ag(111), and the relevant CuPc molecular arrangemerygy sBows a close-packed
hexagonal lattice. (b) STM image shows the>c} molecular ordering of g5 molecules
on the Si(100)-(& 1) surface.

7.1 Lying-down vs standing-up for CuPc molecular
orientation

For the CuPc/gp heterojunction, which molecular orientatiolying-down or standing-
up, does CuPc molecule prefer to adopt when adsorbing on ghes@face? To
address this question, special attention is paid to studyirtterfacial geometries
mainly through scanning tunnelling microscopy (STM).

For the low coverage of CuPc molecule deposited on a Au(lirface covered
by a monolayer of gy, the molecules prefer to lie flat on the surf&é&jn consis-
tent with CuPc molecule deposition on grapfféAg(111)227-232Cu(111)233 and
TiO»(011)-(2< 1) surface?®* For the high coverage of CuPc thin film adsorption
upon Go/Ag(111), CuPc molecules adopt a standing-up orientatiogy mono-
layer??’ as shown in Fig. 7.1a. However, CuPc molecules adopt a lgowg ori-
entation with the square lattice adsorbing on tlRg/KloS, systent® for a coverage
of monolayer. The lying-down or standing-up molecular ot&tion rests primarily
on the competition between the molecule-substrate irieraand intermolecular
interaction. If the electronic interaction of CuPc angh 3 stronger than the CuPc-
CuPc interaction, CuPc molecules prefer to lie flat on tlgg sTirface; otherwise,
they would like to adopt a standing-up orientation.

In addition, the molecular arrangement and lattice commneti®©n of Gy mono-
layer on the substrate is another important factor whicluamites the orientation
of CuPc molecules on dg surface. The STM images indicate that gy@ono-
layer forms a hexagonal lattice on Si(111)«(#) surface, and a square lattice with
a c(4x4) ordering on Si(100)-(21) surfacé® (see Fig. 7.1b). The distance of the
two nearest g molecules is 108 and 10.9 for the hexagonal and square lattice,
respectively. Compared with the crystallinggGtructure, the distance for the near-

68



7.2 CuPc/Cgg molecular complex

Figure 7.2: Different configurations for CuPc adsorption upogyGurface. Pattern (a-d)
represent Pc molecule lying-down on the surface with théndisorientations, marked by
Ln, Le, Lp, and Ly, respectively; pattern (e-f) show the corresponding stegadp orienta-
tions with symbols: $and $. Top view (above) and side view (below) are separated by
a black dash line. C, H, N, Cu atoms are denoted as gray, witite,and orange spheres,
respectively. To distinguish, C atoms in Pc molecules aogvalin green spheres.

est neighbor is 10.04,237 suggesting a smaller lattice mismatch exsited between
Cso monolayer and Si(111)-¢77) surface. Thus crystallinegg{111) film growth
occurs. The same phenomena are also observed on other oietihse$28: 238,239
On the other hand, a large lattice mismatch between the Oltl%meslattice(vlﬁ)
with the lying-down molecular orientation and the closek®l Gy hexagon lat-
tice (10.023\) exclude the possibility of CuPc molecule adsorption uigg(111)
with the lying-down orientation. However, the lattice varcof the Go(001) surface

is 14.17A, which exhibits excellent commensuration with the CuPgasq lattice.
Therefore, Gp(001) surface provides a good opportunity for CuPc molectddie

flat on the surface, whereagdCl11) surface shows a possibility for CuPc adsorption
with the standing-up molecular orientation.

7.2 CuPc/Cgg molecular complex

7.2.1 Atomic structure

To start, we have studied the simplest model for the moleadenplex of single
CuPc molecule anddg molecule. The computational details are the same as chap 6.
Four different adsorption sites for CuPc lying down og Gurface have been con-
sidered, including the center of a hexagon)(Lthe top site of the C atom in a
hexagon (k), the bridge site (L), and the top site of an apex C atomy)L.as shown
in Fig. 7.2a-d. Two standing-up molecular orientations;hsas the top site of a
hexagon (§) and the bridge site (3 have also been investigated, as depicted in
Fig. 7.2e-f.

Based on their optimized configurations, the respectiveliba energies, the
structural parameters and the charge transfer for thereifteCuPc/Gy molecular
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7 Theoretical investigations on the fullerene and copper phthalocyanine heterojunciton

complexes are summarized in Table 7.1. We ignore the discuses CuPc adsorp-
tion upon a pentagon ofgg molecule, because only 2 meV energy difference exists
for the same absorption site on both surfaces.

