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Abstract 
 

The inception of push-pull organic dyes utilizing the donor-π conjugated bridge-acceptor (D-π-A) 

motif has created a paradigm shift in the design of efficient nanocrystalline dye-sensitized solar cells 

(DSSCs), offering control over aesthetic and performance properties. Especially, sensitizer embed-

ding diketopyrrolopyrrole (DPP) core for solar cell application has attracted great attention because 

of its promising performance and aesthetic blue coloration. The core of this thesis is devoted to the 

understanding of the exact mechanism and dynamics of the charge separation in DPP-sensitized solar 

cells, where a number of photoinduced processes coexist and are kinetically entangled. To understand 

this complex combination of processes, fundamental backgrounds are introduced in the first chapter. 

Next, detailed descriptions of the instruments employed in this study are provided in the second chap-

ter. 

In Chapter 3, detailed intermolecular interactions of D-π-A DPP-based dye molecules on the 

redox-inactive Al2O3 is investigated at the exciton level. The results evidence that charge transfer 

(CT) excitons formed between neighboring dyes are involved in the lateral interaction. And this arises 

from the ordered molecular configuration on the surface due to the interaction between electron-rich 

donor and relatively electron-poor DPP core in the neighboring dye. On the other hand, when the 

donor is deprived of DPP dye, excimer-like excited states are formed upon photoexcitation and in-

volved in the interaction due to π-π interaction. This suggests that the donor moiety plays a critical 

role in intermolecular interactions.  

In Chapter 4, the investigation is performed on how the lateral interaction studied in Chapter 3 

affects the electron injection process of DPP-sensitized TiO2 films, by comparing the dynamics of 

donor-installed and donor-deprived DPP dye sensitizers. It is found that lateral intermolecular inter-

actions exist even on TiO2, and takes place during several picoseconds. It is also found that this causes 

the charge injection process to become inefficient, especially in donor-deprived dye, because the de-

layed injection rate is slower than that of the lateral interaction. From these observations, it is sug-

gested that the intermolecular interaction is another factor that can have a decisive influence on in-

terfacial CT processes in DSSC.  

In Chapter 5, based on previous observations, we explore the reason why asymmetric DPP dye 

sensitizer offers better photovoltaic performances compared to that of the symmetric DPP one. An 
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enhanced J-aggregates formation of symmetric thienyl-DPP (ThDPP) dye on TiO2 is observed com-

pared to the case of asymmetric phenyl-DPP-thienyl (PhDPPTh) dye sensitizer. We find that these J-

aggregates also inject electron upon excitation, and their oxidized form interacts with surrounding 

charge species. Moreover, their injection becomes inefficient as light intensity enhances. This result 

is in line with the nonlinear photocurrent dynamics of symmetric DPP dye sensitizer, which is be-

lieved to the cause of device inefficiency.  

Through the studies carried out within this thesis using DPP dye sensitizers, a step-by-step un-

derstanding of the charge transfer mechanisms and in particular their dependence upon lateral inter-

molecular electronic interactions is constructed. We believe that these findings can be applied more 

generally to all D-π-A dye sensitizers, and we hope that they will open new paths for further optimi-

zation of the efficiency of DSSCs.  

 

Keywords 

Dye-sensitized solar cells, D- -A push-pull redox sensitizers, Diketopyrrolopyrrole dyes, Photoin-

duced charge transfer, Lateral intermolecular electronic interactions, Interfacial electron injection, 

Al2O3 TiO2, Dye aggregates, Ultrafast transient absorption spectroscopy, Fluorescence spectroscopy, 

Ns flash photolysis. 
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Résumé 
 

La mise au point de colorants organiques push-pull utilisant le motif donneur - pont conjugué - 

accepteur (D-π-A) a constitué un changement de paradigme dans la conception de cellules solaires 

nanocristalline à colorant sensibilisateur, en offrant tout à la fois une bonne efficacité photovoltaïque 

et de nouvelles possibilités esthétiques. Les colorants comprenant le chromophore central diketo-

pyrrolopyrrole (DPP) s’avèrent en particluilier très intéressants dans des piles solaires, en raison de 

performances élevées et de leur belle couleur bleue. Le but du présent travail est une meilleure com-

préhension des mécanismes et de la dynamique des processus induits par la lumière dans des systèmes 

photovoltaïques sensibilisés par des colorants DPP. Ces systèmes sont le siège de plusieurs processus 

de transfert de charge se produisant en parallèle et dont les cinétiques sont étroitement intriquées. 

Pour approcher la complexité de ces processus, quelques bases de la photochimie et du principe des 

cellules solaires à colorant sont présentées dans le premier chapitre. Une description détaillée des 

méthodes expérimentales utilisées dans cette étude est fournie dans le deuxième chapitre. 

L’étude détaillée des interactions intermoléculaires prenant place lors de la photoexcitation de 

molécules de colorant D-π-A à base de DPP au niveau de l'exciton est décrite au chapitre 3. Les 

résultats obtenus par application de la spectroscopie d'absorption transitoire ultra-rapide mettent en 

évidence un transfert de charge latéral entre les colorants adsorbés sur une surface d’alumine inactive 

du point de vue rédox. Ce transfert de charge induit par la lumière aboutit à la production d’excitons 

de transfert de charge (CT) entre des molécules de colorant voisines. D'autre part, sur la base d’ob-

servations effectuées sur des colorants DPP dépourvus de la partie donatrice d’électron et adsorbés 

sur un film d'Al2O3, la preuve expérimentale d’une interaction intermoléculaire π-π induisant la for-

mation d'états excités de type excimère est apportée. Cet effet indique que le groupe donneur joue un 

rôle essentiel dans l'orientation des mécanismes d'interactions intermoléculaires. Nos observations 

suggèrent que l'interaction intermoléculaire latérale à la surface est un facteur supplémentaire pouvant 

avoir une influence sur l’efficacité du transfert de charge interfacial, tel que l'injection d'électron dans 

les cellules solaires à colorant. 

Au chapitre 4, nous étudions précisément comment l’interaction latérale décrite au chapitre 3 

affecte le processus d’injection d’électrons dans des films mésoporeux de dioxyde de titane sensibi-

lisés par des colorants DPP. Une comparaison de la dynamique des processus observés pour une 

molécule comportant une entité donatrice avec celle d’un colorant qui en est privé est effectuée. Nous 
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constatons que l’existence d’une interaction intermoléculaire latérale à la surface du TiO2, qui se 

produit dans l’échelle de temps de plusieurs picosecondes, rend le processus d’injection de charge 

inefficace. Plus précisément, en l’absence du groupe donneur, l'interaction intermoléculaire latérale 

ouvre une voie de réaction parallèle plus rapide que l'injection d'électron interfaciale; cette dernière 

étant ainsi retardée et son efficacité diminuée. 

Au chapitre 5, sur la base des observations précédentes, nous explorons la raison pour laquelle 

les colorants D- -A comportant un chromophore DPP central asymétrique font systématiquement 

montre de meilleures performances photovoltaïques que les colorants portant un chromophore DPP 

symétrique. En comparant un colorant comprenant un cœur phényl-DPP-thiényle (PhDPPTh) asymé-

trique et une autre molécule dont le centre est représenté par un chromophore aryl-DPP (ThDPP) 

symétrique, on observe pour cette dernière une formation accrue d'agrégats à la surface du TiO2. La 

présence de ces agrégats latéraux affecte la dynamique des processus de transfert de charge induits 

par la lumière. En outre, le rendement quantique de l’injection d’électron interfaciale apparaît dimi-

nuer quand l'intensité de la lumière d'excitation est augmentée. Cet effet est en accord avec l’obser-

vation d’une non-linéarité du photocourant par rapport à l’intensité d’irradiation dans les systèmes 

photovoltaïques. Nous soutenons que ces deux phénomènes distinctifs sont les principales causes de 

la différence de performance enregistrée entre les colorants DPP asymétriques et symétriques. 

Les données obtenues dans cette thèse et les conclusions qui ont sont tirées aboutissent à une 

meilleure compréhension des mécanismes de transfert de charge dans des systèmes sensibilisés par 

des colorants organiques DPP. Nous pensons cependant que ces résultats généraux peuvent être éga-

lement appliqués aux autres colorants sensibilisateurs D-π-A, et fondons l’espoir que ceux-ci permet-

tent d’ouvrir la voie à une optimisation plus poussée de l'efficacité des cellules solaires nanocristal-

lines à colorant. 

Mots-clés 

Cellule solaire nanocristalline à colorant, D- -A sensibilisateurs redox push-pull. Chromophore di-

céto-pyrrolopyrrole (DPP), Dynamique du transfert de charge photoinduit, Interactions électroniques 

intermoléculaires latérales, Injection d'électron interfaciale, Al2O3, TiO2, Aggrégats de colorants, 

Spectroscopie ultra-rapide d’absorption transitoire, Spectro-fluorimétrie, Photolyse par éclair laser ns.  
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 Electronic Absorption of Light in Molecules 

An absorption of light in a molecule accompanies the electronic transition of an electron. The electron 

transitions from an orbital of a molecule in the ground state to an unoccupied orbital. The molecular 

orbital involved in the transition is formed by the combinations of atomic orbitals such as s, p, d, and 

f. These combinations demonstrate specific spatial symmetries in the distribution of electronic posi-

tion around the nucleus. There are several types of molecular orbitals. The σ orbital can be formed 

from two s atomic orbitals, from one s and one p orbital, or from two p atomic orbitals lying in a 

collinear axis of symmetry. The π orbital is generated from two p atomic orbitals superimposed lat-

erally, and the n orbital is originated from non-bonding electron pairs located on heteroatoms such as 

nitrogen or oxygen. When the absorbed photon energy promotes one of π electrons into an antibond-

ing π* orbital, it is denoted as a π→π* transition.  

In electronic absorption and emission spectroscopy, two crucial orbitals must be considered: the 

highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) 

that are the ground state of the molecule. Two electrons in the ground state molecular orbital have 

opposite spins. If one of the electrons is excited to a higher energy molecular orbital, its spin remains 

in general, resulting in the multiplicities (M = 2S + 1) of both states to 1. In this case, each state is 

called a “singlet state,” and the transition is a singlet-singlet transition. When an excited electron in a 

singlet state is transferred to a state where the spin of electron is changed, the multiplicity becomes 

3, producing a “triplet state.” Under the same configuration, the triplet state has a lower energy than 

the singlet state. In a conjugated molecular system where the π orbitals are overlapping, the electrons 

are delocalized over the whole system. The more delocalized the molecular system, the lower the 

π→π* transition energy, and longer wavelengths of light are absorbed.  

1.1.1 The Frank-Condon Principle 

The motions of the electron and nuclei can be separated because electron motion is much faster than 

nuclei motion. This is the Born-Oppenheimer approximation. If the positions of nuclei in the molec-

ular system and its environment are not changed, an electronic transition is likely to occur. When a 

molecule is excited by light, an electron is promoted to an antibonding molecular orbital, which takes 

< 10-15 seconds (s). As a result, a Frank-Condon (FC) state is formed, and the transition is referred to 

as the vertical transition. This vertical transition occurs between two electronic states of a molecule 

that are typically represented as potential energy curves. These curves are a function of the nuclear 
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coordinate, which is given by the Morse function. A 0-0 transition is called a “pure” electronic tran-

sition as depicted in Figure 1.1 (a), which means that the potential curves have the same horizontal 

position. In this case, the equilibrium geometry of the ground state and excited state are the same. 

However, as described in Figure 1.1 (b), the potential curve can be horizontally shifted with different 

sizes and shapes so that several vibronic transitions can occur. The vibronic band intensity is affected 

by the FC factor, which is the overlap between the initial and final vibrational nuclear wavefunctions. 

The transition dipole moment  for a vibronic transition is defined as follows: 

 

 

Figure 1.1 Energy states diagram of a diatomic molecular system. Two electronic states of a diatomic molec-
ular system are described, where the curves of the electronic ground states and excited states are horizontally 
coincident (a) and horizontally shifted (b) respectively. Each electronic level includes a set of vibrational levels 
(v = 0, 1, 2, …) with their probability functions. 

 

  

 

 

 

 (1.1) 

Electronic and nuclear wavefunctions of stationary states  and  are expressed as  and , 

respectively, and  is the electronic dipole moment operator. The FC factor’s dependence on vibronic 
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transition suggests that the most intense vibronic transition will be caused by a vertical transition, 

which has a maximum probability.  

The width of an absorption band in spectrum is broadened by two factors – homogeneous and 

inhomogeneous broadening. Homogeneous broadening is caused by a continuous set of vibrational 

sublevels in each electronic state. Inhomogeneous broadening is formed by the fluctuation of the 

surrounding environment, such as the solvation shell. 

 Excited State Dynamics 

Upon photoexcitation, energy relaxation occurs in the molecular system with various pathways. Fig-

ure 1.2 depicts several de-activation processes of an excited molecule. 

 

 

Figure 1.2 Available de-activation pathways of an excited molecule. 

 

The excited state can dissipate its energy through heat or light, which are classified as non-radi-

ative and radiative energy relaxations respectively. Other examples of energy-consuming methods 

include photophysical interactions such as energy transfer, electron transfer, excimer formations, or 

exciplex formations. Representative excited state dynamics will be introduced in the following sec-

tion.   
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1.2.1 Energy Relaxation Processes: Non-Radiative and Radiative Transitions 

Figure 1.3 is the Perrin-Jablonski diagram that visualizes the possible energy relaxation pathways of 

the excited molecular system with photon absorption. Internal conversion (IC), intersystem crossing 

(ISC), and vibrational relaxation (VR) are classified as non-radiative relaxation processes, while flu-

orescence and phosphorescence are classified as radiative processes. The singlet and triplet electronic 

states are displayed as Sn and Tn (n = 0, 1, 2, …) respectively, and vibrational levels associated with 

each electronic state are also included.  

All processes occur after the absorption, which is significantly faster (< 10-15 s) than other sub-

sequent relaxation processes. The energy of the molecular system becomes as high as absorbed pho-

ton energy that would be placed in one of the vibrational levels of electronic state: S1, S2…  

 

 

Figure 1.3 Jablonski diagram for a molecular system describing intramolecular energy relaxation processes 
upon light absorption. Vertical energy transitions appear as radiative (light absorption, fluorescence and phos-
phorescence) and non-radiative (vibrational relaxation [VR]), while IC and ISC represent isoenergetic non-
radiative transitions that occur between electronic states of the same and different multiplicities respectively. 
The characteristic times of each transition are as follows: electronic absorption < 10–15 s, vibrational relaxation 
~10–12-10–10 s, internal conversion ~10–11-10–9 s, intersystem crossing ~10–10-10–8 s, fluorescence (radiative 
lifetime of excited state S1) ~10–10-10–7 s, and phosphorescence (radiative lifetime of excited state T1) ~10–6-
102 s. 

 

Internal Conversion (IC) is a non-radiative transition that occurs between two electronic states of the 

same spin multiplicity at the intersection of their potential energy curves. The result is a conical in-

tersection. For instance, when a molecule is excited to a certain vibrational energy level of the elec-

tronic state S1, the energy can reach the 0 vibrational level of S1 by VR. In solution, vibrational re-

laxation is often induced by the collisions of the excited molecules with the surrounding solvent, 
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which transfers the excess energy. Also, internal conversion from S1 to S0 is possible, which can 

compete with intersystem crossing to the triplet state or fluorescence.  

Intersystem Crossing (ISC) is a non-radiative transition that occurs between two isoenergetic vibra-

tional levels of electronic states that have different multiplicities. An energy of a certain vibrational 

level Sn can be transferred to the isoenergetic vibrational level of Tn’, which can also be followed by 

vibrational relaxation to the lowest vibrational level of Tn’. Transition between states that have dif-

ferent multiplicity is forbidden if the spin-orbit coupling is not strong enough. When heavy atoms 

and large delocalized electron orbitals are present, intersystem crossing becomes efficient by increas-

ing the spin-orbit coupling.  

Fluorescence is a radiative transition that occurs from S1 to S0 states. The rate of fluorescence is much 

lower (106 -1012 s-1) than that of IC or VR. Thus, the quantum yield of fluorescence from higher 

excited states or vibrational levels is negligible, and the fluorescence is independent of the excitation 

wavelength: this is known as Kasha’s rule. Fluorescence that occurs from the lowest vibrational level 

(v = 0) of S1 state de-populates into a higher vibrational level (v > 0) of S0 state, including the 0-0 

transition. This results in a mirror image between absorption and emission spectra, especially for rigid 

molecules that have similar vibrational energy spacing in ground and excited states. The extent of the 

vibronic transition in fluorescence depends on the relative horizontal shift of the potential energy 

curves between the ground and excited states.  

Phosphorescence is a radiative transition from T1 to S0 state that involves a change of spin multiplicity. 

In general, transition between states that have different multiplicities is forbidden. However, due to 

the spin-orbit coupling, it can be observed and its rate constant is rather slow (10-106 s-1). Thus, other 

processes such as VR or ISC can occur during the slow process. The spectrum of phosphorescence 

appears at higher wavelengths than fluorescence, because the lowest vibrational energy level of the 

triplet state T1 is lower than that of the singlet state S1. Generally, the phosphoresce of the molecule 

in liquid phase is much slower than the deactivation of T1 due to interactions that arise from the 

environment. Thus, the process is often observed to be in the solid phase. 

1.2.2 Intermolecular Deactivation Processes: Excitation Energy Transfer and 

Photoinduced Electron Transfer 

The intrinsic energy relaxation processes introduced in section 0 determine the excited state’s lifetime. 

However, intermolecular photophysical reactions can also occur upon photoexcitation, quenching the 

excited state of the molecular system. The intermolecular reaction competes with intrinsic energy de-
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activation pathways and contains a fast transfer process from donor to acceptor: either excitation 

energy transfer or electron transfer.  

Excitation energy transfer occurs when two molecules are in close proximity. Photon energy ab-

sorbed by one molecule can be transferred to another, and the general scheme is expressed as

 

  
  (1.2) 

where excitation energy donor and acceptor are denoted as D and A, respectively, and the excited 

state is expressed as an asterisk (*). This process is possible when the emission spectrum of the donor 

partially superimposes with the absorption spectrum of the acceptor (first principle), and the transfer 

occurs in radiative or non-radiative ways. In radiative transfer, a photon emitted from D is absorbed 

by A, whereas non-radiative transfer occurs through electromagnetic interaction without the photon. 

The radiative transfer which does not require any interaction between reactant molecules will not be 

discussed here because it is not the focus of this study. 

The non-radiative transfer is observed when intermolecular interactions such as electrostatic or 

orbital overlap is present. The electrostatic interaction is divided between long-range dipole-dipole 

interaction (Förster energy transfer) and short-range multipolar interaction. On the other hand, inter-

molecular orbital overlap is based on electron exchange (Dexter energy transfer) and charge reso-

nance interaction that occurs at short-range intermolecular distance. Figure 1.4 depicts the schematic 

classification of non-radiative energy transfer.     

 

 

Figure 1.4 Types of interaction involved in non-radiative energy transfer mechanisms. 

 

The total interaction energy is expressed as a sum of the Coulombic ( ) and exchange ( ) 

terms. The Coulombic term represents the energy transfer that the excited electron on donor returns 

Electrostatic interaction Intermolecular orbital overlap

Dipolar
(Förster)

Multipolar Electron exchange
(Dexter)

Charge resonance
interaction

Long range Short range
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to the ground state, while an electron on the acceptor is promoted to the excited state simultaneously. 