Table 7.1: Calculated energies, adsorption height and charge trafiosfinese six CuPc/gg
complexes, as defined in Fig. #.2

Geometry Epm  Epp  Ess doucy Otuc, AP

Lh -0.53 -0.27 3.041 0.015
Lc -0.61 -0.33 2.978 0.020
Lp -0.67 -0.37 -0.65 2.639 2.939 0.010
La -0.64 -0.37 -0.64 2587 2.887 0.004
Sh -0.15 -0.11 2.525 —0.009
S -0.25 -0.17 -0.22 2363 2.714 -0.007

2 The binding energyHy,, En, andEyg) and the averaged adsorption heighu(_c,,
anddg,, ¢,,) corresponds to consider the different exchange-coioel&tinctionals,
see text. The unit of the binding energy, adsorption heigbtaarge-transfer from
Pc to Gois eV, A ande, respectively.

In Table 7.1, the binding energy is defined as:

Ep1 = (EtOt—n<EC6o+EPC))/n (7.1)

whereEq, Ec,,, andEp is the total energy of the complex, the energy of the isolated
Cso molecule, and the energy of gas-phase Pc molecule, regggcti is the num-
ber of Pc and gp molecules in a unit cell. The binding energylf, excludes the
basis set superposition error (BSSE), based oiktheEys is obtained by consider-
ing van der Waals (vdW-DF) functionals and excluding the B&&he calculations.
Accordingly, the averaged adsorption heigsi-c,, corresponds to the LDA results,
while dg,, ¢, is the result of using vdW-DF functionals and excluding tHeSE.
Form our results, the overall binding energies for the Iyitogvn molecular orienta-
tions range from —0.53 eV () t0 —0.67 eV (lp) in LDA, but only —0.15 eV (&) and
—0.25 eV (9) for the standing-up geometries, suggesting that the foomentations
are energetically favorable for CuPc adsorption. EvenafBI$SE is excluded, the
relevant binding energies of the lying-down configuratiolesrease dramatically,
but it does not change the general trengy>La>Lc>Lp>S>S,. The stronger
binding energy for the lying-down molecular orientatiossttributed to the larger
overlap between CuPc andgmolecule, in comparison with that of the standing-up
configurations. On the other hand, the weak €@lhteraction for the standing-up
configurations also indicates the stability of the lyingathcorientation.

Among the four lying-down orientationslis the most stable one, indicating
CuPc molecule prefers to locate on the bridge site gf @ith one N-Cu-N bond
being parallel to the C-C bond ofsgmolecule. This can be explained by the shorter
adsorption height, the stronger electronic interactione @dsorption height forg-
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7.2 CuPc/Cgg molecular complex

is 2.639A, which is shorter than that of(3.041A) and L (2.978A). Although the
latter two configurations have larger contact area, thd0dhger distance weakens
the strength of the interaction at the interface. In comtithe adsorption height of
Lais 2.587A, which is slightly shorter than that of,L. However, the slightly smaller
overlap between g and Pc in comparison withgresults in slightly energetically
favorable for the latter configuration. Therefore, thersgta of the electronic in-
teraction ultimately relies on the competition of the cattarea and the distance
between CuPc andgg molecule. For the standing-up molecular orientations, the
bridge site is still the preferential site for CuPc adsanptdn Go. Compared to §
two benzene rings ofy$oint towards the C-C bond ofggwith the H-C bond-length
of 2.363A, ~0.2A shorter than that of thengy)eometry. The shorter bond-length and
the larger overlap between CuPc angh @etermines the preference of.SThis is
consistent with the competition mechanism used in the arsabf the lying-down
configurations.

To obtain the accurate binding energy, we focus on thredestaimfigurations,
including Ly, Ly and $,, by using vdW-DF functional. The corresponding binding
energy is—0.65, —0.64, and —0.22 eV, respectively, alstrooing the stability of the
bridge site for CuPc adsorption upogg-which is in good agreement with the same
trend for the ZnPc/g systenm?*® In comparison with LDA results, the respective
binding energy is almost the same, but the adsorption heighgase by-0.3A.