This term can be expanded to a sum of terms based on multipole-multipole series. However, it is 

approximated by the first predominant term that reflects dipole-dipole interaction between the two 

transition dipole moments: 

 

 
 

 

 

 (1.3) 

Here,  and  are the transition dipole moments for D → D* and A → A* transitions respectively, 

and r is the intermolecular distance between donor and acceptor. This approximation is only valid for 

point-dipole, where the intermolecular distance is much larger than the molecular dimensions, and 

the excitation energy is transferred through space.  

 

 

Figure 1.5  Schematic illustration of the dipole-dipole interaction (Förster) (a) and electron exchange (Dexter) 
(b) excitation energy transfer mechanisms.   

Electrostatic interaction
D*       +        A D        +        A*

(a) Dipole-Dipole Interaction Energy Transfer

Electron exchange
D*       +        A D        +        A*

(b) Electron Exchange Energy Transfer

HOMO

LUMO

HOMO

LUMO
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The exchange term represents the electrostatic interaction between the charge clouds of donor 

and acceptor. In this case, the energy is transferred by the overlap of the electron clouds. Thus, it 

requires the physical contact of reactants. When two electrons are separated by a distance , the 

exchange interaction is described as follows:  

 

  
 

 

 (1.4) 

Here,  and  are the spatial wavefunctions that exclude the spin functions. Figure 1.5 describes 

the difference between the two processes.  

When the transition is allowed on the donor and acceptor, the electrostatic interaction is predom-

inant from short to long distances (~ 20 nm). However, if the transition is forbidden, the electrostatic 

interaction becomes negligible, and the exchange interaction appears only at short distances (< 1 nm), 

thereby satisfying the overlap between the molecular orbitals.  

Photoinduced electron transfer. Electron transfer refers to the transfer of an electron from a donor to 

an acceptor molecule that produces a radical ion pair without breaking or forming a chemical bond. 

 

   

 

 (1.5) 

The photoinduced electron transfer usually occurs from S1 or T1 states after the fast relaxation from 

higher states. This transfer is often responsible for fluorescence quenching. Electron transfer is fa-

vored upon photoexcitation because it results in reduced ionization potential and enhanced electron 

affinity compared to the ground state. The schematic description of the process is displayed in Figure 

1.6. 

Donor excitation implies that the excited electron in LUMO of an electron donor can be trans-

ferred to an acceptor, while the excitation of the acceptor produces a hole in its HOMO, where an 

electron from the donor is accepted easily. The charge-separated state formed by the photoredox re-

actions decays back to the neutral ground state through thermal charge recombination. This process 

is always thermodynamically spontaneous. It can, however, be prevented by applying various strate-

gies that lead to a sustained charge separation, such as coupling electron transfer with another redox 

process.  
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Figure 1.6 Schematic illustration of photoinduced electron transfer mechanisms. 

 

When the electron transfer occurs within a molecule, it is called an intramolecular electron trans-

fer. If the donor and the acceptor are not linked by a covalent bond, the transfer is called an intermo-

lecular electron transfer. As an intermediate case, the charge transfer complex can be formed when 

the reactants form a complex in the ground state through non-covalent interactions such as hydrogen 

bonding or π-π stacking. It is necessary that the donor and acceptor are close enough to induce elec-

tron transfer, because molecular orbitals need to overlap. However, electron transfer over a long in-

termolecular distance becomes possible if the solvent acts as a bridge between the donor and the 

acceptor, thereby delocalizing the electron through the intervening solvent orbitals (known as the 

superexchange mechanism), or if the solvated electrons indicate a hopping mechanism. Moreover, 

when a rigid covalent bridge is installed between the donor and acceptor, a long-range transfer is 

attainable through the through-bond mechanism.  

 Factors Affecting on Molecular Spectroscopy 

1.3.1 Effect of a Dielectric Medium  

Berthelot and Pean de Saint-Gilles have observed that solvents have influence on chemical reaction 

rates and the position of equilibria in solution.1 These effects are observed in various spectroscopic 

measurements of individual species. The nature of solvent or composition can lead to shifts in ab-

sorption and emission bands, which are called as solvatochromic shifts, since the ground state and 
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excited state of a solute are affected by surrounding solvent molecules through solute-solvent inter-

actions. The solute-solvent interactions are caused by permanent dipole moments (μ) of solute or 

solvent dyes, as well as their polarizabilities (α). More specifically, four major dielectric interactions 

are referred to as non-specific dielectric interactions: dipole‒dipole, solute dipole‒solvent polariza-

bility, solute polarizability‒solvent dipole, and polarizability‒polarizability. In parallel, hydrogen 

bonding is classified as a specific dielectric interaction. The term “polarity” is used to describe the 

complicated communication of non-specific and specific interactions. When a compound demon-

strates solvent polarity-dependent absorption and emission spectra, it is described as solvatochromic. 

Bathochromic (red) and hypsochromic (blue) shifts refer to the changes of spectral positions in longer 

and shorter wavelengths with enhancing solvent polarity. 

The polarity effect can lead to solvent relaxation, where the energy of the light-emitting state of 

a dye in solution has a gap compared to that of the Frank-Condon state. During the absorption of a 

molecule that occurs in ~10-15 s, the displacement of nuclei does not occur, although electron redis-

tribution is allowed. This results in an instantaneous change in the molecular dipole moment. In gen-

eral, the molecular transition dipole moment in the excited state (μe) is different from that in the 

ground state (μg). Thus, upon excitation, the solvent surrounding a molecule undergoes a reorganiza-

tion, inducing a relaxed state of minimum free energy. The energy of the relaxed state becomes 

smaller as the polarity of the solvent increases, resulting in a large redshift in the emission spectrum. 

However, if the reorganization of the solvent is as slow as the order of the excited state’s lifetime, the 

emission wavelengths of the first emitted photon will be shorter than those of the photons that are 

emitted later. In this case, the position of the emission spectrum cannot directly correspond to the 

solvent’s polarity.  

When the solvent’s relaxation is reached, solvatochrominc shifts induced by dipole-dipole inter-

action can be expressed under the assumption of equal dipole moments in the Frank-Condon and 

relaxed states. The dipole is an isotropically polarizable sphere. The following equation describes 

solvatochromic shifts for absorption and emission, in turn:  

 

 
 

   (1.6) 

 
 

   (1.7) 

Here, h is Plank’s constant, c is the velocity of light, a is the radius of the solvation cavity, and Δf is 

the orientation polarizability, which is defined as follows: 
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    (1.8) 

Here,  is the dielectric constant, and n is the refractive index of solvent molecules. When subtracting 

equation (1.4) from (1.3), Stokes’ shift, depending on the absolute magnitude of the charge transfer 

dipole moment Δμge = μe - μg and not on the angle between the dipoles, is derived. This is called as 

Lippert-Mataga equation: 

    (1.9) 

In Lippert’s plot, which involves plotting  as a function of , linear behavior is often ob-

served when the solvent is free from hydrogen bonding. This allows for the inducement of Δμge if a 

solvent cavity radius is correctly estimated. However, since only the dipole-dipole interaction is con-

sidered, and the polarizability of the solute molecule is not counted, non-linear behavior can be ob-

served.  

1.3.2 Effect of an Electric Field  

Under the influence of local electric fields, the absorption spectrum of ground state molecules can 

change. This is called as the Stark effect (also called as electroabsorption or electrochromism). The 

change in terms of the transition frequency (Δν) of a molecular transition of the applied electric field 

( ) is expressed as follows: 

    (1.10) 

Here,  is the change in dipole moment, and  is the change in polarizability between the ground 

and excited state of a molecule. In the first term, the orientation of  relative to  leads to a spread 

in the transition energy. The difference between the broadened lineshape (   0) and the original 

lineshape (   0) resembles the second derivative of the absorption (Figure 1.7 (a)). On the other 

hand,  can also interact with the applied , as expressed in the second term. As a result, an induced 

dipole moment appears and shifts the absorption spectrum according to the sign of . In each case 

of  > 0 and  < 0, the absorption energy is shifted to lower and higher respectively. Thus, the 

Stark spectra that resemble the positive and negative first derivative of the absorption can be observed 

(Figure 1.7 (b)). 
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Understanding the Stark effect is important when interpreting the dynamics of dye-sensitized 

solar cells (DSSC). In DSSCs, when the electron is injected from dye to titanium dioxide (TiO2), 

injected electrons generate local electric fields, and these fields are imposed on neighboring dyes. As 

a result, the absorption spectra of neighboring dyes are shifted.2-4 This Stark effect is transient: it lasts 

only until the injected electrons are recombined to oxidized dyes, or until the reorganization by sur-

rounding ions screens the field. This effect can be observed in time-resolved spectroscopy using 

pulsed laser excitation and helps to interpret the observed signal.  

 

 

Figure 1.7 Schematic illustration of the effect of an electric field on the absorption lineshape of a molecule. 
In an electric field, when  of the orientational subpopulation is parallel and anti-parallel with the electric 
field, the absorption spectra are shifted to lower and to higher energy respectively. (a) In this case, the Stark 
spectrum is denoted in green; the absorption difference is measured in the field on and off and resembles the 
second derivative lineshape. When  interacts with the applied electric field, the induced dipole moment 
shifts the absorption spectrum to lower energy (b). The Stark spectrum resembles the first derivative lineshape 
(shown here for  > 0). 

 

 The Exciton Theory 

In an electronically neutral molecular system, an electron and a hole can be created upon photoexci-

tation and attract each other by an electrostatic Coulombic force. According to the binding energy 

between them, the electron and the hole can be free carriers or become coupled charge pairs called 

excitons.  

A

Δν

A

Δν
ΔAΔA

(a) (b)
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The concept of the exciton was first suggested by Frenkel in 19315 and has been applied to various 

systems, resulting in further classification depending on the situation. In general, as depicted in Fig-

ure 1.8, excitons are classified in three types: the Frenkel exciton, Mott-Wannier exciton, and charge 

transfer exciton.  

 

 

Figure 1.8 Type of excitons. Three types of excitons in a molecular crystal are illustrated: the Frenkel exciton 
(a), Mott-Wannier exciton (b), and charge transfer (CT) exciton (c). The electron and hole are represented as 
e and h respectively. The red circles represent individual molecules that are occupying lattice sites. 

 

When the binding energy is as strong as 0.1 ~ 1 eV, the Frenkel exciton is formed, whose corre-

lated electron-hole pair is localized on a single molecule. It prevails in an organic molecular solid and 

is usually composed of aromatic molecules where the dielectric constant is small. In contrast, if the 

binding energy is in the order of 0.01 eV, which is much less than that of a hydrogen atom, the 

electron-hole pair delocalizes over several lattice units. This is called the Wannier-Mott exciton. This 

exciton is observed in semiconductors where the dielectric constant is large enough to screen out the 

electric field, resulting in a decrease in the Coulombic interaction. Charge transfer excitons are an 

intermediate stage between Frenkel and Mott-Wannier excitons. Charge transfer excitons have elec-

trons and holes that are located on neighboring molecules or on each side of a domain boundary. 

These excitons are generally observed in ionic molecular crystals and are characterized by a static 

electric dipole moment, unlike the other two types of excitons. 
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1.4.1 Exciton Splitting 

Molecular exciton theory was proposed by Davydov in 1960s to explain Davydov splitting, which is 

a form of characteristic band splitting in the absorption spectrum that has been observed in organic 

molecular crystals.6 The exciton model was further refined by Kasha based on the simplest dimer 

system, which is composed of two identical monomers a and b, and the exciton is regarded to be of 

the Frenkel type. The ground state wave function of dimer  is expressed as  

 

  
 

 
 (1.11) 

where  and  represent the ground state wavefunctions of molecular units a and b. The Hamilto-

nian operator  of the dimer system is written as 

 

  
 

 
 (1.12) 

where  and  are the Hamiltonian operators for each unit, and  is the intermolecular perturba-

tion potential. When the Hamiltonian is applied to the ground state wave function, the ground state 

energy  of the dimer system is expressed as  

 

  
 

 
 (1.13) 

where  and  are the ground state energies of isolated monomers a and b, and  is the Van 

der Waals interaction energy of the system. On the other hand, the excited state (exciton) wave func-

tion of the dimer  is expressed as  

 

  
 

 
 (1.14) 

where  and  indicate the excited state wave function of molecular units a and b, with coefficients 

 and . By the same method, the excited state energy  of the dimer system is derived as 
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 (1.15) 

Here, the asterisk (*) indicates the excited state, and  is the Van der Waals interaction energy 

that arises from the ground state and excited state monomers. The last term  is the exciton coupling 

energy that is caused by an exchange of excited state energy between the two monomers, resulting in 

Davydov splitting that corresponds to 2 . By considering the point-dipole approximation,7 this term 

is regarded to be a Coulombic interaction between the transition dipole moments  of each monomer 

as follows: 

 

  
 

 

 (1.16) 

where r is the intermolecular distance between two monomers, and r is the position vector of the 

dipole a that referred to the dipole b as its origin.  

1.4.2 The Exciton Band Energy Diagram  

In the previous section, we determined that the interaction between the ground state and the neigh-

boring excited state monomers change the excited state energy of the dimer system. This interaction 

is affected by the transition dipole configuration that is determined by the relative geometry of the 

dimer system as depicted in Equation 1.11. Figure 1.9 illustrates the change in the excited state en-

ergy diagram according to the molecular configuration that maintains coplanar transition dipoles with 

an angle θ with respect to the interconnected axis.  

In this system, the excited state energy is split by the exciton coupling energy J. This results in 

allowed and forbidden transitions which are determined by the relative phase between transition di-

pole moments. Electronic transition is only allowed for in-phase configuration and not for out-of-

phase transition. When the in-phase transition dipoles are parallel to each other, forming a sandwich-

type arrangement (θ = 90°), the excited state’s energy becomes higher. However, a head-to-tail ar-

rangement (θ = 0°) lowers the energy. Thus, in the case of H-aggregates and J-aggregates with sand-

wich and head-to-tail patterned aggregations, optical transitions display blueshifts (hypsochromic) 

and redshifts (bathrochromic) respectively, compared to those of monomers. 
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Figure 1.9 Excited state energy diagram of the dimer system that is composed of identical monomers with 
coplanar transition dipoles that are inclined to an interconnected axis by angle θ. ΔEvdW and J represent the 
van-der-Waals interaction and exciton coupling energy respectively. The states induced by two transitions that 
are separated by two times exciton coupling energy 2J are denoted as Ψe

+ and Ψe
-. The energy levels of forbid-

den and allowed excited states due to electric dipole radiation interchange their positions depending on the 
molecular configuration. The phase relation between the transition dipole moments are displayed as green 
arrows.    

 

 Dye-Sensitized Solar Cell 

Dye-sensitized solar cells that convert solar energy into electricity have attracted attention in the green 

chemistry field for their potential as renewable energy resources. Beginning with the research con-

ducted by O’Regan and Gräztel in 1991 on efficient photovoltaic devices,8 there has been extensive 

research for understanding the mechanism to improve its performance. In general, DSSCs are com-

posed of a dye sensitizer, metal oxide electrodes, a redox mediator, and a counter electrode. This 

composition is depicted in Figure 1.10, which also describes an energy diagram with electron flow. 
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In this chapter, the general principles behind DSSC and its characteristics of DSSC will be explored 

by examining each component.  

 

 

Figure 1.10  Energy diagram of DSSC indicated with electron transfer processes. After the light absorption, 
electron is injected into a conduction band (CB) of TiO2 from an excited state dye sensitizer (S*). Electrons 
are transported through the TiO2 nanoparticles and reach to a working electrode. The oxidized dye sensitizer 
(S+) is regenerated by a redox mediator that is also regenerated by electrons extracted and transferred to counter 
electrode through an external circuit. The open circuit voltage (Voc) of DSSC implies the redox potential dif-
ference between the Fermi level of TiO2 and the redox mediator. 

 

1.5.1 Dye Sensitizer 

Dye sensitizer, which initiates an electron transport mechanism in DSSC by interacting with light, is 

required to satisfy specific characteristics. First, to collect sunlight efficiently, the absorption spec-

trum of a sensitizer should cover the visible and near regions as widely as possible and with a high 

molar extinction coefficient. The other required property is that the energy of a sensitizer in an excited 
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state should be higher than that of a conduction band (CB) edge of an n-type semiconductor, so that 

electrons can be transported into CB. This directionality in electron transfer is also achieved by ef-

fective electronic coupling between the LUMO of the dye and the semiconductor. Therefore, anchor-

ing groups of sensitizers (–CO2H, -SO3H, -H2PO3, etc.) should be bounded tightly with the metal 

oxide nanoparticle. To regenerate the dye, the energy level of the dye’s oxidized state should be more 

positive that the redox potential of the electrolyte. The dye sensitizer’s structure is also one of the 

important factors because it affects the molecular arrangement on the mesoporous surface. An inter-

action among dyes leads to undesirable configurations such as H-type or J-type aggregations, which 

distort the optimized dye configuration for high device performance. The effect of the aggregation on 

device performance will be detailed in Section 5. Lastly, it is crucial for a sensitizer to maintain ther-

mal stabilities, electrochemical stabilities, and photo stabilities.  

 

 

Figure 1.11 Schematic descriptions of representative dye sensitizers anchored on TiO2 surface. Ruthenium 
complexes (N3) (a), porphyrin dyes (YD2) (b), and organic dyes (DPP13) (c). Interfacial electron transfer is 
indicated as arrows. 

 

Several types of sensitizers that fulfil those requirements have been developed, and they are clas-

sified into three categories. Ruthenium (Ru) complexes, porphyrin derivatives, and donor-π-acceptor 
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(D-π-A) type organic dyes. The representative dye sensitizers in each category are described in Fig-

ure 1.11. Ru(II)-based sensitizers have been widely investigated for the application of DSSCs. Many 

of them have a Ru(bpy)2(SCN)2 structure, where bipyridyl ligands (bpy) and isothiocyanate (SCN) 

groups are grafted for the anchoring group and for shifting the HOMO level from the metal center 

respectively. They have reached up to ~11.7% power conversion efficiency (PCE),9 and this excellent 

performance is due to their broad absorption spectra in the visible region as well as strong (elec-

tro)chemical stability with proper excited state and ground state energy levels.  

Upon photoexcitation, metal-to-ligand charge transfer (MLCT) characteristics are depicted in the 

optical transition, where electron transfer occurs from the Ru(II) d-orbital to π* orbitals of the ligand. 

Thus, the spectral properties of ruthenium dyes can be controlled by employing a bipyridyl ligand 

that has a low-lying π* molecular orbital. The metal t2g orbital destabilization through a strong donor 

ligand is another way to tune the spectra range. However, spectra extension up to the near-IR region 

that is achieved through LUMO level shifting becomes useless due to the inefficient charge injection 

of metal oxide into CB. Moreover, metal t2g orbital destabilization that is close to the redox potential 

of redox couples causes an inefficient regeneration process between dye and redox couples.  

Due to the limited absorption of ruthenium(II) complex in the near-IR region, porphyrin deriva-

tives have attracted considerable attention as another candidate because they exhibit immense spectral 

response up to the near-IR region. Various research has demonstrated that porphyrin dyes exhibit 

excellent performance in DSSC. Recently, the PCE of a porphyrin-sensitized solar cell has been 

demonstrated to reach a value as high as 13%.10 The high performances can be attributed to their 

strong extinction coefficient from an intense Soret band (400-450 nm) and a moderate Q-band (500-

700 nm). Also, the meso-positions and β-positions of the porphyrin macrocycle offer manifold 

chances to optimize the sensitizer. The porphyrin macrocycle is also handy for characterizing the dye 

through functional group substitutions.  

Ballester and their co-workers have discovered that the para-alkyl substituents for meso-phe-

nylporphyrin dyes can decrease the recombination between injected electrons and the electrolyte, due 

to the hydrophobic alkyl chain barriers.11 The substitution of the β-position with other π-systems such 

as thienyl and furyl has an effect on adsorption behavior and saturated coverage on metal oxide sur-

faces, thereby influencing DSSC performances.12 On the other hand, it is revealed that the direction-

ality of dyes, which is controlled by the members of the anchoring group such as carboxylic acid and 

phosphonate, affect the photovoltaic performance by changing the configuration of porphyrin sensi-

tizers on the surface.13 In addition, the relation between the length of the linker and device efficiency 

was investigated by controlling a linker next to the anchoring group.14 
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Metal-free organic dye is also employed as a dye sensitizer due to its many advantages over metal 

complexes. First, organic dyes are superior to metal complexes in terms of cost, environmental issues, 

and  their molar extinction coefficient. Also, the molecular structure that determines photophysical 

properties can be easily tuned. Typically, the donor-π bridge-acceptor (D-π-A) motif is widely used 

in organic dye sensitizers. This is because the absorption spectrum can be extended by controlling the 

intramolecular charge transfer (ICT) characteristic, which is ruled by an optical transition that occurs 

between an electron-rich donor and an electron-poor acceptor.  

Triarylamine, indoline, coumarin, and carbazole derivatives are representative popular donor 

groups, and acid ligands such as carboxylic acid, acetic anhydride, and amide are used both as electron 

acceptor groups and anchors in dye sensitizers. Aromatic building blocks are employed as π-conju-

gated spacers to control π-conjugation and the rigidification of dyes.15, 16 Recently, specific π-conju-

gated spacers have been designed not only to cover the near-IR region but also to introduce additional 

electron withdrawing moieties (triarylamine, coumarine, indoline, etc.) for efficient intramolecular 

electron transfer17 or additional chromophores (ethylenedioxythiophene, triarylene, diketopyrrolopy-

role, etc) for efficient light harvesting.18  

1.5.2 Metal Oxide Electrodes 

An introduction of mesoporous metal oxide electrodes as electron transporting materials supports the 

high photovoltaic performance of a device by increasing the internal surface area for dye sensitizer 

anchoring.8 Metal oxides such as TiO2, tin(IV) oxide, zinc oxide, niobium pentoxide, and aluminum 

oxide have been investigated as photoanodes to characterize DSSCs.19 The energy levels in metal 

oxide are broad and form bands such as valence bands (VB) and conduction bands (CB) that locate 

closest to the Fermi level. Bandgap size (Eg), which is the required energy to excite a VB electron 

into CB, is crucial for proper metal oxide. Generally, wide bandgap materials of more than 3V are 

chosen not to absorb light. Figure 1.12 depicts the bandgap energy and position of some metal oxides 

that are used in DSSC. With proper Eg, the CB edge should also match with the excited state of the 

dye sensitizer for an efficient interfacial charge injection from dye to metal oxide. To transport the 

injected carriers into conductive glass, the carrier mobility of metal oxide should be high enough. In 

addition, stability and being free from cost and environment issues are other important properties to 

be considered when choosing a metal oxide.  

Nanostructured metal oxides can be synthesized with different shapes and sizes, which enables 

the modulation of their properties. The prepared colloidal solution that is composed of nanoparticles 

is deposited on conductive glass with screen-printing or doctor-blading methods. The deposited film 



22 
 

is then dried at high temperatures (450 – 520 ) to conduct sintering of the oxide layers, which builds 

a continuous conductive network among individual nanoparticles. This treatment also calcinates or-

ganic residues of film that can act as potential trap sites. Both effects help to increase the charge 

transport and collection within the mesoporous electrode.  

The most widely used metal oxide electrode for optimizing DSSCs is TiO2, since it provides the 

best photovoltaic performance. It is a non-toxic, stable, and relatively cheap oxide semiconducting 

material. Titanium dioxide forms three crystalline morphologies: rutile (Eg = 3.05 eV), anatase (Eg = 

3.23 eV), and brookite (Eg = 3.26 eV). Rutile and anatase are easy to prepare, while brookite is diffi-

cult to synthesize in the laboratory. Compared to rutile, anatase is preferred for DSSC fabrication 

because its larger bandgap and higher conduction band edge energy Ec leads to a higher Voc of the 

device. Also, anatase’s larger surface area is beneficial for dye loading. Thus, although rutile is more 

stable and scatters light effectively, anatase is mainly used for optimization. 

 

 

Figure 1.12 Bandgap energy distributions of various metal oxide semiconductors. Bandgap energy, valence 
band (VB, grey), and conduction band (CB, orange) positions of several semiconductors that are employed in 
DSSC characterization. The energy is represented as a potential vs. normal hydrogen electrode (NHE).    
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The crystal structure of anatase is based on Ti4+ ions, coordinated by six oxygen atoms. The CB 

and VB of TiO2 are constituted by the empty 3d orbitals of Ti4+ ions and by the occupied 2p orbitals 

of the O2- ions respectively. Ti4+ ions that are exposed to the surface attract electron-rich anchoring 

groups such as carboxylate by offering Lewis acidic conditions. During the synthesis, TiO2 becomes 

oxygen-deficient and exposes Ti3+ sites. These sites lead to n-type doping and induce trap states. Trap 

states lie within the band gap that often arises from crystal defects. 

1.5.3 Redox Mediator 

To regenerate oxidized dye into the ground state continuously, a redox mediator is employed that can 

deliver the charge back and forth between the dye and the counter electrode. The redox mediator is 

closely related to the light-to-electric conversion efficiency and the long-term stability of devices and 

can affect efficiency-determining factors such as photocurrent density (Jsc), photovoltage (Voc), and 

fill factor (FF).  

Several characteristics are crucial for the redox mediator in DSSC. First, to maintain enough 

thermodynamic force for the regeneration, the redox mediator’s redox potential should be more neg-

ative than that of the ground state dye. Meanwhile, the energy difference between the mediator and 

the dye should be minimized to allow for high open circuit voltage (Voc). Second, the redox media-

tor’s conductivity should be high enough to transfer the charge carriers. In this respect, strong contact 

between electrolyte and mesoporous nanoparticle should be established. Third, the redox mediator 

should offer long-term stability in thermal, electrochemical, and optical ways. Finally, the mediator 

should not indicate absorption in visible range. In case of a colored redox mediator such as an iodine-

based electrolyte, injected electrons are allowed to interact with triiodide ions and increase the dark 

current.  

There has been significant effort to find the redox mediator that offers the best performance, and 

it can be roughly classified into three categories: liquid-state electrolytes, quasi-solid-state electro-

lytes, and solid-state hole transport materials.  

In liquid-state electrolytes, polar organic material such as acetonitrile or ethanol are used as sol-

vents because they can dissolve many organic and inorganic components. However, these electrolytes 

have low boiling points and high vapour pressures that act as barriers for maintaining the device for 

a long time. This characteristic helps to extract components from solvents in a sealed environment, 

which leads to decreased device performance. Thus, ionic liquids which are non-volatile, have low 

vapour pressure, and have high thermal stability are used as an alternative. As the first alternative, 
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the imidazolium family which is the most commonly applied type of solvent in solar cells, was em-

ployed in the Gräztel group.20  

As for the most popular liquid-type redox mediator, an iodine-based electrolyte (I3
-/I-) is used in 

DSSC that is optimized with various additives such as tert-butylpyridine and lithium salt. The main 

advantage of the electrolyte is that triiodide represses the recombination process that occurs between 

an injected electron and oxidized dye. This is beneficial for the high photocurrent of the device. How-

ever, the iodide/triiodide couple indicates slight absorption in the visible region, which causes a dark 

current. Also, for the complex reaction mechanism, which involves two iodide anions being related 

to an exchange of one electron with oxidized dye,21 the regeneration process is slow. Thus, the com-

plexity leads to a significant loss of initial potential for the regeneration process. To address these 

drawbacks, one-electron redox couples such as cobalt-based electrolytes (Co(II)/Co[III]) have been 

introduced,22, 23 and the highest PCE value is achieved: more than 14% for DSSC using the cobalt 

electrolyte.24 Copper-based electrolytes (Cu(I)/ Cu(II)) are also developed to enhance the net driving 

force by minimizing the internal reorganization energy.25-27 

Quasi-solid-state electrolytes refer to the liquid electrolytes that can be polymerized, gelated, or 

dispersed with polymeric materials. Several materials such as thermoplastic polymers, thermosetting 

polymers, and composites polymers have been used as quasi-solid-state electrolytes that display dif-

ferent characteristics. Although the mobility of this type of redox couple is limited compared with the 

liquid electrolyte, the charge transfer occurs by diffusion of components, instead of by charge hop-

ping.17 Thus, even though it is beneficial to maintain a long-lasting device, this type of redox couple 

provides lower PCE than the host liquid electrolytes. However, high photovoltaic performances can 

be achieved through the optimizations, demonstrating quasi-solid-state electrolytes as prospective 

candidates for DSSC.28  

Solid-state hole transport materials (HTM), which involve inorganic and organic hole transport 

materials, are another option for replacing volatile electrolytes. Based on its definition,29 the HTM is 

not an electrolyte: instead, it is a p-type semiconductor, because the charge carriers are transferred by 

electrons and holes instead of by ions. In this type of redox couple, positive charges are transferred 

through a hopping mechanism between adjacent dyes or moieties. The method of charge transporta-

tion is different from that of redox electrolytes, where ionic redox components deliver the charges 

through the movement. To facilitate the regeneration process, HTM also should have general charac-

teristics as a redox mediator.  
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In addition, unlike the other types of redox mediators, HTM should be deposited within the mes-

oporous metal oxide in an amorphous state. It is important because pore filling can be easily sup-

pressed by the crystallization of HTM, which is regarded as a major limiting factor for the photovol-

taic performance.30 While there are very few inorganic HTMs (copper[I] iodide, copper[I] bromide, 

copper[I] thiocyanate), organic HTM has been developed more due to attractive characteristics such 

as easy preparation, low cost, and plentiful sources. Simple methods such as spin coating or dip coat-

ing are used to fabricate effective pore-filling mesoporous films. Chemically polymerized poly(3,4-

ethylenedioxythiophene) (PEDOT), polyanilines (PANI), and poly(3-octylthiophene)(P3OT) are the 

representative organic polymer HTMs, and 2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine)-9,9′-

spirobifluorene (spiro-MeOTAD) is popular as an organic molecular HTM.    

1.5.4 Photovoltaic Characteristics  

In general, the photovoltaic performance of DSSC is characterized by its incident photon-to-current 

conversion efficiency (IPCE), also referred to as external quantum efficiency (EQE). This indicates 

the photocurrent density generated in the external circuit under the monochromatic illumination of 

the device, divided by the photon flux that illuminates the device. The IPCE as a function of wave-

length is expressed as follows: 

 

   
 

 (1.17) 

 

Here, LHE ( ) is the incident light-harvesting efficiency for photons with wavelength  (nm),  

is the quantum yield for electron injection from dye to metal oxide,  is the electron collection 

efficiency,  is the photocurrent density produced by the external circuit (mA·cm-2), and  is the 

incident light flux.31 The IPCE metrics provide information on the monochromatic quantum efficien-

cies of DSSC. As another indicator, internal quantum efficiency (IQE) refers to the efficiency of 

charge injection and collection processes: this figure is achieved by dividing IPCE by LHE. While 

IPCE considers the optical losses such as transmission and reflection, IQE does not incorporate the 

losses. The overall illumination to electric PCE of DSSC is expressed as follows: 

 

   

 

 (1.18) 
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Here,  is the intensity of the incident light, and  is the maximum obtainable power.  is 

then given by the multiplication of , , and  which are the short circuit photocurrent density, 

the open circuit photovoltage, and the fill factor respectively. To provide more detail,  is the inte-

grated overlap between the IPCE spectrum and the solar irradiance spectrum over all wavelengths, 

and  is the difference in the Fermi energy of electrons at the two terminals of a device that are 

disconnected from any circuit. The  is the ratio of the measured maximum power to the theoretical 

maximum power. These values are crucial parameters that decide the photovoltaic performance of 

DSSCs. 

 Photoinduced Charge Transfer Dynamics in DSSC 

 

Figure 1.13 The energy diagram of DSSC, represented by charge transfer processes. Upon photoexcitation 
(~fs) (1), interfacial charge transfer occurs by transferring electrons into the conduction band (CB) of TiO2 (fs 
 ̶ ps) (2). The charges are transported through TiO2 nanoparticles by thermalization (~ps) (3). The oxidized dye 
(S+) is regenerated by a redox mediator (ns  ̶ μs) (4). However, some of S+ recombines with electrons on TiO2 
(ns  ̶ ms) (5) or oxidized redox mediators (ms  ̶ s) (6), which are called back electron transfers. 
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There are crucial charge transfer dynamics in DSSC that occur at various interfaces inside the 

device. Considering overall kinetic processes, a model system has been established, and a schematic 

illustration of the system is depicted in Figure 1.13. These charge transfer processes cause an en-

hanced spatial separation of electrons and holes, generating a charge-separated state. However, the 

free energy of the states is reduced as a result. Each reaction step involves kinetic competition of the 

device. Thus, controlling the timescale of different processes is the main object of the kinetic studies, 

which is also closely related to the photovoltaic operation of DSSC. In the subsequent sections, de-

tailed charge transfer reactions will be reviewed step by step, and the parameters determining the 

efficiency of DSSC will be introduced. 

1.6.1 Photoexcitation and Interfacial Electron Injection  

The beginning of the electron transfer cascade is interfacial electron injection. Upon photoexcitation, 

electrons are injected from the dye sensitizer into the conduction (CB) band of the metal oxide, leav-

ing the dye as an oxidized state S+. Upon the injection of the electron, injected electrons will experi-

ence rapid thermalization down to the electron Fermi level of the metal oxide, and there will be free 

energy loss that deteriorates the device’s efficiency. 

The rate of electron injection is determined by several factors: (i) the electronic coupling strength 

between the LUMO of the dye and accepting states of metal oxide; (ii) the number of density of state 

(DOS) at the surface where the dye is adsorbed; (iii) The energy of metal oxide CB relative to oxida-

tion potential of excited state of dye. Thus, for the fast electron injection, strong electronic coupling 

of the LUMO of dye to metal oxide CB states should be established, and there also should be large 

amount of DOS, which is energetically accessible from excited state of dye. Also, the concentration 

of potential-determining ions such as Li+, should be enough in redox electrolyte, because the absence 

of these components can lead to high energy CB, reducing the number of accessible DOS. This results 

in slower injection, reducing the quantum yield of electron injection. Many spectroscopic studies 

observing the rate of electron injection have been conducted after the first study done by Tachibana 

in 1996.32 These research suggest that the rate varies from sub-picosecond to hundreds of picosecond, 

according to the dye structure and the preparation conditions such as the adsorption geometry of dyes, 

electrolyte composition and pH of the surface.33-37 

However, the efficiency of the electron injection depends on the relative rate of injection kinetics 

with respect to excited state lifetime of dye, not on the absolute kinetic rate of injection. Thus, the 

electron injection efficiency is defined as follows: 
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 (1.19) 

 

Here,  is the rate constant for electron injection,  are sum of the rate constants for radiative and 

non-radiative deactivation processes of the excited dye (radiative and non-radiative), and  is pos-

sible quenching pathways of the dye excited state.  

For efficient injection,  should be around 100 times larger than . Since lifetimes of the 

excited state of dyes show nanosecond timescale, electron injection can occur efficiently. The  can 

be originated from dye aggregates, increasing non-radiative decay33, 38, 39 or the reductive quenching 

of the excited state dye by oxidized redox couple.40 Both  and  can be measured by using redox-

inert metal oxides such as alumina, since their sufficiently high CB edges prevent electron injection.41 

The detailed quenching processes will be discussed in following sections 3 and 5.    

1.6.2 Electron Transport Through Metal Oxide Film 

The injected electrons from the dyes are transported until they reach the working electrode. Because 

of the high density of ionic charges in the redox electrolyte, excess charges provided by the injected 

electrons in metal oxide are compensated, screening out the electric fields at a short distance. Thus, 

the main driving force of charge transportation is the gradient in electron concentration, not the field-

driven drift.42-44 The charge gradient causes ambipolar diffusion whereby electrons and cations move 

through the mesoporous film and can be described as follows: 

 

  
 

 

 (1.20) 

Here,  is the ambipolar diffusion coefficient, n and p are the concentrations of negative and 

positive charge carriers, and  and  are the diffusion coefficients of positive and negative charge 

carriers.  

On the other hand, even though charge diffusion is the main cause of the transportation, the 

incident light intensity also affects the electron transport if it is accelerated under high light inten-

sity.45, 46 This phenomenon is explained by the trap-associated charge transport mechanism, which 
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involves multiple trapping playing an important role in charge transfer. In this model, charge trans-

portation and recombination occur by random-waking at different trap states.47 Upon electron injec-

tion, electrons are rapidly trapped into the localized states below the CB, from which they can be de-

trapped by thermal activation. Only the free electrons that are de-trapped from the localized states 

contribute to the electricity of device or undergo a recombination process. Thus, the deeper the trap 

states, the longer it takes for electrons to be de-trapped, resulting in slower charge transportation or 

recombination. The trap depth, which is defined by the energy difference between the CB band edge 

and the Fermi level of metal oxide, is determined by the incident light intensity.     

 

 

Figure 1.14 Light intensity-dependent trap-associated charge transport mechanism. At high light intensity (a), 
trap states are more easily filled due to the high Fermi level of metal oxide, enhancing efficient electron trans-
portation. In contrast, at low light intensity (b), the low Fermi level allows electrons to be trapped in deep 
states, delaying the transportation process. 

 

As depicted in Figure 1.14, under high light intensity, the deep trap states are almost filled due 

to the high Fermi level of metal oxide. This reduces the de-trapping energy, leading to be more fre-

quent de-trapping and increases in the effective diffusion coefficient of electrons. However, when the 

light intensity is low, electrons are located in the deep trap states due to the low Fermi level. Therefore, 

more thermal energy must be de-trapped, extending the electron’s lifetime.48 The origins of the deep 

trap state are located at the interfaces of the metal oxides or electrolytes, surface defects such as 

surface oxygen vacancies, bulk defects, and grain boundaries.  
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1.6.3 Regeneration of Oxidized Dyes and Back Electron Transfer 

Following the electron injection, the remaining oxidized dye is regenerated into a ground state by the 

redox couple in the electrolyte. The regeneration completes the electric circuit of the device by ex-

changing the charges between them. To attain efficient dye regeneration, the reduction rate of the 

oxidized dye due to the redox couple should exceed the reduction rate by injected electrons. The 

investigated timescale of regeneration is typically in the microsecond range.  

This paragraph will discuss the kinetic mechanism of regeneration by iodine-based electrolytes 

(I3
-/I-), which is most popularly used as a redox couple. The mechanism has been studied widely, and 

commentators have argued that achieving one electron oxidation of iodide to the iodine radical (I·) is 

unfavorable. Instead, the regeneration requires the participation of two iodides (I-) for each oxidized 

dye, which can be achieved by introducing a di-iodine radical (I2
-·).49, 50 During the process, there is 

evidence that the oxidized dye-iodide complex (Dye ··· I) is involved, followed by the interaction 

with the second iodide, which results in a dye and a di-iodine radical.51 The remaining reaction is 

completed by two di-iodine radicals, which produces iodide and triiodide (I3
-) simultaneously. Hence, 

the reduction of the oxidized dye by iodide is described in the following steps: 

 

   
 

 (1.21) 

    (1.22) 

    (1.23) 

  
  (1.24) 

There are several factors affecting the kinetic dynamics of regeneration:  

(i) The regeneration time increases with the iodide concentration in the electrolyte; 

(ii) Viscose electrolytes retard the process, enhancing the diffusion coefficient of the charged 

species; 

(iii) Cations adsorbed on the metal oxide surface, such as Li+ and Mg+, accelerate the process 

because iodide concentration near the surface increases due to the adsorbed positive ions.  
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(iv) Dye sensitizers with bulky alkyl chains have slow regeneration times, forming steric hin-

drance and nonpolar shielding blocks for electrolytes.  