7.2.2 Charge transfer

To clarify the electronic interaction between CuPc ang, @e calculate the corre-
sponding charge density differences (CDD) (see Fig. 7@dgscribe the bonding
character and charge redistribution upon CuPc moleculerptisn. The definition

of CDD is

AP = Prot — Pcgy, — PPc (7.2)

wherepyot, Pcg,, aNdppcis the charge density of the molecular complex, isolatgd C
and CuPc molecule with geometries fixed at the optimized on€x1Pc/Ggy com-
plex. For the calculated CDD, it is obvious that an intediatayer of the electron-
accumulation is generated between CuPc aggimiolecule. For the lying-down
orientation, more electrons accumulate in the interfaeigér for Ly and Ly than
that for Ly, and L. For the standing-up ones, more electrons accumulatg,for S
Integrating the CDD along thegg-CuPc directiorg, we get the planar averaged
CDD, as shown in Fig. 7.3b-c. In general, the amplitude ofyirey-down molecu-
lar orientations is much larger than the standing-up oaigms, indicating a larger
electron-polarization for the lying-down configuratiom turn, the large electron-
polarization at the interface also enhance the electrori@raction between CuPc
and Go. Quantitating the planar average CDD, we obtain 0.015, (€.020 (L),
0.010 (L), and 0.004 (L) of charges (see Table 7.1) transferring from CuPc to
Cso, confirming the character of the electron donor-acceptor pdthough the L,
is the optimized configuration for CuPc adsorption, morerghaccumulation on
Ceo for L, and L, because of the large overlap and strong electronic irtierafor

71
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Figure 7.3: (@) Side view of the charge density difference for differ&uc/Gy configu-

rations at contour levels of.(DBe/ﬁF’. The blue and red clouds correspond to regions with

electron accumulation and depletion, respectively. Rlamaraged charge density difference

along the Go-CuPc direction for the lying-down symmetry (b) and the diag-up symme-

try (c), respectively. The gray vertical line in (b) and (cwks the position of CuPc ands§

in different configurations.

CuPc adsorbing on a hexagon surface gf. (T'he standing-up geometries such as
Sy and § configurations, however, display different character ef¢harge transfer.
—0.00%® for S, and —0.00€& for S, indicate that almost zero electron transfers from
Pc to G, because of very weak CHtinteraction and smaller overlap between two
molecules.

7.2.3 Electronic and optical properties

In experiment, the optical absorbance spectra is used mifigéhe structure change
based on the molecular adsorption. To distinguish the tgogyn and standing-up
configurations, we calculate the optical properties of tine¢ geometries, including
Ly, La and § using TDDFT. From Fig. 7.4, it is clear that both lying-dowmda
standing-up configurations show two major absorbance hasaging from 610 nm
to 650 nm for the band | and 300-420 nm for the sequent band komparison
with the isolated CuPc andgg molecule, the band | is mainly attributed as the
contribution of CuPc, and the band Il is composed of majortrimution of CuPc
and part of Gp, which is consistent with the primary peak measured in ulbtat
(UV)-vis spectra for both isolated molecu&s23”
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Figure 7.4: UV-vis spectra of CuPc adsorption upogyGurface calculated from TDDFT.
Red, green, and blue solid line represents the Cuidg@stem with the |, L and §
symmetry, respectively. Black dash and dash-dot line stibeysabsorbance bands for the
isolated Gg and CuPc molecule.

For the lying-down configurations, the first peak of &nd L; is located at
640 nm, with a shoulder at 624 nm. The second sequent band,fe &t 390,
372, and 333 nm, but for{, the absorption peak is at 390, 356 and 333 nm with
switching the ordering of the intensity for the peaks at 386 856 nm. For the
standing-up configuration, the first peak gfshifts to 624 nm and the second band
is at 396, 356, and 328 nm, with enhancement of the interdty.red shift and the
decreased intensity of the first absorption peak for thegigawn configuration can
be used to identify it from the standing-up structure.

To elucidate the nature of the absorption peaks, we andfgzeléctronic struc-
ture of the Ly and § configurations. The corresponding band alignment and the
wavefunctions of these states are presented in Fig. 7.5n Qpdc adsorption, the
highest occupied molecular orbital (HOMO) of the CuRg/€Complex is ascribed
to the contribution of CuPc, while the lowest unoccupiedewalar orbital (LUMO)
of the complex is from that of . The HOMO and the LUMO state of CuPc is
composed of a singly occupied molecular orbital (SOMO),chhis depicted as
bigr andbyg orbital, respectively. The respective HOMO-1 and LUMO-+dtes$
comprise doubly-degenerase, spin-orbitals and two doubly-degeneragspin-
orbitals. The HOMO and LUMO states oggcomprise 5 doubly-degenerate and 3
doubly-degenerate spin-orbitals, respectively. The laplis 0.92 eV for the |,
which is in excellent agreement with the experimental tssafi1.03 e\22° and the
band gap of 0.63 eV corresponds to thgc®nfiguration. The energy difference
(EcoMO — EEPe°) of 0.3 eV higher for Iy than that for § also indicates that the
larger circuit voltage can be obtained for the lying downfaration. Considering
the stronger couplings between CuPc ang &hd the larger electron polarization,
the lying-down configuration is more favorable for excitesstciation at the Pcig
interface.
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7.3 CuPc/Cgg thin film heterojunction