(v) Rapid regeneration occurs when the dyes have high positive oxidation potential, such as 

chlorophyll derivatives and porphyrins. This enhanced regeneration efficiency is ex-

plained by inefficient kinetic competition with the electron recombination of oxidized 

dyes. The recombination process, also called a back reaction, is one of the crucial factors 

that determine regeneration efficiency.  

In the absence of a redox electrolyte, the oxidized dye can be reduced by electrons in CB or trap states 

of metal oxides, displaying the timescale from microseconds to milliseconds. This reaction depends 

on the electron density of these CB and trap states, since the increased electron density fills the deep 

trap states, enhancing the electron diffusion constant and inducing surface passivation. That the ki-

netic dynamics are sensitive to cell voltage and light intensity can evidence the electron density-

related recombination process.52 The location of the oxidized dye HOMO orbital relative to the metal 

oxide surface is another important factor that affects the recombination reaction. The more HOMO 

orbital is localized away from the surface, the slower the recombination reaction occurs, which en-

hances the electron tunneling barrier. Further studies have reported that redox inactive barriers such 

as Al2O3 can slow down the process through the interface modification.53  
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 Introduction to Time-Resolved Ultrafast Spectroscopy 

An optical pulse which induces perturbation faster than the dynamics of interest is crucial for inves-

tigating ultrafast photophysical phenomena. There are several ways to generate a pulsed laser: Q-

switching and mode-locking. To obtain a pulsed laser of 10 to 200 ns, Q-switching is used, which 

involves closing the laser cavity while building up a huge population inversion. The cavity is then 

opened, and an intense pulse of stimulated emission is dumped. The opening of the cavity is con-

trolled by Pockels cells or a saturable absorber. Mode-locking is used to gain even shorter optical 

pulses: the duration changes from the scale of picoseconds to femtoseconds. The random phase of 

axial modes in laser cavity is “locked” because it is superimposed so that the modes interfere destruc-

tively except at one position. A single wave packet, otherwise known as a pulse, is generated at this 

position and travels inside the cavity at group velocity.  

When the intense outgoing pulsed laser interacts with nonlinear materials, “nonlinear optical 

effects”1 are introduced that can be used to obtain other frequencies needed in experiments by chang-

ing the properties of matter such as the refractive index. The following nonlinear optical effects are 

optimal phenomena that are relevant to this study: second harmonic generation (SHG), parametric 

amplification, the optical Kerr effect (OKE), and self-phase modulation (SPM). 

 Femtosecond Transient Absorption Spectroscopy 

2.2.1 General Introduction to Pump-Probe Spectroscopy 

The pump-probe technique,2 which is a basis of transient absorption (TA) spectroscopy, uses the 

pump pulse to excite the sample at a time delay of zero (Δt= 0), while the probe pulse monitors the 

effect of the pump by observing the changes in the absorption of the sample. To detect the time 

evolution of the response upon excitation, the probe is delayed systematically with respect to the 

pump pulse. The temporal delay is carried out at the automatic translation stage, and the beam path 

of one of the pulses is controlled so that 3.3 ps is delayed by moving 1 mm in air.  

In our case, the optical path length of the pump is delayed during the measurement. The time 

resolution of the TA measurement is determined by the pulse duration of the pump and the probe 

beams. In transmission mode, the absorption intensity difference (ΔA) of the transmitted probe pulse 

with (A + ΔA) and without the pump (A) is obtained for each time delay. To enhance the signal-to-

noise ratio of the measurement, the pump and the probe beams are generated from the same laser 
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source that guarantees the synchronicity between them. Also, single shot detection is conducted at 

each time delay and increases the sensitivity of signal. At each shot, the reference beam which refers 

the probe without passing through the sample is also recorded simultaneously with the transmitted 

signal; this ensures that there is no laser fluctuation. The intensity ratio of the reference beams ob-

tained from two different shots is used to consider the inherent laser fluctuation. These processes are 

repeated more than 3,000 times to average out the signal before observing the event in the next time 

delay. A brief scheme of the pump-probe technique is described in Figure 2.1. 

 

 

Figure 2.1 Scheme of a pump-probe technique. The pump beam excites a sample, generating excited 
species whose spectrum is different from that of the ground state. The difference between the spectra 
is recorded by the probe beam in time, which delays the probe with respect to the pump.       

 

According to Beer-Lambert’s law, the absorbance without the pump (A) and the absorbance with 

the pump (A + ΔA) are expressed as follows: 

 

    (2.1) 

    (2.2) 

 

where Inp, Ip, and I0 represent the probe intensity after the sample without the pump, the probe inten-

sity after the sample with the pump, and the probe intensity before the sample respectively. Thus, the 

transient absorbance ΔA is given by the following: 
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 (2.3) 

where prime (‘) denotes the second measurement.  

Several processes can contribute to the transmitted signal (ΔA) from TA measurement.  

i) Ground state bleaching (GSB) appears as negative ΔA, which is caused by the depletion 

of ground state population of the sample. Upon photoexcitation, absorbance from the 

ground state is reduced compared to that of a non-excited sample due to the transition 

from the ground state to another state. The magnitude of GSB is related to the amount of 

missing population in the ground state, and the recovery of GSB is observed from the 

kinetic profile. 

ii) Stimulated emission (SE), which also appears as negative ΔA, originates from the fluores-

cence of the excited state. The emission enhances the intensity of the transmitted signal 

after excitation, which increases the negative ΔA value. The intensity of SE decreases with 

time due to the depopulation of the excited state. 

iii) Excited state absorption (ESA) originates from the absorption of the populated excited 

state (Sn) to higher states (Sn+α) and is presented as a positive ΔA signal. By observing the 

characteristics of ESA, excited state phenomena such as the generation of charge transfer 

states, oxidized radical ions, or free carriers upon photoexcitation can be monitored. 

2.2.2 Femtosecond Transient Absorption  

Femtosecond transient absorption setup was initially built by S. Pelet,3 and some modifications were 

conducted afterwards.4, 5 This section describes the details of the experimental setup. The scheme of 

the overall setup is exhibited in Figure 2.2. 

2.2.2.1 Femtosecond Laser: Clark System 

The source of the laser is provided by a chirped pulse amplification (CPA)-2001 system from Clark-

MXR. The CPA-2001 system employs the stretched seed beam before amplifying the pulse.6 Its usage 

consists of two stages: the oscillator and the stretcher are placed in the bottom level, while the ampli-

fier and the compressor constitute the upper level. 
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Figure 2.2 Scheme of a femtosecond transient absorption setup. 

 

The seed beam is produced by a passively mode-locked Erbium doped fiber (SErF) oscillator 

that is pumped by a continuous wave (cw) diode laser. A non-amplified femtosecond pulse is gener-

ated at 23 MHz. A PNNL crystal doubles the frequency to 778 nm before being stretched through a 

grating-based stretcher. The beam is then transferred into the regenerative amplifier at the upper level.  

The seed beam, Ti:Sapphire crystal, and Nd:YAG laser constitute the amplifier system. The idea 

is that the seed beam is amplified by overlapping with the amplified Nd:YAG laser, which is provided 

by pumping the Ti:Sapphire crystal. The arc lamp pumps the frequency-doubled pulsed Nd:YAG 

laser to generate 7.0 - 7.5 W of a 532 nm laser. The frequency of all systems maintains at 1 kHz due 

to a Pockels cell, which is triggered by the Clark-MXR DT-505 driver unit. The driver controls three 

delays for the synchronization. The first output of the delay injects the seed beam into the amplifier, 

the second output dumps the amplified beam when the beam is at the highest intensity, and the third 

output is used to trigger pump-probe experiments. The pulse is stretched before amplification, which 

prevents the optics from damage. The compressor, which consists of grating and a prism, generates a 

150-fs beam that is horizontally polarized at 778 nm with the intensity of ~1 mJ.     

2.2.2.2 Excitation Source  

A non-linear optimal parametric amplifier (NOPA) generates wide tunable excitation wavelengths 

from 450 to 1,500 nm. The setup, which was developed by Prof. Riedle,7 consists of two stages. The 

first stage produces a desirable excitation wavelength, and the second stage amplifies the beam.  
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Figure 2.3 Scheme of a two-stage NOPA. In the first stage, due to parametric amplification, necessary wave-
lengths can be extracted from the beta-barium borate (BBO) crystal where a frequency-doubled pump (390 
nm) crosses with the white light continuum (WLC). The selected wavelength further amplifies in the second 
stage by overlapping with the pump at the second BBO crystal.     

 

In the first stage, due to parametric amplification, necessary wavelengths can be extracted from 

the BBO crystal where a frequency-doubled pump (390 nm) crosses with the WLC. The selected 

wavelength further amplifies in the second stage by overlapping with the pump at the second BBO 

crystal. The Ti:Sapphire amplifier output (778 nm) enters the first stage of the NOPA, which is then 

split into two sides. One part of the beam is employed to generate the WLC, while the other part is 

used as a pump source in the two stages after its frequency is doubled to 390 nm by passing through 

a nonlinear BBO crystal. A sapphire plate generates the WLC, which the amplifier output is focused 

on due to the self-phase modulation effect. This involves the refractive index of the medium changing 

according to the wavelengths due to an intense laser pulse being focused on the plate. This allows for 

different wavelengths to travel at different speeds in the medium.8, 9 The quality of the WLC is opti-

mized by adjusting the intensity of the input of 778 nm with a variable grey filter and placing an iris 

before the sapphire plate.  

A parametric amplification occurs at the next BBO crystal when the WLC and the 390 nm beam 

are overlapped and focused at several mm before the crystal. By rotating the crystal, the phase match-

ing angle between the WLC and the pump is spatially optimized for generating a desirable wavelength. 

At the same time, temporal selection from the chirped WLC also allows for selection of the wave-

length by delaying the pump with respect to the WLC. The selected wavelength is amplified at the 

second stage. The remaining two thirds of the pump and the 390 nm beam is overlapped again with 

the selected beam at the second BBO crystal. Like the previous stage, the intensity of the selected 
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beam is amplified by controlling the crystal’s position in the spatial and time domains. Depending on 

the tuned wavelength, the average output power of the beam after the NOPA is 8 ~ 14 μJ. 

A 390 nm source is generated in another route, instead of NOPA. The output pulse from the 

Clark laser passes through a BBO crystal after passing through several mirrors. The second harmonic 

generation (SHG) of the output pulse occurs at the BBO, and the residual fundamental beam is filtered 

by a 390 nm bandpass filter after the crystal. The spot size of the beam is adjusted by moving the lens 

in the rail.     

2.2.2.3 Pulse Compression 

After the NOPA, the resulting beam indicates group velocity dispersion (GVD), which illustrates how 

the group velocity of light varies with the frequency in a dispersive medium.10 This originates from 

the chirped WLC as well as several optics and nonlinear mediums that the beam goes through in the 

NOPA. Consequently, the temporal profile of the pulse changes, and its spectrum is maintained. 

When the chirped pulse goes through the transparent medium, the angle of beam path in the medium 

changes depending on the frequency of the light-inducing angular dispersion, since the refractive 

index of the medium varies with the light frequency. The refractive index of many dispersive medi-

ums increases with the light frequency, which indicates that red side of the pulse travels faster than 

the blue side. This is defined as a positive GVD, which is observed in the pulse after NOPA. The 

chirped pulse that causes the GVD is compensated by two pairs of SF10 prisms. 

 

 

Figure 2.4 Pulse compression obtained by two pairs of prisms. 

 

As described in Figure 2.4, the chirped pulse undergoes angular dispersion when passing through 

the first prism, and the velocity of the red side’s pulse becomes faster than the blue side’s. This ve-

locity difference is compensated by the second prism, where the red side beam propagates longer to 

be retarded with respect to the blue side’s. To match the velocities, the second prism should be placed 
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in a reverse way where its axis is also parallel to the first prism. The distance between the two prisms 

is set according to the wavelength of the pulse, and the angle of the incident beam on the prism should 

be the Brewster angle to minimize the reflection loss. Another pair of prisms, placed symmetrically 

to the first pair, is employed to correct the spatially collimated beam. Thus, like our setup, the second 

pair of prisms can be substituted by a mirror which reflects the beam in a reverse way. Proper align-

ment of the prisms compresses the beam by up to 50 fs.   

To check the temporal pulse duration after the compression, the autocorrelation technique is used. 

This technique was first developed in 1966 by Maier and their co-workers.11 This technique measures 

the pulse duration through the observation of the overlap of the two identical pulses with different 

time delays, as illustrated in Figure 2.5. 

 

 

Figure 2.5 Scheme of an autocorrelator that detects the time resolution of a pulse. The beam of interest enters 
an autocorrelator and is split by a 50:50 beam splitter. It sends one of the beams into a variable delay stage to 
induce time interval (Δt) between the two beams. They are overlapped at the second harmonic generation 
crystal with lens, and the resulting frequency-doubled pulse (2ω) is measured by a photomultiplier tube (PMT) 
detector according to time.  

 

The beam of interest enters an autocorrelator and is split by a 50:50 beam splitter. It sends one 

of the beams into a variable delay stage to induce time interval (Δt) between the two beams. The 

beams are overlapped at the second harmonic generation crystal with lens, and the resulting fre-

quency-doubled pulse (2ω) is measured by a PMT detector according to time.  
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The incoming laser pulse to the autocorrelator is divided into 50:50 by a beam splitter. The two 

pulses are focused by lens and are recombined collinearly or non-collinearly at the SHG crystal, ac-

cording to time delay Δt between the two pulses. The autocorrelated signal is then observed by a 

photo-multiplier and displayed on the screen. The signal is expressed as 

 

  
 

 

 (2.1) 

where I(t) and I(t – τ) are the intensity of the two pulses. Thus, the autocorrelated signal is always 

symmetric in time, and the pulse duration is derived by assuming the pulse shape.   

2.2.2.4 Generation of White Light Continuum Probe 

The WLC probe is used for visible and near-IR spectral regions. The WLC is generated by the Ti:Sap-

phire laser, which induces the nonlinear effect of self-phase modulation (SPM)8 as it interacts with 

the nonlinear medium via the optical Kerr effect.12 The spectral broadening of the ultrashort pulse is 

used to induce the WLC in this experimental setup. A part of the 778 nm Ti:Sapphire laser that is 

separated by the beam splitter (~20 μJ) is focused on a 5 mm calcium fluoride (CaF2) crystal by 

employing a 5 cm focal length lens. The CaF2 crystal is mounted on a two-axis vibrational transla-

tional stage that is connected by a function generator, which allows the stage to move in a plane that 

is perpendicular to the beam pathway to avoid burning by the intense laser. The energy of the laser 

incoming to the CaF2 determines the WLC’s stability. Therefore, an iris and a variable grey filter are 

employed before the CaF2 to optimize the quality of the WLC by adjusting the beam intensity. 

After passing through the crystal, the WLC is collimated by another 5 cm focal length lens. Next, the 

WLC passes through a wire grid polarizer to clean the unwanted residual polarization. Band pass 

filters of 350 – 750 nm and long pass filters of 750nm and 850 nm are placed to probe the visible and 

near-IR region respectively. The filtered WLC is sent to a parabolic mirror. The collected WLC is 

then divided into two pathways by a 50:50 beam splitter, and each beam is directed to signal and 

reference detectors respectively. In both pathways, three-axis 5 cm focal length achromatic lens are 

used to send the beam to the slit of the detectors. To avoid the signal saturation, the beam is attenuated 

and filtered through the variable optical density filter and bandpass filter respectively. The only dif-

ference between two pathways is that the WLC probe strikes the sample before reaching the detector 

in the signal path, while the reference path goes directly through its detector.  

The WLC probe at the sample is superimposed with the pump, and the angle between them is set as 

close as possible to reduce their crossing time, which prevents the resultant IRF broadening. At the 
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same time, the angle is large enough to separate both beams, effectively filtering out the probe from 

the pump, which is blocked selectively after passing through the sample. The size of the overlapped 

probe with the pump should be smaller than that of the pump to reduce the effect from the inhomo-

geneous pump intensity within a spot. The polarization settings of the pump and the probe are also 

important. Using a Glan-Thompson polarizer and λ/2 waveplate, polarizations between the pump and 

the probe are set at the magic angle of 54.7˚, which guarantees the isotropic excitation of sample.    

2.2.2.5 Detection 

The detector for the probe is composed of spectrographs (Princeton instrument, SpectraPro 2150) that 

are equipped with a 512 x 58 pixels back-thinned charge-coupled device (CCD) (Hamamatsu S7030-

0906) and are assembled by Entwicklungsbüro Stresing in Berlin. In the spectrograph, two diffraction 

gratings are used to disperse the incoming WLC into its component wavelengths: 500 nm and 800 

nm blaze for visible (350 – 750 nm) and near-IR (800 – 1200 nm) ranged probes respectively. The 

gratings are controlled by Mono computer software, and the dispersed wavelengths are projected onto 

a CCD line that is placed at the focal plane. A careful calibration for the wavelength scale as a function 

of the pixel number in CCD is conducted by adjusting the gratings with respect to several interferen-

tial filters. To achieve the detector’s linear response, the incoming WLC intensity is maintained below 

60,000 counts per channel, which is controlled by a variable optical density filter. The laser trigger 

that runs at 1 kHz from the delay generator is amplified and converted into a square signal. The 

chopper plate that is placed on the pump path is designed to set the beam frequency to 500 Hz, and 

the on/off position in the photomicrosensor corresponds to the transmissive/non-transmissive pump 

beam.   

The data acquisition is controlled by Labview software (National Instruments), which is pro-

grammed by F. Gumy, J. Teuscher, and N. Banerji. The software starts a measurement (Trig Enable), 

and the camera is synchronized with the laser trigger. Two on/off events (4 ms) are taken, and the last 

event determines the on/off order. Each event is composed of 512 pixels, which are averaged at the 

end of the acquisition time. The calculated transient absorption spectra, the kinetic profile at the de-

fined wavelength, and the WLC spectra of the signal and reference cameras in real time are depicted 

during measurement.     

2.2.2.6 Data Analysis 

The WLC probe that reaches a sample is not compressed after a strong positive GVD that is generated 

in the SPM medium and other optics. This leads to different spectral components not arriving at the 

sample at the same time. This phenomenon is called chirp and entails the red-side wavelengths reach-

ing earlier than the blue-side wavelengths. As a result, the TA spectrum is distorted around time zero. 
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The chirp of the measurement is corrected by measuring the cross-correlation of the pump and the 

probe at the sample position with the Kerr grating technique.13 The Kerr effect is maximized when 

the pump and the probe beam have a polarization set at 45˚ with respect to each other. In this geometry, 

when the probe passes through the sample with the pump, a strong electric field from the pump rotates 

the polarization of the probe. This change allows the probe to pass a Glen-Thompson polarizer which 

is set in the way to block the original probe. A blank cuvette filled with a solvent or a glass such as 

SF10 is used as a Kerr medium. The resulting signal has a Gaussian shaped function of time, which 

is a cross-correlated signal between the pump and the probe. 