Combining with the UV-vis absorbance spectra (see Fig., wé)find that the
peak at 640 nm for thed.and 624 nm for the Sis not attributed to electronic
excitations from the HOMO to LUMO states of the CuPg/Complex. It is worth
pointing out that the first absorption band correspondinthéotransition between
the HOMO and LUMO states of the CuPggZomplex should be around 1200 nm
for L, and 1500 nm for § However, this absorption band is difficult to detect in
experiments, due to very small intensity. As a result, theddaat 640 nm () and
624 nm (§) is corresponding to the transition from the HOMO to the LUIdfate
of CuPc molecule. The band Il in both configurations are prin@omposed of
the HOMO-1-» LUMO, HOMO—LUMO+1, and HOMO-1-LUMO+1transition
of CuPc molecule.

Compared to thegconfiguration, the band gap of thg tonfiguration is much
larger than that of the 5 suggesting a large blue shift for the absorption band
(21200 nm) for the k. In addition, the band levels ofgg shift towards the higher
position without changing the energy difference betweenHI®OMO and LUMO
states, becausesgis very stable, and Pc adsorption does not change the alectro
structure of g molecule. The band levels of CuPc, however, shift to lower po
sition. Furthermore, thed_configuration moves the HOMO and LUMO states of
CuPc closer which accounts for the observed red shift in #melld discussed ear-
lier.

7.3 CuPc/Cgg thin film heterojunction

7.3.1 CuPc adsorption on C go(001) or (111) surface

Based on the optimized structures of the CuRg/€mplex (L, and §), we ex-
tend it to simulate the CuPcégthin film heterojunction by considering two kinds
of supercells with periodic boundary condition. 1) For thimd¢-down molecular
orientation, we adopt a square lattice with the lattice aeof 14.17A to simulate
the CuPc/Gp(001) system. A unit cell contains twoggmolecules and one CuPc
molecule, as shown in Fig. 7.6a. 2) For the standing-up taiem, a rhombus lattice
with the lattice vector of 10.04 is applied to simulate the CuPc/§111) system.
Only one Go and one CuPc is included in a unit cell, as depicted in Figh.7/6
vacuum layer for both configurations are exceedingcilo

The difference between two models is that there are tggnidlecules and one
CuPc molecule in a unit cell for the lying-down orientatibaot only one o and one
CuPc molecule in a unit cell for the standing-up configuratibhe averaged adsorp-
tion height is 2.812 and 2.363A for the lying-down and standing-up configuration,
respectively. The corresponding binding energy is —1.165-#h82 eV/(p. Exclud-
ing the BSSE, the relevant binding energy changes to —0.83-a@ri5 eV/( for
the lying-down and standing-up configuration, respecfivienerefore, the binding
energy of the lying-down configuration is two times largeariiihat of the standing-
up structure, suggesting a more stable configuration of GuBorption upon £
(001) surface. This result is consistent with the trend efdtability for the isolated
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7 Theoretical investigations on the fullerene and copper phthalocyanine heterojunciton

Figure 7.6: Top view and side view of the configurations of the CuRg/Bin film hetero-
junction. (a) CuPc molecules deposit ogp@01) surface, and (b) ongg{111) surface. The
red square and rhombus corresponds to the unit cell of thesednfigurations.

CuPc/Go complex. Moreover, the larger binding energy (-1.16 e))CGor the
CuPc adsorption ongg(001) surface than that of,L(—0.67 eV) in CuPc/gy com-
plex, indicates the enhancement of the electronic interabietween CuPc andsg;
when Go(001) surface is covered by CuPc monolayer. For the Culg(lC1) thin
film heterojunction, the interaction at the interface isoadmhanced by depositing
CuPc monolayer with the standing-up orientation.