 

 

Figure 2.6 The chirp for a typical transient absorption experiment employing a WLC. The temporal overlap 
between the pump and WLC probe is wavelength dependent. (a) A strong positive GVD induces different 
spectral components to arrive in a sample at different time. The chirp distorts the TA data around the time 
delay of zero. After the chirp correction, the time delay of zero between the two lights becomes independent 
of wavelength. (b) 
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The chirp correction is conducted with the Igor program written by J. Teuscher. In each wave-

length, the cross-correlated signal is fitted by the Gaussian function, where the maximum and the 

width of the fitted function indicate time zero and time resolution respectively. The wavefront of 

these Gaussian functions is fitted by a mono-exponential function of time (Figure 2.7 (a)) and then 

corrected so that time zero of the dynamics of all the wavelengths are set to be equal (Figure 2.7 (b)).  

A Matlab program developed by N. Banerji is used to extract the chirp-corrected dynamics and 

spectral profiles. Twenty spectra obtained before time zero are used to subtract the background from 

the measurement. To investigate the photophysical properties, a multi-exponential function is used to 

fit the kinetic profiles at various wavelengths, as depicted below. 

 

   

 

 (2.5) 

where τn and An are the time constant and its related amplitude respectively.  

To analyze various photophysical processes superimposed at each time scale over observed 

wavelengths, a global analysis is performed through the Glotaran software package.14 Global analysis 

typically fits the impulse response function (IRF), the dispersion, as well as a multi-exponential func-

tion (2.5) to describe the signals—in this thesis a parallel decay model is used, where all components 

are considered to decay independently. Importantly, when fitting the exponentials, it is assumed that 

the same time constant(s) are used for all wavelengths, with varying amplitudes applied. Therefore, 

after fitting, it is possible to observe the different amplitudes for each wavelength, making it easier to 

analyze the signals. The result of marginalization is referred to as the Decay Associated Difference 

Spectra (DADS) in the case of the current study, where transient absorption spectra are analyzed. 

DADS marginalize the time component from the signal through a global fitting and shows the ampli-

tude of the response for each wavelength. It is, therefore, possible to characterize the behavior of each 

component. 

In more detail, at first data points that contain meaningful information are selected to avoid noisy 

measurements harming the fit. The baseline is then corrected by the first 20 measurements which are 

before the impulse. Outliers are removed by examining the 4 by 4 neighborhood for each data point. 

After this pre-processing, Singular Value Decomposition (SVD) is performed on the signal, which 

reveals the number of significant components in the signal. The pre-processed data is fitted by multi-



49 
 

exponential function with default models from Glotaran for the dispersion and impulse response func-

tions. An example of a Glotaran interface showing data pre-processing and the fit for the signal are 

shown in Figure 2.7. 

 

 

Figure 2.7 An example of fs-TA data that is a product of the global analysis from Glotaran 1.5.1.   

 

The Glotaran software used in this study is a Java-based Graphical User Interface (GUI) front-

end for the R package TIMP15, making it easy for non-programmers to perform statistical analysis. 

The work-flow typically consists of importing the dataset, pre-processing it through the dataset re-

lated GUI, creating the analysis scheme and models through another GUI interface, and evaluating 

the outcomes. The data pre-processing GUI also provides quick SVD based analysis to determine the 

complexity of the model before actual analysis. The analysis scheme provides an intuitive interface 

to setup the model, including the number of components, initial values, and range for the IRF, dis-

persion and the time constants. The result-view interface allows investigation of the fit, the DADS, 

and the error residuals. 

Behind the scenes, Glotaran is using the TIMP package for the R, a programing language for 

statistical computing. TIMP is an R package for fitting superposition models, for example, to be used 

for analyzing spectroscopic data. With mathematical models, the package fits the parameters using a 
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least-square formulation, with finite differences and partitioned variable projection. However, di-

rectly using TIMP require the user to know R, whereas with Glotaran the user does not have to have 

any programming knowledge. 

 Nanosecond Flash Photolysis 

Longer probe time scales from several hundreds of nanoseconds to microseconds are monitored by 

nanosecond flash photolysis. Like femtosecond transient absorption, the pump-probe technique is 

used. This technique involves the pump from optical parametric oscillator (OPO) triggering a photo-

physical event in the sample, which is probed by a continuous light such as a Xenon lamp.  

A pump source is extracted from the OPO, which is pumped by the Nd:YAG laser. A Xe arc 

lamp is used as the source of a probe light. The probe wavelength is selected by passing through a 

monochromator or filters. The probe light is then focused onto a sample with the first plano-convex 

lens and collimated with the second one. The signal is detected by a PMT or diode. The detector is 

connected to an oscilloscope, which is synchronized to the pulsed laser by a fast photodiode.  

Two experimental setups, Continuum Powerlite 7030 and Ekspla NT-342, are used during this thesis. 

The schematic description of the setup alignment is depicted in Figure 2.8. Both setups employ a 

frequency-tripled Q-switched Nd:YAG laser that pumps an OPO at 355 nm. They run at a 20 Hz 

repetition rate and a 4 -7 ns FWHM pulse duration. The excitation wavelength can be tuned between 

450 and 650 nm for the Continuum and goes up to 2,300 nm for the Ekspla. The intensity of the pump 

is adjusted with grey filters according to the requisite fluence for the excitation. To select the visible 

probe wavelength (400 – 750 nm), the Xenon arc lamp passes through the first manually controlled 

monochromator, which extracts the needed wavelength. The lamp is then focused onto a sample, and 

the signal is detected by a fast PMT (R9910, Hamamatsu) after being filtered by the automatic second 

monochromator. 
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Figure 2.8 Scheme of the flash photolysis setup. A pump source is extracted from the OPO, which is pumped 
by the Nd:YAG laser. An Xe arc lamp is used as the source of the probe light. The probe wavelength is selected 
by passing through a monochromator or filters. The probe light is then focused onto a sample with the first 
plano-convex lens and collimated with the second one. The signal is detected by a PMT or diode. The detector 
is connected to the oscilloscope, which is synchronized to the pulsed laser by a fast photodiode.  

 

The PMT detector is connected to a 750 voltage power supply, which allows the conversion of 

the photons into electrons. These converted currents are monitored by an oscilloscope (DPO 7204 

and DPO 7104C, Tektronix). Measurements are conducted in direct current (DC) mode, unless a 

severe fluctuation is observed in the probe. A time resolution of measurement up to ~ 1 μs is achieved 

with 1MΩ load on the oscilloscope, while a faster signal of up to 100 ns is observed with a 50Ω load. 

Regarding the IR (800 – 1800 nm) probe, instead of the manual monochromator, several longpass 

filters are used according to the probe’s wavelength range. The InGaAs photodiode with a 1kΩ load 

(SM05PD5A, Thorlabs) detects a signal, achieving ~ 1 μs time resolution, which is limited by the 

diode response. The satisfactory signal-to-noise ratio is obtained by averaging at least 2,500 laser 

shots, with a sensitivity of 10-4 ΔA.      
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 Steady-State Absorption and Emission  

2.4.1 Spectrophotometer 

The absorption spectrum is recorded by the UV-vis spectrophotometer, Cary 1E, Varian. Ground state 

absorption is crucial in characterizing the photophysical property of a sample and displaying elec-

tronic and vibronic transitions. The transition wavelength and intensity depicted in the absorption 

spectrum also plays an important role in time-resolved measurements where the pump and probe 

wavelengths are determined. The basic working procedure of the spectrophotometer starts from a 

light source. A tungsten lamp is an excellent light source of continuous, visible, and near-infrared 

radiation at 320 – 2,500 nm, and a deuterium arc lamp covers ultraviolet radiation at 200 – 400 nm. 

The light source is then dispersed into narrow bands of wavelength by a monochromator, and the 

selected wavelength passes through a sample or detector. In a single-beam configuration, the sample 

and the reference cell must be placed alternately, whereas a double-beam configuration automatically 

rotates the light pathway to pass through the sample and reference alternately. The incident irradiance 

P0 from the reference cell and irradiance P that emerges from a sample cell are measured by a detector. 

A PMT is used as a detector, and the transmittance and absorbance are determined by comparing P0 

and P (transmittance T = P/P0, absorbance A = -log T).  

2.4.2 Spectrofluorometer 

Fluorescence and excitation spectra are recorded by spectrofluorimeter (LS 50, Perkin-Elmer). A light 

source is a lamp that is emitting a constant photon flow. An excitation wavelength is selected by a 

monochromator, and the luminescence as a function of wavelength is observed by a PMT, which is 

positioned at 90° to the incident light. When the excitation wavelength is fixed, and the emitted radi-

ations are scanned, an emission spectrum that displays the energy distribution of the emitted photons 

is recorded. The probabilities of the various transitions are depicted, from the lowest vibrational level 

of S1 to the various vibrational levels of S0.  

On the other hand, an excitation spectrum is measured if the excitation wavelength is changed, 

and the emitted light is observed only at one wavelength. An excitation spectrum displays the emis-

sion intensity versus the excitation wavelength and has similar shape to an absorption spectrum. This 

is because the higher the absorbance at the excitation wavelength, the more molecules are promoted 

to the excited state, and the more molecules are followed by emission. Without any interference with 
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other species, the excitation and absorption spectra should be identical. However, if a molecule is 

affected by other species or exists in different forms in the ground state such as aggregates or com-

plexes, both spectra are no longer superimposable.  

The measured fluorescence intensity can only be considered linear when the absorbance of a 

sample is less than 0.05. To expand the linear range of fluorescence measurement, the inner filter 

effect should be taken into consideration. 16 The primary and secondary inner filter effects refer to 

fluorescence attenuations due to the absorption of the incident light or of the emitted light respectively. 

The correction of fluorescence intensities, when observed at the right angle, are performed with the 

following equation: 

 

  
 

 
 (2.6) 

Here,  and  are the corrected and observed fluorescence intensities respectively.  and 

 are absorbances at the excitation and emission wavelengths respectively.  and  are the 

penetration depth of the light into the sample and the emission path length respectively. When a 1 × 

1 cm cuvette is used and illuminated centrally,  and  are both 0.5. 

 Photovoltaic Measurements 

For photovoltaic measurements of the DSSCs, the irradiation source was a MC-E white LED array 

(CREE, Inc.), whose power was regulated by applied power. The linear sweep voltammetry technique 

in SP-50 potentiostat (Bio-Logic) was used to plot the IV curves of solar cells. It is noted that in this 

study, DSSCs were characterized without the use of a shading mask, so the active area of DSSCs was 

equal to the area of TiO2 layer: 0.28 cm2
. 

 Sample Preparation 

In general, to maximize the transmission, samples for spectroscopy measurements are prepared with 

microscope slide glass instead of metal electrode or conductive glass, and the same configuration as 

solar cell devices are maintained. On top of the glass, mesoporous metal oxide paste is deposited 

through the screen-printing method and sintered under 500°C. The substrate is then dipped into dye 

solution for sensitization, and the sensitized substrate is sealed by another slide glass with a hole 
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where electrolytes are injected as a redox mediator. Both glass substrates are assembled by a hot-melt 

ionomer film, Surlyn (25 μm, Du-pont). A device for recording photovoltaic performance is fabri-

cated by a standard procedure17 that uses a fluorine-doped tin oxide (FTO) conductive electrode and 

platinized counter electrode to allow for electricity flow. The detailed sample preparation procedures 

for each case will be introduced in following chapters. 
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 Introduction 

An important area of research is currently devoted to the development of metal-free dyes for the 

preparation of dyesensitized solar cells (DSSCs) with high power conversion efficiencies.1-3 Organic 

dye sensitizers possess many advantages, such as high extinction coefficients, low cost, and good 

tunability of the highest occupied molecular orbital and lowest unoccupied molecular orbital orbital 

energy levels.4 In particular, easy tuning of their absorption spectra can be conducted through modi-

fication of the molecular design by introducing different light-absorbing moieties.5 These dye sensi-

tizers are then used in molecular frameworks that typically consist of donor-(π-conjugated bridge)-

acceptor (D-π-A) systems.6, 7 D-π-A systems are associated with efficient intramolecular charge trans-

fer (CT) from the donor to the acceptor during photoexcitation, and transient kinetic studies have 

been conducted by varying the donor or acceptor moieties in an attempt to correlate the kinetics with 

the device performance.8-10 Despite the vast amount of research on and general understanding of the 

D-π-A system in the context of solar cells, the intermolecular interactions formed between dyes are 

not yet fully understood. The intermolecular electronic interactions formed between adsorbed dyes 

on the surface of a solid oxide film are crucial in the electron transfer processes of DSSCs because 

these interactions can facilitate various processes, such as reductive quenching11, 12 or dye aggregates 

formation,13-15 that can affect the kinetics and efficiency of interfacial CT upon photoexcitation. 

Because the organic dyes in solar cell devices are tightly packed on the metal oxide surface, in 

order to comprehensively understand a D-π-A system, it is important to not only investigate the ki-

netic traces of the interfacial dynamics but also the lateral interactions arising from the short intermo-

lecular distance. A recent attempt to investigate the latter can be found in ref 16. The work in that 

report is focused mainly on the charge separation product of the intermolecular interactions occurring 

upon photoexcitation of organic dyes adsorbed on inert Al2O3 films.16 Unfortunately, that study did 

not consider the role of the donor, which is essential for understanding the intermolecular interactions, 

as the presence of the donor is strongly related to the formation of an exciton that participates in the 

interaction, as we will show. Thus, to fully understand the D-π-A characteristics of organic sensitizers, 

further investigation is needed to explore the structural effect on intermolecular photodynamics. 

The promotion of lateral hole transfer by the triphenylamine (TPA) electron donating group com-

prised in particular heteroleptic Ru(II) polypyridyl complex sensitizers adsorbed on the surface of 

solid oxides has been recently reviewed. The kinetic interplay between intermolecular and intramo-

lecular electron transfer in TPA-π bridge-Ru(II) dye sensitizers adsorbed on TiO2 was also discussed 

in detail.17 
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In this chapter, to investigate the D-π-A characteristics, we dive into the detailed dynamics of an 

important D-π-A sensitizer, (E)-3-(5-(4-(4-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)amino)phe-

nyl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo [3,4-c]pyrrol-1-

yl)phenyl)furan-2-yl)-2-cyanoacrylic acid (DPP_A) by comparing its characteristics with a similar 

molecule deprived from its donor moiety (DPP_R), both in solution and adsorbed on a redox-inactive 

alumina substrate (Figure 3.1). DPP_A is an interesting dye for use in dye-sensitized solar cell, gath-

ering an aesthetically attractive blue color and the ability of efficiently harvesting the red and NIR 

parts of the incident solar spectrum.18 

 

 

Figure 3.1 Molecular structures of DPP_A and DPP_R. 

 

To observe the characteristics of the intermolecular interactions, we performed steady-state and 

femtosecond transient absorption spectroscopy (fs-TAS) measurements in solution and on inert Al2O3 

films with varying dye concentrations. From the experimental results, we observe that in the solution 

phase, partially delocalized excitons participate in the intermolecular interactions of DPP_A because 

of the presence of the TPA donor. We also find that when the dyes are adsorbed on the Al2O3 surface, 

the lateral intermolecular interactions upon photoexcitation are accelerated in DPP_A because of the 

formation of CT excitons between neighboring dye molecules. On the other hand, the solution-phase 

donorless DPP_R dye does not display the participation of partially delocalized excitons in the inter-

molecular interactions, unlike DPP_A. Another very important observation is that on the basis of 

experimental evidence from the pump fluence-dependent transient absorption (TA) and excitation 

spectra, an excimer-like excited state is involved in the lateral intermolecular interactions between 
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DPP_R dye molecules adsorbed on the film. On the basis of thorough investigation, we argue that 

the type of exciton that forms and participates in lateral interactions on the film is determined by the 

presence of the bulky donor group. This result sheds light on another function of the D-π-A structure 

as a photosensitizer because the characteristics of the exciton not only has an impact on the efficiency 

of the lateral intermolecular interactions but can also affect the CT mechanism that determines the 

photovoltaic performance of DSSCs. The influence of the intermolecular interactions on the CT 

mechanism in DSSC devices will be investigated as a next step in our follow-up work.19 

 Sample Preparation 

Solution Samples. The DPP_A (“Dyenamo blue”) used in the study was purchased from Dyenamo 

(Stockholm, Sweden). DPP_R was synthesized according to the process detailed in the reference 

paper.20 DPP_A and DPP_R were dissolved in 4-tert-butanol/acetonitrile mixture (1:1 v/v)18 and 4-

tert-butanol, respectively.  

 

Film Samples. As mesoporous substrates, we used homemade Al2O3 following the previously re-

ported method21, 22 and commercial TiO2 (Greatcell Solar, Queanbeyan, Australia) pastes. The aver-

age diameters of Al2O3 and TiO2 pastes are respectively 20 nm and 18 nm with a porosity of 0.67 and 

0.625. Films for spectroscopic experiments were made using FTO-coated glass substrates (Tec15, 

Pilkington). Metal oxide films, prepared by screen printing on FTO-coated glass, were controlled to 

acheive ~ 4.5 μm thickness. These films were sintered for 30 min at 450°C before being dipped into 

a 50 μM solution of dye, and were kept for less than 3 hr at room temperature. Coadsorbant, che-

nodeoxycholic acid (CDCA, Sigma Aldrich), was also dissolved in dye solution to control the average 

intermolecular distance when needed.23 The dye-sensitized films were measured in air.  

The Surface concentrations of the adsorbed dyes were derived by measuring the absorbance of 

solutions obtained by desorbing the dyes from Al2O3. The solutions are resulted from dipping dyed 

films into the organic base 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). 
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 Results 

3.3.1 Steady-State Results: Stationary Absorption and Fluorescence Spectra 

Figure 3.2 presents the stationary absorption and fluorescence spectra of DPP_A and DPP_R dyes 

loaded on Al2O3 film with different concentrations. Sensitized dye amount was controlled by chang-

ing the CDCA ratio to dye of the dye solution. The amount of adsorbed dye was controlled by chang-

ing the ratio of CDCA to dye in the dye solution. Sintered Al2O3 films were dipped into solutions 

having dye-to-CDCA ratios of 1:100, 1:50, and 1:0, and the resulting samples are denoted “Low”, 

“Mid”, and “High”, respectively, in which the label refers to the surface concentration of dye. As 

listed in Table 3.1, the calculated dye concentrations are enhanced when the CDCA ratio to dye 

decreases.  

The average distance between neighboring DPP_A dye molecules was derived by dividing the 

dye concentration by the specific surface area of the Al2O3 nanoparticles constituting the oxide film. 

The specific surface area was measured by Brunauer−Emmett−Teller analysis, and and the detailed 

method will be described in the following discussion part.  

As shown in Figure 3.2 (a) and (b), the absorbance of DPP_A is redshifted compared to that of 

DPP_R, corresponding to a 0.17 eV reduction of the excitation energy. This redshift can clearly be 

attributed to the enhanced transition dipole moment of DPP_A induced by the inclusion of TPA group 

on the DPP core, which increases the effective π-conjugation length in DPP_A. Upon increasing the 

loaded dye concentration, small bathochromic shifts are observed in the absorption spectra of DPP_A, 

whereas DPP_R that does not display any spectral shift. The absorption spectrum of the concentrated 

dye film is broader for DPP_A, showing the occurrence of additional transitions on each side of the 

band at 572 nm, and the intensities of these additional bands are weak in the case of the ‘High’ DPP_R 

film compared to those of the corresponding DPP_A film. The occurrence of additional bands in the 

absorption spectra of the ‘Mid’ and ‘High’ film is observed, as shown in the inset of Figure 3.2.  

The emergence of the two additional bands may arise from exciton splitting because of electronic 

coupling between neighboring dyes, which allows H- and J-type optical transitions that arise from 

face-to-face and head-to-tail molecular stacking orientations, respectively.24, 25 Indeed, the change in 

the energy difference between the high-energy Hband and the low-energy J-band, corresponding to 

Davydov splitting (DS)26 with the increasing dye concentration confirms the occurrence of exciton 

splitting. As listed in Table 3.1, the DS values are positively correlated with the magnitude of the 

transition dipole moment and negatively correlated with the intermolecular distance.27 Moreover, the 
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DS values of DPP_R are 0.37, 0.42 eV, which are in the range of DS values for other similar molec-

ular structures reported from an experimental study.24  

 

 

Figure 3.2 Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) dyes absorbed on mes-
oporous Al2O3 at various surface concentrations. Concentrations of CDCA 100 and 50 times larger than those 
of the dyes were added to the dye solution to prepare the “Low” and “Mid” film samples, respectively. In the 
case of the “High” film, no CDCA was added to the dye solution. The fluorescence spectra of DPP_A (c) and 
DPP_R (d) on Al2O3 with different dye concentrations were normalized to the fraction of absorbed photons at 
the excitation wavelength (390 nm). Insets: Additional absorption transitions appearing in the “Mid” and “High” 
films obtained by subtracting the “Low” spectrum from the “Mid” and “High” spectra. 

 

The fluorescence spectra of the DPP_A and DPP_R films are displayed in Figure 3.2 (c) and 

(d). Significant quenching is observed as the dye concentration increases when the fluorescence in-

tensities are normalized to the fraction of absorbed photons at the excitation wavelength. Because the 

energy level of the Al2O3 conduction band edge is too high, electrons cannot be injected from the 

excited dye into the solid, meaning that the lateral intermolecular interactions rather than interfacial 

electron transfer are responsible for the observed quenching. 28-30 
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Table 3.1 Steady-state photophysical parameters and dye concentration of DPP_A and DPP_R loaded on 
Al2O3. a c represents the geometrical concentration of the dye on Al2O3 porous layer. The intermolecular dis-
tance d, between dye molecules are derived from c. (Detailed procedure will be followed in discussion part) 

 

3.3.2 Time-Resolved Results: Transient Absorption Spectra (TAS)  

Solution Studies. Figure 3.3 shows the fs-TA spectra of DPP_A and DPP_R solution with various 

dye concentrations in the UV-Visible to NIR (420 – 770 nm). Concentrations of 15 μM and 130 μM 

for DPP_A, concentrations of 24 μM and 140 μM for DPP_R were used to observe intermolecular 

behaviors in the solution phase. Both diluted (a) and concentrated (b) DPP_A solutions show ground-

state bleaching (GSB) with peaks at ca. 600 nm, which overlap with the ground-state absorption 

spectra when inverted, suggesting the occurrence of an S0 → S1 transition. Excited-state absorptions 

(ESA) are superimposed on each side of the GSB bands, which are important when analyzing the 

intermolecular interaction, as will be discussed later. DPP_R (Figure 3.3 (c), (d)) exhibits similar 

behaviors as DPP_A, such as the generation of GSB bands with peaks at ca. 530 nm, and these GSB 

bands are again mixed with ESA bands on each side. The DPP_R spectra are similar for both dye 

concentrations. While the spectral features of DPP_A are sensitive to the dye concentration, they 

show an undefined isosbestic point when mixed with the red-side ESA band in the high concentration 

solution. Intermolecular interactions are observed in the high concentrated solution at wavelengths 

corresponding to the formation of new excited-state bands in the TA kinetics profiles, which clearly 

show the growth of new components compared to the diluted solutions.  

DPP_A DPP_R

Low Mid High Low Mid High

concentration ratio 
(Dye : CDCA) 1 : 100 1 : 50 1 : 0 1 : 100 1 : 50 1 : 0

c [ 10-11 mol / cm2]a 1.33 3.33 6.16 2.32 4.83 11.3

d [nm] a 3.54 2.24 1.64 2.67 1.86 1.21

Amax[nm] 562 565 572 522 522 523

Amax 0.15 0.27 0.49 0.17 0.33 0.63

Flmax[nm] 691 697 719 654 639 636

Stokes shift [cm-1] 3322 3352 3574 3867 3508 3397

Davydov s plitting [eV] - 0.62 0.71 - 0.37 0.42
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Figure 3.3 TA spectra of DPP_A (a,b) and DPP_R (c,d) at different optical delays in a 4-tert-butanol/acetoni-
trile mixture (1:1 v/v) and 4-tertbutanol, respectively. Each dye was dissolved in solvent at different concen-
trations. The concentrations of the solutions are 15 μM (a) and 130 μM (b) for DPP_A and 24 μM (c) and 140 
μM (d) for DPP_R. In the measurement, 390 nm light was used as the pump source, and the energy fluence 
was 500 μJ/cm2. Inset: TA kinetic profiles of DPP_A at 720 nm and DPP_R at 630 nm. In contrast to the 
dilute solutions, both dyes exhibit clear rising components in the concentrated solutions.  

 

In the highly concentrated solution, the average multi-exponential fits to the transients of DPP_A 

and DPP_R provide rising components of 2.3 ps and 80 ps, respectively, followed by 25 ps and 580 

ps decay components. The reduction in the fitted time components of DPP_A can be explained by 

the enhanced intramolecular CT characteristic of the excited state, which comes from the strongly 

electron donating TPA moiety.24 Moreover, the bulky donor group, which introduces flexibility in 

the overall molecular structure in the solution phase, opens up new deactivation channels, ultimately 

accelerating the decay processes.31  
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Global analysis also confirms the existence of the rise component, as shown in the Decay-Asso-

ciated Difference Spectra (DADS) of high concentrated DPP_A and DPP_R dye solutions in Figure 

3.4. Indeed, clear rise components are observable after 650 nm in DPP_A and after 600 nm in DPP_R 

solution. Further detailed discussion through comparison with the that of film is provided below. 

 

Figure 3.4 DADS of high concentrated DPP_A (a) and DPP_R (b) dye solutions.  

 

Alumina Film Studies. Figure 3.5 shows selected TA spectra from the investigation of the fs dynam-

ics of DPP_A and DPP_R adsorbed on Al2O3 with different CDCA ratios. From ‘Low’ to ‘High’, 

additional positive bands are formed above 700 nm in DPP_A and at ca. 630 nm in DPP_R.  

In DPP_A, the intensity ratio of the new absorption band to the GSB band at 580 nm, I710nm / 

I580nm, increases from 0.10 to 0.15 and 0.36 as the concentration increases. This trend is also valid for 

DPP_R, whose intensity ratio of the new absorption and to the GSB band, I630nm / I530nm, changes 

from 0, to 0.71 and 0.74. These representative wavelengths of DPP_A (710 nm) and DPP_R (630 

nm) were chosen to minimize the disturbance by the excited-state relaxations. The sensitivity of these 

bands to the dye concentration reveals that lateral intermolecular interactions, which are accelerated 

by the short intermolecular distances, are responsible for the new bands. Cappel et al. insist that this 

concentration sensitive band observed on Al2O3 reflects a charge separated state (CSS).16 This is 

based on the fact that Al2O3 is highly effective when blocking interfacial charge transfer,32, 33 and that 

the concentration sensitive band highly overlaps with the region where absorbance of oxidized dye 

species appears.16 As expected, the same phenomena can be observed in our case. The additional 

positive bands in Figure 3.5 superimposes with the absorbance regions of oxidized DPP_A dye as 

shown in Figure 3.6, and as shown by Karsten et al. for DPP_R dye.34 Here, the absorbance of 

oxidized DPP_A in Figure 3.6 is obtained by using an oxidizing agent, NOBF4 which removes one 

electron from a dye. The absorbance difference spectrum in Figure 3.6 (b) is obtained under the 
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assumption that absorbance at 450 nm is solely due to the neutral DPP_A dye. Due to the possibility 

of degradation of the dye by the oxidizing agent, the difference spectrum may not perfectly reflect 

the pure oxidized dye, but it still provides reliable information regarding the absorbance of the oxi-

dized dye. 

 

 

Figure 3.5 TA spectra of DPP_A (a-c) and DPP_R (d-f) on Al2O3 at different optical delays. ‘Low’ (dye : 
CDCA = 1 : 100), ‘Mid’ (dye : CDCA = 1 : 50) ‘High’ (dye : CDCA = 1 : 0) films were excited at 390 nm 
with 28 μJ/cm2.  
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Figure 3.6 Steady-state absorption spectra (a) and absorbance difference spectrum (b) of DPP_A species in 
solution before and after the addition of a chemical oxidizing agent, NOBF4. The effect of dropwise addition 
of NOBF4 into the dye solution was monitored by recording the spectra after each dropping. Difference spec-
trum is obtained by comparing absorbance of neutral dye and that of oxidized species formed after add2 treat-
ment. Note that the difference spectrum is obtained under the assumption that the absorbance of the oxidized 
DPP_A dye is not observed at 450 nm, in other words, assuming that the absorbance at 450 nm is only due to 
the neutral dye. Most of the absorption ranges of oxidized dye species are superimposed with those of neutral 
dyes. In addition, low-energy bands are newly formed with clear isosbestic points during the chemical oxida-
tion.  

 

The conversion into new states disturbs the excited-state relaxations, as shown by the quenching 

of the intrinsic excited states, which is specifically observed at band intensities below 510 nm for 

DPP_A and above 670 nm for DPP_R.35-37 At a representative wavelength of 470nm, which is related 

to the excited-state relaxation of DPP_A, the absorption ratio I470nm / I580nm changes from 0.47 to 0.23 

and 0.11 in the order from ‘Low’ to ‘High’. This demonstrates that 51 and 77% of the DPP_A mol-

ecules are quenched in the ‘Mid’ and ‘High’ films, respectively.  

In the case of DPP_R, the quenching proportions cannot be directly derived as they were in the 

case of DPP_A because all the excited-state relaxation bands are superimposed with the lateral inter-

molecular interaction bands in the observable spectral region (650−770 nm). More specifically, the 

changes in the absorption values above 650 nm are determined by the influential process from two 

origins. For example, the I760nm / I530nm value changes from 0.89 to 2.03 and 1.38 in the order from 

‘Low’ to ‘High’. The increase in the value from ‘Low’ to ‘Mid’ indicates that the lateral intermolec-

ular interactions have a stronger effect on the emergence of the new band in this step than excited-

state quenching, while the decrease in value from ‘Mid’ to ‘High’ reflects the opposite relationship. 

This result means that the lateral intermolecular interaction between DPP_R dye molecules reaches 

saturation in the ‘Mid’ film, which is in line with many other observations. Specifically, the ‘Mid’ 
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and ‘High’ films show similar fluorescence intensities, TA intensity ratios (I630nm / IGSB), and rising 

time components in the TA kinetics. 

Figure 3.7 shows the kinetic traces at representative wavelengths reflecting the lateral intermo-

lecular interactions in DPP_A (710 nm) and DPP_R (630 nm), where the rising component becomes 

faster with increasing dye concentration (Table 3.2). The fact that the rising components are faster in 

the ‘High’ film than in the ‘Low’ or ‘Mid’ film can indicate that lateral intermolecular interactions 

occur more effectively when the intermolecular distance is shorter.16  

Additionally, the similarity in the rising components of the DPP_R traces in the ‘Mid’ (14 ps) 

and ‘High’ (10 ps) films, which is not observed for the DPP_A traces, provide additional evidence 

that the lateral intermolecular interactions saturate faster in DPP_R than in DPP_A. After formation 

of the charge-separated state through the intermolecular interactions, relaxation from this state occurs 

for several hundred picoseconds for both dye-coated films. However, the kinetics of DPP_A are 

strongly affected by the absence of CDCA, as the process is accelerated from 946 to 277 ps, while 

the DPP_R film shows similar relaxation time constants of ca. 460 ps regardless of the presence of 

CDCA. This characteristic also supports the fast saturation of intermolecular interactions between 

DPP_R dye molecules on the film. 

 

 

Figure 3.7 TA kinetic profiles of DPP_A (a) and DPP_R (b) on Al2O3 observed at 710 nm and 630 nm, 
respectively. All films were excited at 390 nm with 28 μJ/cm2.  
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Table 3.2 TA kinetic parameters for DPP_A and DPP_R on Al2O3 observed at 710 nm and 630 nm, respec-
tively. The probe wavelengths were selected, at a point where the intermolecular interaction dynamics are the 
least disturbed by the excited-state relaxations. The relationship, ΔA(t) = A1 exp(-t/τ1) + A2 exp(-t/τ2) + A3 
exp(-t/τ3), where ΔA(t) is the TA intensity, A is the amplitude and τ is the fitted decay time, was used to fit the 
data. The average time constant of the fits was calculated by using the relationship τave= τ  / . 

 

To further validate the existence of charge separated state, DADS is analyzed. As shown in Fig-

ure 3.8, the regions where rise components appear‒above 660 nm for DPP_A spectra and above 600 

nm for DPP_R spectra‒overlap with absorption spectra of oxidized DPP_A (Figure 3.6) and DPP_R 

dye species.34 This again confirms that the red-side spectral regions where concentration sensitive 

regions are related to charge separated state formation. In addition, as in the case in film, in DADS 

of dye solutions (Figure 3.4), the rise component is observed in similar wavelengths when the dye 

concentration is high, indicating intermolecular interaction between dyes. However, in the case of 

DPP_A, the rise appears starting at shorter wavelengths in solution than in film, which will be dis-

cussed in detail in Section 3.4.2. 

 

 

Figure 3.8 DADS of ‘High’ DPP_A (a) and DPP_R (b) dye films. 
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To investigate the incoherent exciton recombination processes occurring in the dyes on Al2O3, 

pump fluence-dependent TAS was conducted by measuring ‘High’ concentrated dye films. Figure 

3.9 shows the decay profiles probed at 710 nm for the DPP_A spectra and 630 nm for the DPP_R 

spectra. While DPP_R reveals no power dependency in the decay component, the TA decay profiles 

of DPP_A are sensitive to the pump power. As the pump fluence increases from 28 to 140 μJ/cm2, 

the portion of the relatively fast τ1 (1.6 ps) component is enhanced up to 44%, which is a strong 

indication of exciton-exciton annihilation, or incoherent collision between excitons (Table 3.3). 31, 38-

42 And as displayed in Figure 3.10, DADS of ‘High’ DPP_A film, obtained from global analysis, 

demonstrate that this trend is valid for all spectral range (450‒770 nm).  

 

 

Figure 3.9 TA kinetic profiles of DPP_A (a) and DPP_R (b) on Al2O3 illustrating the pump power dependence. 
In the experiment, ‘High’ concentrated dye films (dye : CDCA = 1 : 0) were used and the pump energy fluence 
was increased from 28 μJ/cm2 to 140 μJ/cm2. The probe wavelengths of DPP_A and DPP_R were 710 nm and 
630 nm, respectively.   

 

 

Table 3.3 TA kinetic parameters for DPP_A on Al2O3. The relationship ΔA(t) = A1 exp(-t/τ1) + A2 exp(-t/τ2) 
+ A3 exp(-t/τ3), where ΔA(t) is the TA intensity, A is the amplitude and τ is the fitted decay time, was used to 
fit the data. The normalized amplitude percentage, that is, [Ai /(A1 + A2 + A3)] ×100 is noted in parenthesis. 
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Figure 3.10 DADS of DPP_A film. ‘High’ concentrated dye films (dye : CDCA = 1 : 0) were used and the 
pump energy fluence was increased from 28 μJ/cm2 to 140 μJ/cm2. 

 

 Discussion 

3.4.1 Average Distance between Neighboring Dyes on Mesoporous Surface 

The average distance between neighboring DPP dyes on film was derived from the dye coverage on 

the surface, Γ in terms of mole per nm2. Surface area, S was calculated by using  

 

   
 

 (3.1) 

450 500 550 600 650 700 750
-20

-10

0

10

 

 

Wavelength (nm)

 1.6 ps
 42 ps
 929 ps

450 500 550 600 650 700 750

-5

0

5

 

 
A

m
pl

itu
de

 1.6 ps
 42 ps
 929 ps

450 500 550 600 650 700 750

-5

0

5

 

 

 1.6 ps
 42 ps
 929 ps

28 μJ/cm2

90 μJ/cm2

140 μJ/cm2



72 
 

where VAl2O3 is the volume of Al2O3 substrate on glass, d is the density of Al2O3, BETAl2O3 is the 

measured surface area of Al2O3 by using Brunauer–Emmett–Teller analysis. In this study, VAl2O3, d, 

and BETAl2O3 are measured as 4.20 × 10-5 cm3, 3.95 g/cm3, and 93.2269 m2/g, respectively. The vol-

ume of Al2O3 substrate was obtained by  

 

   
 

 (3.2) 

where t is the thickness of alumina film, A is the area of alumina film, and   is the porosity of  

alumina paste. In case of ‘High’ DPP_A film where 9.58 × 10-9 moles of dye were dissolved into 2 

mL 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU), c was derived as 6.16 × 10-11 mol/nm2. Thus, the 

area covered by a single molecule on the surface was determined to 2.69 nm2. The square root of 

reciprocal number of the 2.69 nm2 gives 1.64 nm intermolecular distance. All the calculated intermo-

lecular distances of DPP_A and DPP_R are listed in the Table 3.4. 

 

 

Table 3.4 Intermolecular distance between dyes on Al2O3 was calculated in Table. c is the geometrical con-
centration of dyes on Al2O3 paste and the intermolecular distance, d, between dyes are listed in turn. 

 

3.4.2 Donor Effects on the Intermolecular Interaction between DPP_A Dye Mole-

cules in the Solution and Solid Phases 

We have revealed the effect of the donor on the intermolecular interactions between DPP-based sen-

sitizers in solution by investigating the photophysical dynamics through TA measurements. A gradual 

shift in the newly formed band to shorter wavelengths occurs for only DPP_A, and an undefined 

isosbestic point is observed (Figure 3.3, Figure 3.5), even though the TA spectra of DPP_A and 

DPP_R both contain a new band arising from intermolecular interactions in the high-concentration 

solutions. This is also clearly shown through DADS (Figure 3.4, Figure 3.8). The disturbance can 

DPP_A DPP_R

Low Mid High Low Mid High

c [ 10-11 mol / cm2] 1.33 3.33 6.16 2.32 4.83 11.3

d [nm] 3.54 2.24 1.64 2.67 1.86 1.21
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be interpreted as the contributions of various partially delocalized excitons to the intermolecular in-

teractions. This explanation is supported by the fact that the perturbed region nicely overlaps with the 

point at which the intermolecular interactions between DPP_R dye molecules appear and clear isos-

bestic points are observed in the TA spectra of DPP_R regardless of the dye concentration. 

In more detail, the solution environment could promote the generation of partially delocalized 

excitons. In the flexible environment, the motion of the more complex DPP_A structure facilitates 

deformation of the dye molecules into distorted structures, such as crooked or bent ones, under highly 

congested conditions, thereby easily introducing localized excitons within a dye molecule. Addition-

ally, the asymmetric molecular structure of DPP_A induced by PhDPPTh installation18, 43 can also 

enhance the probability of random distortion.  