As discussed in previous section, the arrangemengghtdnolayer on the sub-
strate and the lattice mismatch between CuPc afgd<Canother critical factor that
influences the CuPc molecular orientation og.CSTM images reveal that CuPc
molecules adopt a standing-up molecular orientation ggnronolayer deposited
on Ag(111)%?” as shown in Fig. 7.1a. Itis clear thaggnonolayer forms a close-
packed hexagonal lattice, namelygg(l11) surface on Ag(111). The large lattice
mismatch between the CuPc monolayer with the lying-dowrecudhr orientation
and the Gp(111) surface exclude the possibility of the lying-downreatation for
CuPc adsorption. Although theggt111) surface is common observed face in ex-
periments. However, on Si(100)%24) and Mo$ substrate, gy molecules form a
square lattice with c(44) ordering?3> 236 called Go(001) surface. g(001) sur-
face offer a good opportunity for CuPc to deposit a monolayigr the lying-down
orientation. Based on the comparison of the stability, ghiatransfer and electronic
interaction for the lying-down and standing-up configwmatiwe predict that the
CuPc/Gp(001) thin film heterojunction facilitates the charge tfangrom CuPc to
Cso and has the higher stability, because of the larger overdsaonger electronic
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7.3 CuPc/Cgg thin film heterojunction

interaction between CuPc monolayer ang(CG01) surface.

7.3.2 Electronic properties of the CuPc/C  o(001) system

Since the lying-down configuration have more advantagestbeestanding-up ge-
ometry, we focus on the CuPc adsorption up@p(@01) surface. The relevant band
alignment and wavefunction for each state is shown in Fig.. R.is clear that the
HOMO and LUMO state of the system is still attributed to thatcibution of CuPc
and G, respectively. The HOMO state is composed of SOMO of CuPd,tha
LUMO states contain 6 doubly-degenerate orbitals gf. CWhen an electron is
excited from the HOMO to the LUMO state of the CuPc moleculyiil first dis-
sipate onto both g molecules equally, then hop back-and-forth between typ C
molecules, and then redistribute on both molecules, andlffidéfuse away. This
whole picture of the electron hopping shed an insight on tstdading the charge
transport at the CuPcfginterface. In comparison with the CuPgfZomplex (L),
the band gap decreases to 0.86 eV, the energy differencedetive HOMO and
LUMO of CuPc does not change. Consequently, the band | of thec(zo(001)
heterojunction should be at640 nm, the same as the isolated complex. The inten-
sity, however, should be enhanced because of the addiwdeetironic interaction
between CuPc and the secongh@olecule.

Our results predict that the CuPeg0001) thin film heterojunction is more fea-
sible for the charge transfer from CuPc tgy@han the CuPc/gg(111) system, due
to large overlap between two molecules and stronger elactmteraction at in the
interface. As a result, CuPc molecules adsorption g5(@1) surface with the
lying-down molecular orientation would lead to a new directof designing more
stable OPV cells with higher efficiency of the charge transfehe future.
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Figure 7.7: Band alignment and the relevant wavefunction of each

CuPc/Gp(001) system.
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CHAPTER 8

Conclusions and Perspectives

With wide applications of organic molecules in pharmacadatfields as anti-inflammatory,
anti-cancer, and antioxidants, in dye sensitized solds esllight absorbers, and in
organic photovoltaic cells as electron conductors, reseas pay tremendous at-
tention to the investigation of the organic molecules arairtimterface with other
materials. The interfaces, with metals, inorganic andmimsemiconductors, deter-
mine the exceptional thermal, chemical, electronic, antitapproperties of these
hybrid systems and the usage of organic molecules. In p&atja full understand-
ing of the performance and properties of the organic-inoigmterfaces ultimately
depends on a complete knowledge about the atomic geometing atterface and
the associated electronic interactions.

In this thesis, we have investigated several importantfaxtes comprising or-
ganic molecules, and explored the corresponding electramil optical properties
using first-principles calculations within the frameworkdensity functional the-
ory (DFT) and time-dependent DFT (TDDFT) with a self-cotesis field (SCF).
Very different interfaces are considered: We have studieccomplexation mecha-
nism of flavonoids with iron ions, the charge injection prexé the natural cyani-
din dye sensitized Ti@solar cells, the molecular arrangements g§GuPc and
CuPc molecules adsorbed on graphene, and the electromtrogaibetween CuPc
molecule and the £(001) and (111) surfaces. These systems range from small
molecules to complex interface structuresA00 atoms), and the obtained results
on atomic geometry, electron transfer, and optical abgnr@are generally in good
agreement with available experimental data, approvingdimeputational efficiency
and accuracy of our methods, and the success in dealingheiggléctronic structure
of interfaces involving organic molecules. A special diitamis paid to elucidate the
correlation between atomic configurations and unique et and optical proper-
ties, and to demonstrate the mechanism of electronic auyght the atomic scale.