This interpretation is supported by the concentration dependent steady-state absorption spectra 

of DPP_A in the solution phase. As shown in Figure 3.11, in the normalized absorption spectra, the 

intensity ratio of the high-energy band (IH) in the UV region to the low-energy band (IL) in the visible 

region increases from 0.2 to 0.54 when the DPP_A concentration changes from 15 μM to 130 μM. 

The increase in the portion of the high-energy band, which is responsible for the transition into the 

partially delocalized excited state,18, 44 explains the growing contribution of partially delocalized ex-

citons in the excited state, which suggests the presence of additional intermolecular interactions aris-

ing from the localized excitons interacting with the delocalized ones upon photoexcitation. In contrast 

to DPP_A, the intensity ratio in the DPP_R absorption spectrum remains at a constant value of 1.1 

regardless of the dye concentration. This observation is in line with the TA results, which show clear 

isosbestic points for all dye concentrations. The additional participation of partially delocalized 

DPP_A excitons in the intermolecular interactions also explains why the rising time of DPP_A (2.3 

ps) is much faster than that of DPP_R (80 ps) in the solution phase. 

It is noticeable that the fluorescence spectra of DPP_R dyes in solution (Figure 3.11 (d)) show 

clear double peaks in 24 μM. The relative intensity of the low energy peak with respect to that of the 

high one is gradually enhanced as the dye concentration is increased from 24 μM to 117 μM. The 

fluorescence observed in low energy could originate from newly formed states, specifically the ones 

generated by intermolecular interaction such as π-π interaction, which is easily formed in DPP_R dye 

because of the planar molecular structure. Since the average intermolecular distance is reduced in 

highly concentrated dye solutions, these new states can be formed more easily.  
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Figure 3.11 Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) in solution with differ-
ent dye concentrations. The fluorescence spectra of DPP_A (c) and DPP_R (d) were normalized by fraction 
of absorbed photons at excitation wavelength (390 nm).  

 

 

Table 3.5 Intensity ratios of high energy band (IH) to low energy band (IL) measured from absorption spectra 
of DPP_A, DPP_R in solution are shown in the following table. For the comparison the intensity ratio obtained 
from spectra measured on Al2O3 are also exhibited. 

 

The trend in fluorescence spectra is consistent with the Stokes’ shifts observed in DPP_R solu-

tion and film. Indeed, as the concentration of DPP_R dye in solution changes from 24 to 140 μM, 

Stokes’ shifts change from 1873 to 2005, 3024, and 3062 cm-1. These values, especially in low dye 
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concentrations, have higher discrepancy compared to that observed in DPP_R ‘High’ films (3397 

cm-1 in Table 3.1). The large Stokes’ shift of DPP_R film is mainly caused by the spectral redshift 

in fluorescence spectra of dye film, indicating the existence of excimer-like excited state in film.  

Intermolecular interactions are still observed for the dyes adsorbed on the Al2O3 film, but some 

photophysical aspects change according to the environment. In comparison to the change in the TA 

spectra of DPP_A in solution, the band arising from the lateral intermolecular interactions is less 

blueshifted when groing from the ‘Mid’ to ‘High’ films. This result indicates that the localized exci-

tons within DPP_A have minor contributions in the lateral intermolecular interactions, unlike the 

case in solution. This difference may arise because the DPP_A dye molecules on the film adopt a 

regularly ordered configuration. This ordered arrangement of DPP_A molecules on the film is further 

supported by the steady-state absorption spectra, whose intensity ratio between the bands in the UV 

and visible regions remains constant at ca. 0.8 in all film samples (Figure 3.12). This result reveals 

that structural distortion is not accelerated in the congested film environment unlike in the solution 

phase. 

 

Figure 3.12 Normalized steady-state absorption spectra of DPP_A (a) and DPP_R (b) in film with different 
dye concentrations. “Low” (dye : CDCA = 1:100), “Mid” (dye : CDCA = 1:50), and “High” (dye : CDCA = 
1:0) films were used. 

 

One explanation for the gradual decrease in random structural disorder in the DPP_A film is the 

occurrence of dipole−dipole interactions between neighboring dye molecules. As the intermolecular 

distance becomes shorter, the highly electron-rich TPA group interacts with the relatively electron-

poor DPP core in an adjacent dye molecule, naturally resulting in an eclipsed configuration of the dye 

molecules on the surface. The preference for the slanted molecular arrangement is supported by the 

observation of an intense J-aggregate band in the absorption spectrum of the highconcentration 
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DPP_A film, as shown in the inset of Figure 3.2 (a). Because of this molecular configuration, CT 

excitons, wherein an electron and a hole are localized on neighboring molecules,45-48 can be readily 

introduced among the DPP_A molecules upon photoexcitation. As supporting evidence, Ren et al. 

showed through grazing-incidence X-ray diffraction experiments that a well-ordered dye arrangement 

significantly affected the generation of intermolecular donor-acceptor interactions.49 

Another reason for the less blueshifted spectral feature in the TA spectra of the high-concentra-

tion DPP_A film is the Stark effect arising from the presence of charged species, which are products 

of lateral intermolecular interactions, on the surface.50, 51 Cappel et al. suggested the possibility that 

charge separation could occur through exciton formation as a result of lateral interactions between 

the molecules of an organic dye, D131, adsorbed on Al2O3 film.16 Indeed, the TA spectra of the 

DPP_A and DPP_R films fabricated without the coadsorbent, CDCA, nicely overlap with the ones 

measured on TiO2 as displayed in Figure 3.13; the peaks that grow with an increase in the amount of 

dye loaded on Al2O3 – in the region above 700 nm and the peak at ca. 630 nm in case of DPP_A and 

DPP_R, respectively – match with the long-lived bands in the TA spectra on TiO2 films. Therefore, 

the peaks may originate from oxidized dye molecules formed through lateral intermolecular interac-

tions on Al2O3, and interfacial electron transfer from the dye to TiO2.52-54 This result suggests that the 

charged species formed from the lateral intermolecular interaction on Al2O3 cause the Stark effect, 

and that the resulting spectral redshift counteracts the blueshift caused by the lateral intermolecular 

interactions between localized excitons. This spectral shift cancelation is evident in Figure 3.5 (b) 

and (c); at ca. 510 nm, which corresponds to a point at which the absorbance is not disturbed by the 

lateral interactions, the gradual redshift caused by the Stark effect is clearly observed. 

With this prominent redshift in the TA spectra, the fast-rising component (1.3 ps) in the TA 

kinetics of the DPP_A film implies that the driving force for the formation of lateral intermolecular 

interactions is larger for DPP_A than for DPP_R. This analysis is supported by the observation that 

the absorbance of the H- and J-type aggregates in the concentrated films is more intense for DPP_A 

than for DPP_R. Because Hand J-type aggregates are attributed to exciton splitting, which concur-

rently produces raised and lowered energy levels, their formation increases the energetic disorder.26, 

27 Given that the local energy differences between the loaded dyes are assumed to be the main reason 

for the lateral intermolecular interactions,16 lateral interactions are more easily induced in DPP_A 

than in DPP_R.   

On the basis of comparison of the dynamics in each phase, we reached the conclusion that the 

role of the electron-rich TPA donor of DPP_A in forming the intermolecular interactions changes 

with the environment; the donor enhances the participation of partially delocalized excitons in the 
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solution phase, while it introduces CT excitons in the solid phase through the formation of a highly 

organized packing configuration. 

 

 

Figure 3.13 TA spectra of DPP_A (a) and DPP_R (b) on Al2O3 without coadsorbant, CDCA, and those on 
TiO2 were displayed. Time delays at 500 ps on TiO2 and at 300 ps on Al2O3 were selected. All the spectra were 
excited at 390 nm with 30 μJ/cm2, and normalized by the ΔA value at maximum ground state bleaching (GSB). 

 

3.4.3 Excitonic State Dynamics of the DPP_R Film   

Upon photoexcitation, fewer CT excitons are generated in the DPP_R film than in the DPP_A film 

because of the absence of a strong donor group in the former. The absence of the bulky donor moiety 

enables a relatively planar molecular geometry to be adopted, increasing the packing density through 

the formation of intermolecular π-π interactions between neighboring dye molecules.55 This π-π in-

teraction leads the formation of excimer-like excited states,56, 57 in which a pair of DPP_R molecules 

have a much shorter intermolecular distance in the excited state than in the ground state.58 The pres-

ence of excimer-like excited states is demonstrated by pump fluence-dependent TA measurements, 

which show the absence of an exciton−exciton annihilation process (Figure 3.9).  

One of the factors deciding the occurrence of an annihilation process is the number of excitons.31, 

40, 59 In the DPP_R film, the number of excitons generated per unit area is reduced, because the strong 

intermolecular π-π interactions delocalize the excitons over neighboring dye molecules, rather than 

the localizing them on a single molecule. This delocalization prevents the occurrence of the incoher-

ent annihilation process. On the other hand, the bulky donor group on DPP_A inhibits the formation 
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of π-π interactions between neighboring DPP cores in the excited state.55 Additionally, the complex 

molecular structure can facilitate the participation of several localized excitons, which accelerates the 

annihilation process. Ultimately, a relatively large number of excitons is generated from a high den-

sity of photons in the DPP_A film, and this large number enhances the probability of incoherent 

recombination between excitons, in contrast to the situation in the DPP_R film. The process is ob-

served as a substantial contribution of the fast deactivation kinetics (1.6 ps) at a high pump fluence.  

 

 

Figure 3.14 Normalized excitation spectra of DPP_A (a) and DPP_R (b) in solution with different dye con-
centrations. The emission was recorded at 770 and 720 nm, respectively. The spectra of the ‘High’ films, which 
have a 1:0 ratio of dye-to-CDCA, were also recorded for both dyes by observing the 770 nm emission. All 
spectra were normalized with respect to the low-energy band. 

 

Moreover, as shown in Figure 3.14, the significant redshift observed in the fluorescence excita-

tion spectrum of the DPP_R film provides additional evidence of excimer-like excited-state for-

mation. The inner filter effect was compensated in both excitation spectra.60 The correction is not 

able to completely remove the effect at high concentrated dye solutions, but the effect is limited to 

ca. 580 nm for DPP_A and ca. 525 nm for DPP_R. Note that in both cases, the effect simply creates 

a dip in these regions and cannot cause any redshift.  

As the solution becomes more concentrated, band edges of the spectra observed in both dyes 

show a gradual redshift that can be perceived as the formation of traces corresponding to a newly 

formed excited state arising from intermolecular interactions.26, 27, 61 Interestingly, this spectral red-

shift in the “High” film of DPP_R is more significant compared to that of DPP_A. In addition, the 

“high” film of DPP_R shows fluorescence in the excitation spectrum at much longer wavelengths 

than the concentrated solution, whereas the “high” film of DPP_A does not display any significant 
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spectral shift. The redshifted absorption threshold of the adsorbed dye molecules compared to their 

spectra in solution is generally explained by the enhanced planarity of the molecules. Intermolecular 

interactions can, however, also be the cause of the additional decrease in the excitation energy. Ac-

cording to the study by Avnir et al.62, at relatively high dye coverages on the silica surface, the band 

edge of the excitation spectrum recorded for the excimer is redshifted compared to that of the dye 

monomer at room temperature. These observations were explained by a static process of the excimer 

formation. Likewise, the substantial change in the DPP_R film absorption suggests that excitons on 

neighboring DPP cores are fused through strong π-π intermolecular interactions, thereby forming 

excimer-like excited state. Indeed, there is evidence of the involvement of an excimer-like excited 

state in the lateral intermolecular interactions between DPP_R dye molecules. Figure 3.7 shows that 

fast saturation of the rising component at 630 nm is observed in the kinetic profiles. In more detail, 

the excimer-like excited state generates a stack-like configuration that fuses the independent excitons 

together, thus causing the amount of adsorbed dye to become insignificant after a certain concentra-

tion. Therefore, if the excimer-like excited state participates in the lateral intermolecular interactions, 

the reaction should also display saturation after a certain concentration. As expected, this relationship 

is clearly visible in Figure 3.5, where the ‘Mid’ and the ‘High’ DPP_R films show similar rising 

component at 630 nm, together with similar TA spectra. In short, this fast saturation characteristic 

demonstrates that the excimer-like excited state is associated with the lateral intermolecular interac-

tions. Additionally, the fast saturation observed in the DPP_R film naturally supports the hypothesis 

that lateral interactions occur less efficiently in the highly concentrated DPP_R film than in the 

DPP_A film. Certainly, this inefficiency is revealed in the spectrum of the “High” DPP_R film, 

where a spectral redshift arising from the Stark effect is not clearly observed, unlike the results for 

the DPP_A film. This absence of the Stark effect means that the charge carrier density generated by 

the lateral intermolecular interactions is low. Therefore, we argue that the relatively inefficient lateral 

intermolecular interactions between DPP_R dye molecules originate from the characteristics of an 

excimer-like excited state, which is also responsible for the weak local energy disorder that acts as a 

driving force. 

Figure 3.15 illustrates the exciton characteristics of each dye involved in the lateral intermolec-

ular interactions. Even though the metal oxide has a mesoporous morphology, considering the small 

calculated area occupied by a single molecule (2.69 nm-2, Section 3.4.1) with respect to the surface 

area of a single nanoparticle (1256 nm-2), Figure 3.15 can be valid for a real device. Additionally, 

the high porosity of the mesoporous film (0.67) reduces the chance for dyes to become superimposed 

on each other, as they are adsorbed on different nanoparticles. 
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Figure 3.15 Excitonic states formed in the concentrated DPP_A and DPP_R films upon photo-excitation. The 
TPA donor group, DPP core, and anchoring group are represented by yellow, red, and blue blocks, respectively. 
A CT exciton, mainly lying in the donor and neighboring DPP core, is observed in DPP_A. On the other hand, 
an excimer-like excited state (exciton) is induced in DPP_R through the formation of strong π-π interactions 
between neighboring DPP cores. 

 

Together with the intramolecular CT strength, the type of exciton formed in the dye can be one 

of the crucial factors that affect the solar cell efficiency. Especially, the CT excitons that form on the 

donor-containing DPP_A sensitizers can improve the efficiency of the solar cell through the free 

carrier products generated after the CT excitons, as CT excitons are considered an intermediate stage 

of charge separation into free carriers.56, 63 By contrast, the excimer-like excited state of DPP_R acts 

as a trap site for excitons or charge carriers64-66 and may delay charge transport, thereby deteriorating 

the solar cell efficiency. This understanding is beneficial for elucidating the advantages of the D-π-A 

motif as an efficient dye sensitizer structure, not only for DPP-based dyes but also for other metal-

free organic dyes. 

 Conclusions 

The photodynamics of DPP chromophore-based D-π-A sensitizers DPP_A and DPP_R in solution 

and adsorbed on the surface of alumina were studied by steady-state and ultrafast TA spectroscopies. 

The effect of the bulky donor moiety on the intermolecular interactions was particularly scrutinized. 

Compared with the dynamics in solution, the strong electron-rich donor group present in the DPP_A 

molecules facilitates the generation of CT excitons upon photoexcitation and lateral electron transfer 

between neighboring dye molecules adsorbed on the solid film. Lateral intermolecular interactions 

were clearly observed in the form of a Stark effect signal in the time-resolved spectral measurements. 

On the other hand, the pump fluence-dependent transient absorption and excitation spectra showed 
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that the formation of intermolecular π-π interactions between DPP_R dye molecules on Al2O3 in-

duces excimer-like excited states that delocalize the exciton over more than one dye molecule. As a 

consequence, weaker intermolecular interactions occur in the highly concentrated DPP_R dye film 

than in the highly concentrated DPP_A dye film. 

Summarizing the investigation, it is shown that a highly electron-rich donor plays an important 

role in deciding which type of exciton is formed and then participates in lateral intermolecular inter-

actions between dye molecules adsorbed on the surface of Al2O3. Electron donor moieties are ubiq-

uitous in the organic dye sensitizers used for solar energy conversion applications, where they facili-

tate a decrease in the excitation energy of the dyes and enable them to absorb strongly in the red part 

of the solar spectrum. When designing D-π-A type sensitizers for use in nanocrystalline DSSCs, it is 

important to consider the effect of the enhanced lateral intermolecular interactions that arise from 

these donor groups, as they may affect the interfacial electron injection dynamics. The effect of lateral 

intermolecular interactions on the electron transfer mechanisms of DSSCs based on DPP_A and 

DPP_R dye sensitizers adsorbed on the surface of TiO2 and in the presence of a redox-active elec-

trolyte will be addressed in the next chapter. 
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 Introduction  

As one of the most efficient structures in organic dye sensitizers, the donor-π bridge-acceptor (D-π-

A) system has drawn considerable interest due to its significant extinction coefficient in a wide ab-

sorption range, easy tunability of the energy levels achieved by varying the molecular moieties, low 

fabrication costs, and environmental friendliness compared to traditionally used ruthenium complex 

sensitizers.1-3  

Especially, blue-colored diketopyrrolopyrrole (DPP), where the DPP core acts as a π-bridge in 

the D-π-A architecture, is an attractive dye sensitizer for solar cells. Its attractiveness comes from its 

high performance and unique blue color.4-9 Compared with other blue sensitizers, such as squaraine, 

whose power conversion efficiency (PCE) is less than 5.5%,10, 11 DPPs have enhanced PCEs of ap-

proximately 10%, as they benefit from additional absorption in the spectral domain below 550 nm.12 

These properties make DPP-based dyes promising photosensitizers, naturally making it important to 

understand the fundamental characteristics of DPP.  

Because of the importance of DPP sensitizers, many investigations have been performed on their 

electrochemical and photovoltaic characteristics. One of the popular ways to control the characteris-

tics of DPP sensitizers is to strategically modulate the donor moiety linked to the DPP core because 

one can affect the absorbance of red light by controlling the optical excitation gap between frontier 

orbitals.13 With this approach, many DPP sensitizers with various donor groups, such as triphenyla-

mine and indoline-based derivatives, have been developed and investigated.12, 14-17 However, the ki-

netic aspects of this approach are poorly understood, especially in regards to the effect of the donor 

on the electron transfer kinetics. 

The influence of the donor moiety on the intermolecular interactions between neighboring dye 

molecules has already been scrutinized from a photophysical point of view in Chapter 3, revealing 

that the type of exciton involved in the interaction changes from a charge transfer exciton to an ex-

cimer-like exciton when the electron donor is absent.18 Considering the time scale of lateral interac-

tions, it is highly likely that these interactions compete with interfacial charge injection, acting as one 

of the efficiency-determining factors.  

Despite the vast amount of research conducted, the effect of the donor on the electron transfer 

kinetics of DPP sensitizers has not been specifically explored. However, studies on this effect are 

necessary to fully understand the structure—property relationship of the system. Once the photophys-

ical requirements for a certain application are clearly understood, molecular engineering designed to 

embody these characteristics can be made possible.19 
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In this study, we focus on the photophysical effects of interfacial electron injection from a dye 

to TiO2 and the recombination processes upon photoexcitation. To comprehend the charge transfer 

dynamics of DPP-sensitized solar cells step by step, we conduct kinetic studies on the donor-contain-

ing push−pull dye-sensitizer DPP_A A by comparing it with the parent dye molecule DPP_R, which 

lacks the donor moiety. (Figure 3.1) Both dyes were adsorbed on the surface of mesoporous TiO2. 

For the purpose of characterization, we measured the steady-state and time-resolved femtosecond 

transient absorption (fs-TA) spectra with flash photolysis measurements. 