To look forward, so many unknowns ahead of us about the el@ctmteraction
between organic molecules and the interfaces point to patetirections for future
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8 Conclusions and Perspectives

research. First of all, photovoltaic devices based on acgaolecules, including
dye-sensitized types and purely organic ones, are stilhénimfancy of their de-
velopment. The sunlight-to-electricity conversion e#fioty is still limited to 12%
for DSCs and 6% for OPVs. To make them commercially competiind imple-
mentable on a large scale, a higher efficiency is generalirsgiu Is it possible
in these devices to achieve a conversion efficiency higher #6%? And how?
It is still a great challenge and a pressing issue to our socigecondly, organic
molecules are usually less stable than inorganic materidlsey can easily get
bleached, disassembled, or detached from substrate umdesive UV illumina-
tion, making them unsuitable for long-termr25 years) outdoor applications. How-
ever could we improve the stability of some critical orgamiglecules, such as ph-
thalocyanines or new high-extinction-coefficient dyeswiould we obtain a more
stable interface with desirable structures and boundafizs we probably increase
the lifetime of the interface by designing more and stroragehoring groups to en-
hance molecule-surface binding? These questions needaiasiaesred. Thirdly, we
need to develop experimental techniques that are capatietedting molecular and
interface structures at the atomic scale. For instanceg theo direct experimental
information on the position and number of iron ions for thegeercetin complexes.
Lacking of such data makes it difficult to test theoreticadictions and insights,
and to establish correct structure-property relatiorshlpout the organic-inorganic
interface. Currently most available experimental datairdéectly inferred from
spectroscopic measurements; such information is mostyaged over a large en-
semble and a long time, and is hard to interpret. Straightcd real-space and
real-time techniques, such as photon-assisted AtomiceRvbbroscopy and atomic
probes that operate at ambient conditions, need to be gmalo resolve some of
these puzzles.

All above can benefit from more accurate description ancebettaterial de-
sign of organic molecules and their interface structurésvel could design stable
organic molecules with higher extinction coefficients amgnse infrared-red light
absorption, and engineer interfaces with desirable geymelectronic band off-
sets, and stronger couplings, we could probably build ar sl based on these
novel molecules and interfaces with an energy conversificiezicy >20% and an
extended lifetime ¥30 years). This requires us to continuously develop computa
tional approaches which are realistic, accurate, and efiidor describing organic
molecules and their interfaces. To this end, i) we need taorgthe accuracy of
calculations on electronic structures of large organic glexes and band-offsets at
interfaces. In our calculations of on phthalocyanineefighe interface, the absolute
value of bandgaps and band alignments is much underestinmatddA. Although
the relative band levels provides an indication of eledtr@tructure change upon
interface interaction, precise band offsets are requioeddrrectly predicting de-
vice performances such as the open-circuit voltage. Hyflmdtionals, TDDFT
approaches, as well as some efficient quantum chemistryotetsffer an opportu-
nity for improvement. ii) We have to improve further the atiecy of our methods.
In general, ab initio methods dealing with the system inicigcbver 200 atoms is
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extremely expensive. Unfortunately, functional organmecules and related inter-
faces, are usually large and complex, easily going beyo®da2@mns. In addition,
obtaining longer simulation time without divergency wowdable us to simulate
charge injection processes at the 100-picosecond levelnadd efficient methods
which handle nicely both the size and time limits. iii) Inding solvent effects is the
next challenge. Many devices based on organic moleculdsrpem organic sol-
vents. To simplify, we usually use implicit polarizable ¢omum medium or small
molecules such as water to model the influence of solventkeatrenic interactions.
Understandable this is a rough, and sometimes unjustifigafp&imation. It would
be interesting to study explicitly the dynamics of solverdglecules, in particular,
their roles in maintaining the functionality of devices. bnef, developing accu-
rate and efficient theoretical and computational model$udysorganic molecules
and their function in biological and photovoltaic enviroamts is complementary to
experimental investigations, which are normally costlg #me-consuming; it will
significantly contribute to our understanding and furthapiovements of device
performance in sensors and solar cells via better matesgadyd.
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