 Sample Preparation 

Solution Samples. The DPP_A dye used in the study was purchased from Dyenamo AB (product 

code DN-F10 “Dyenamo blue”), while DPP_R was synthesized according to a typical synthetic 

route.18 DPP_A and DPP_R were dissolved in a 4-tert-butanol/acetonitrile mixture (1:1 v/v)12 and 4-

tert-butanol, respectively.   

 

Film Samples. Mesoporous substrates were prepared with homemade Al2O3 and commercial TiO2 

(Dyesol Ltd) pastes. The average particle diameters of the Al2O3 and TiO2 nanoparticles in the pastes 

were, respectively, 20 and 18 nm. Samples intended for spectroscopic experiments were prepared by 

screen printing the respective pastes onto FTOcoated transparent glass substrates (Tec15, Pilkington). 

Alumina and titania layers were sintered for 30 min at 450 °C to yield 4.5-μm-thick mesoporous films 

with porosities of 0.67 and 0.625, respectively. Dying of the films was achieved by dipping them into 

a 50 μM solution of the dye. To prevent aggregation upon adsorption of the dye molecules on the 

surface, chenodeoxycholic acid (CDCA, Sigma-Aldrich) was used as a coadsorbant at a concentration 

50 times larger (2.5 mM) than that of the dye solution.20 Samples were kept in the dark at room 

temperature for less than 3 h before measurement. The dye-sensitized films were measured in air. 

DSSCs for recording photovoltaic performance were fabricated by using iodide containing elec-

trolyte composed of 0.6 M 1,3-dimethylimidazolium iodide, 0.5 M tert-butylpyridine, 0.03M iodine, 

0.05M Lil, 0.1 M GuNCS in 15/85 (v/v) mixture of valeronitrile and acetonitrile. 4.5 μm transparent 

layer composed of anatase particles and 4 μm scattering layer was used for device. For the counter 

electrode, a platinized counter electrode was used and it was assembled to the dye-adsorbed 

TiO2 electrode by hot-melt ionomer film, Surlyn (25 μm, Du-Pont). 
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 Results and Discussion 

4.3.1 Absorption and Fluorescence Spectra 

Figure 4.1 shows the normalized steady-state absorption and fluorescence spectra of DPP_A and 

DPP_R on Al2O3 (c) and TiO2 (d). Significant bathochromic shifts are observed when the triphenyl-

amine electron donor is present. This shift originates from the enhanced ICT characteristic of DPP_A, 

which increases charge delocalization, resulting in a ca. 0.18 eV decrease in the optical excitation 

energy.21 Table 4.1 lists the optical parameters from the steady-state results.  

In Figure 4.1, blueshifts in the ICT absorption bands are observed in the visible domains of both 

the DPP_A and DPP_R films relative to the same bands of the dyes in solution. These shifts are 

attributed to the adsorption of the dyes on the surface and subsequent deprotonation of their cy-

anoacrylic anchoring group.22 Compared to the emission spectra of the dyes on Al2O3, the fluores-

cence of the dyes on TiO2 is substantially quenched because of the occurrence of efficient electron 

transfer from the dyes to TiO2.22, 23 

 

 

Figure 4.1 Normalized steady-state absorption and fluorescence spectra of DPP_A and DPP_R in in 4-tert-
butanol/acetonitrile mixture (1:1 v/v) solution (a) and (b), respectively, and on Al2O3 (c) and TiO2 (d). Fluo-
rescence spectra were obtained by exciting at 480 nm and normalized by the maximum values measured on 
Al2O3.  
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Table 4.1 Steady-state photophysical parameters of DPP_A and DPP_R on mesoporous Al2O3 and TiO2 films.  

 

4.3.2 fs-Transient Absorption Measurements 

Photophysical Dynamics of DPP_A on TiO2 Film. First, the ultrafast transient dynamics of DPP_A 

adsorbed on TiO2 films were investigated by fs-TA spectroscopy. To avoid the effect of the excitation 

photon fluence on the dynamics, the pump fluence was carefully controlled to ensure that an average 

of less than one electron was injected per nanoparticle, forming one oxidized dye species for each 

particle.24  

Figure 4.2 (a) exhibits the fs-TA spectra of DPP_A at selected pump-probe delay times obtained 

using a 390 nm excitation source. At early times, a ground-state bleaching (GSB) band appears at 585 

nm, corresponding to a 16 nm redshift compared to the maximum band in the steady-state absorption 

spectrum of DPP_A. This large spectral shift indicates that significant injection of electrons from the 

dye into TiO2 occurs within the time resolution of the experiment (<150 fs), which is commonly 

observed for other organic dye-sensitized cells.25-27 Two positive excited-state absorption (ESA) 

bands are observed on each side of the GSB band. An earlier study on DPP_A dye both in solution 

and on an inert Al2O3 surface revealed that the blue-sideband originates from the excitedstate relax-

ation of the dye, while the red-sideband is ascribed to intermolecular interactions between dye mole-

cules.18 However, when the dye molecules are adsorbed on TiO2, whose conduction band edge is 

lower than the excited state energy level of the dye, ultrafast interfacial electron injection dominates 

the excited-state dynamics upon photoexcitation. 
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Figure 4.2 fs-TA spectra of DPP_A on TiO2 film at different optical delays are presented in (a). The film was 
prepared by dipping the substrate in a dye bath with a 1 : 50 dye-to-CDCA ratio, and excited at 390 nm with 
28 μJ/cm2. The first derivative spectrum of the steady-state absorption is displayed in (b). fs-TA decay profiles 
of DPP_A on Al2O3 and TiO2 films at 470 nm (c), 760 nm (d) are shown on the right, and all the profiles are 
normalized to the maximum intensity.  

 

Figure 4.2 (c), (d), exhibit the kinetic profiles at selected wavelengths of 470 and 760 nm; these 

profiles demonstrate the occurrence of electron injection, generating oxidized dye molecules that ex-

ist until they recombine with electrons in the conduction band of TiO2. Compared to the kinetic pro-

files of the dye on the Al2O3 film, those of the dye on the TiO2 film show a long-lived species lasting 

more than 1.5 ns. The detailed fitted parameters are listed in Table 4.2.  

On the basis of the reported time scales of oxidized organic dyes without electrolyte, which range 

from microseconds to milliseconds,25, 28 this long-lived feature can be ascribed to the oxidized species 

produced after electron injection. As shown in Figure 4.3, the absorbance of oxidized DPP_A (Fig-

ure 3.6 in Chapter 3), matches well with the long-lived component ( >1500 ps) in DADS, especially 

in the region above 700 nm. This indicates the existence of dye cation. The ultrafast electron injection 

process (<150 fs) is again revealed by the absence of rising components in the kinetics, in accordance 

with the redshift in the GSB band observed at early times. Indeed, DPP_A film alrealy shows intra-

molecular charge transfer state at very early time (0.3 ps) in DADS. 

 



95 
 

 

Table 4.2 TA decay parameters, time constants (τi) and their fractional amplitudes (Ai) for DPP_A and DPP_R 
on mesoporous Al2O3 and TiO2 films. aThe films were prepared by the substrate dipping in a dye bath without 
CDCA. 

 

 

Figure 4.3 DADS of DPP_A on TiO2 films derived from global analysis of TA spectra. 

 

The excitation wavelength of 390 nm was carefully selected such that the charge injection mech-

anism could be directly scrutinized by comparing the measurement results with those from previous 

lateral interaction studies and so that TiO2 absorbance was insignificant. Furthermore, to confirm that 
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no reaction occurs between the photoinduced carriers produced by the TiO2 substrate itself and the 

dye, a supplementary experiment with DDP_A was conducted by using a 600 nm excitation sourceat 

this wavelength, TiO2 absorbance is negligible, and DPP_A shows strong absorption. (Figure 4.4 

and Table 4.3) On the basis of the similarity in the photodynamics obtained from excitation at 390 

and 600 nm, we confirm the absence of any extra reactions. 

 

 

Figure 4.4 fs-TA decay profiles of DPP_A and DPP_R on TiO2 film pumped at 600 nm (a-c) and 530 nm (d-
f), respectively, with 28 μJ/cm2. Each profile of DPP_A was probed at 470 nm (a) 760 nm (b) 705 nm (c) and 
DPP_R was probed at 680 nm (d) 750 nm (e) 630 nm (f). The films prepared by dipping the substrate in a dye 
bath with 1 : 50 dye-to-CDCA ratio and all profiles are normalized by maximum intensity. 
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Table 4.3 TA decay parameters, time constants (τi) and their fractional amplitudes (Ai) for DPP_A and DPP_R 
on mesoporous TiO2 films excited by 600 nm and 530 nm, respectively. aThe films were prepared by dipping 
the substrate in a dye bath with 1 : 50 dye-to-CDCA . 

 

For the kinetic profile of DPP_A on the TiO2 film obtained at 470 nm in Figure 4.2 (c), the 

decay components observed before reaching the ns time constant, i.e., 4.2 and 110 ps, can be ex-

plained by the occurrence of the transient Stark effect caused by the formation of a local electric field 

by the photogenerated charge carriers and charge transfer states, as this electric field strongly affects 

the electronic transitions of the surrounding molecules.29, 30 This Stark effect also appears in the TA 

spectra as a gradual redshift with time, and, as displayed in Figure 4.2 (b), the shifted spectra resem-

ble the first derivative spectrum of the steady-state absorption. Dye molecules with a regular align-

ment on a flat film are known to generate an electric field parallel to the dye upon photoexcitation, 

resulting in a match between the differential absorption spectrum and the derivative spectrum.31 The 

observation of an almost perfect match between the two spectra suggests that the DPP_A dye mole-

cules are regularly aligned on the TiO2 surface. This alignment is assisted by the charge transfer 

excitons generated within the triphenylamine donor and neighboring DPP core.32 Additionally, the 

recombination of a fraction of the oxidized species with some of the injected electrons can contribute 

to the observed spectral decay.   

The fact that the red-side ESA band is observed in only the TA spectrum and not in the first 

derivative absorption spectrum indicates that absorption by the oxidized DPP_A species is responsi-

ble for the band.25 Moreover, this band is also known to overlap with the lateral intermolecular inter-

action between DPP_A dyes on film surface, which was demonstrated in previous study in  

Chapter 3.18, 33 
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Figure 4.5  fs-TA decay profiles of DPP_A (a) and DPP_R (b) on TiO2 films measured at 705 and 630 nm, 
respectively. The films were prepared by dipping substrates into two different dye baths; one bath contained 
the coadsorbent, CDCA, with a 1:50 ratio of dye-to-CDCA (green), and the other bath did not contain coad-
sorbent (red). Both dyes were excited at 390 nm with 28 μJ/cm2. All the profiles are normalized to the maxi-
mum intensity. 

 

Similar to the results of the previous study (Chapter 3) on the CSS, as shown in Figure 4.5 (a), 

a clear rising component of 2.8 ps is observed at 705 nm for the film that was fabricated by dipping 

the substrate into a solution that contained the coadsorbent, CDCA, with a dye-to-CDCA molar frac-

tion of 1:50. This component becomes as fast as 1 ps when CDCA is excluded from the dye bath 

since the absence of CDCA reduces the intermolecular distance between the loaded dye molecules. 

These observations nicely match with those of the previous study, demonstrating the existence of 

lateral interactions between the remaining neutral dye molecules, even on the TiO2 film. 

Compared to the rising component of 18 ps reported for the dye-sensitized Al2O3 film, prepared 

by adding a coadsorbent,18 the rising component of the corresponding TiO2 film prepared under the 

same condition appears to be faster. The reason for this difference is that the dye concentration on 

TiO2 is 25% higher than that on Al2O3. Thus, the lateral interactions between dye molecules adsorbed 

on the two oxide surfaces occur on the same time scale. On the basis of the interfacial charge recom-

bination dynamics, deactivation of the CSS formed from the intermolecular interactions is also ob-

served in the kinetic profile obtained at 760 nm, and the average decay component of this process is 

110 ps. The existence of intermolecular interactions is evident when considering the fact that a similar 

average decay component of 102 ps is observed for the dye on Al2O3.  

The clear isosbestic point formed between the GSB and red-side ESA bands provides additional 

evidence for the presence of lateral intermolecular interactions between the regularly aligned DPP_A 

dye molecules adsorbed on the film. Interestingly, a clear isosbestic point does not appear between 
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the GSB and blue-side ESA bands. Instead, a gradual redshift reflecting the Stark effect is observed. 

The reason for this difference and for why the Stark effect is not observed in the red-side ESA band 

is the superposition of this band with a spectral blueshift arising from intermolecular interactions 

between partially delocalized excitons.18 In other words, the clear isosbestic point is a response to the 

Stark effect being screened out, demonstrating the existence of intermolecular interactions. 

 

Photophysical Dynamics of DPP_R on TiO2 Film. Next, the donor-absent DPP_R dye adsorbed on 

TiO2 film was investigated by fs-TA. Figure 4.6 (a) shows the spectra at different optical delays.  

 

 

Figure 4.6 fs-TA spectra of DPP_R on TiO2 film at different optical delays are presented in (a). The film was 
prepared by dipping the substrate in a dye bath with a 1:50 dye-to-CDCA ratio and excited at 390 nm with 28 
μJ/cm2. Below the spectra, the first derivative spectrum of the steady-state absorption is displayed in (b). fs-
TA decay profiles of DPP_R on Al2O3 and TiO2 films at 680 nm (c), 750 nm (d) are shown in the right and all 
the profiles are normalized to the maximum intensity.  

 

Compared to the steady-state absorption spectrum, the GSB band is redshifted by 33 nm at early 

times, suggesting that interfacial electron injection occurs within the time resolution of the TA In-

struments, as is the case for DPP_A. The ESA band above 600 nm can be assigned to the oxidized 

DPP_R species based on comparison of the TA kinetic profiles of the dye on Al2O3 and TiO2. As 
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shown in Figure 4.6 (c) and (d), in contrast to the dye on Al2O3, long-lived species lasting more than 

1.5 ns are observed at 680 and 750 nm, suggesting the formation of oxidized species as a result of 

electron injection. As shown in Figure 4.7, the long-lived component ( >1500 ps) in the DADS over-

laps with the region where the absorbance of oxidized DPP dye appears.34  

 

 

Figure 4.7 DADS of DPP_R on TiO2 films derived from global analysis of TA spectra. 

 

In addition to the long-lived decay component, slow rising components of 340 ps at 680 nm and 

350 ps at 750 nm also emerge in the profile of the DPP_R dye on TiO2; these components are not 

observed for the dye adsorbed to Al2O3. Indeed, this component (340 ps) is clearly shown in DADS 

which is followed by the formation of dye cation band ( >1500 ps) through several hundreds of pico-

seconds (500 ps). This difference may originate from delayed electron transfer from some of the 

remaining neutral DPP_R dye molecules in the singlet excited state (S1). This premise is supported 

by the observation of a gradual redshift in the spectra beyond a 100 ps optical delay (Figure 4.8), 

where the redshift indicates that the Stark effect originates from the local electric field generated by 

delayed electron transfer. This redshift is not observed before 100 ps.  

The biphasic electron transfer process containing delayed components can be explained by the 

reduced ICT character of the donor-absent DPP_R dye, which can also be responsible for the de-

creased solar cell efficiency of this compound. Indeed, while the reported PCE of DPP_A in iodide 

electrolyte is 7.60%,12 the measured PCE of DPP_R is reduced to 3.23 %.   

 

450 500 550 600 650 700 750

-10

0

10

 3

 

 
A

m
pl

itu
de

Wavelength (nm)

 10 ps
 340 ps
 500 ps
 > 1500 ps

 3



101 
 

 

Figure 4.8 fs-TA spectra of DPP_R on TiO2 film at different optical delays, which were excited at 390 nm (a) 
and 530 nm (b) with < 28 μJ/cm2.  

 

Interestingly, the Stark effect, observed as a gradual redshift in the TA spectra of DPP_R, is not 

clearly observed after the fast electron injection process but is observed after the slower second elec-

tron injection component. This difference can be explained by the fact that the fast injection of 

DPP_R is not efficient enough to induce the Stark effect. One of the explanations for the occurrence 

of delayed electron transfer is the planar geometry of the DPP_R dye molecules, which easily facil-

itates excimer-like excited-state formation through π-π interactions upon photoexcitation,35, 36 This 

excited state acts as a trap state for charges or excitons.37-39 Additionally, the excimer-like excited 

state lowers the energy level,40, 41 thereby decreasing the driving force for electron injection. In more 

detail, the fast-rising component of 5.3 ps that appears at 680 nm is ascribed to lateral intermolecular 

interactions based on comparison of the kinetic profiles for the TiO2 and Al2O3 films, which show 

similar rising components. As further evidence, Figure 4.5 (b) exhibits the occurrence of faster rising 

components (10 ps average) with increased dye concentration on TiO2 at 630 nm, where lateral inter-

molecular interactions are clearly observed.18 Indeed, this component (10 ps) is clearly shown as a 

rise in DADS (Figure 4.7), specifically in the range of ca. 600 – 720 nm centered at 630 nm. As 

previously discussed in Chapter 3 (Figure 3.8 (b)), this region is known to reflect the lateral interac-

tion between DPP_R dyes.  

For the kinetic profile measured at 750 nm, the appearance of a 25 ps decay component before 

the delayed electron transfer instead of a fast rising feature can be explained by the relaxation of the 

DPP_R dye molecules in the S1 state since 750 nm is far from the region at which lateral intermo-

lecular interactions are strongly observed (ca. 630 nm).18  
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The fact that excited-state relaxation of the neutral DPP_R dye molecules on TiO2 is detected 

suggests that electron injection from the DPP_R dye to TiO2 occurs inefficiently, leaving dye mole-

cules in a neutral excited state upon photoexcitation.  

Like DPP_A film, reference experiments were conducted by using a 530 nm light source; at this 

wavelength, TiO2 does not absorb, whereas DPP_R absorption is maximized (Figure 4.4 and Table 

4.3). Similar kinetic characteristics of the DPP_R film are also observed and only difference is in the 

rate of intermolecular interaction formation, which is recognized as the rising kinetic components in 

the profile probed at 630 nm. Under low-energy excitation at 530 nm, intermolecular interactions 

occur three times slower than under excitation at 390 nm. The origin of the slow intermolecular in-

teraction lies in the stability of the CSS that results from the interactions on the DPP_R film. The low 

stability of the oxidized and reduced DPP_R dye molecules caused by the decreased ICT character-

istic leads to a high-energy CSS, thereby reducing the gap between the molecular excited state and 

the CSS. As a result, the driving force for lateral interaction between DPP_R dye molecule becomes 

weak, and when the pump energy is not strong enough, unlike in the case of the 390 nm exciton 

source, CSS formation becomes slower. Interestingly, this pump energy dependence of the lateral 

interaction dynamics is not clearly observed in the case of DPP_A, which has strong ICT character-

istics. This difference again demonstrates the effect of the ICT characteristics of a dye on CSS for-

mation.   

The noticeable difference observed in the TA results for the DPP_A and DPP_R films is due to 

differences in the relative intermolecular interaction rates compared to the respective charge injection 

rates. In the case of DPP_A, the interfacial injection process is much faster than the interaction be-

tween dye molecules, while DPP_R still shows slow secondary injection after the formation of inter-

molecular interactions. This difference clearly indicates that the electron donor moiety is important 

for achieving an efficient dye sensitizer. In detail, the donor prevents interfacial charge injection pro-

cesses from being intercepted by other processes, such as intermolecular interactions, by accelerating 

the injection rate. As a result, electron injection is more effective than lateral interaction in DPP_A 

film, while the relative effectiveness of the injection process is reduced in DPP_R film. Indeed, global 

analysis results reflect the relative effectiveness of the two mixed reactions in each dye film. As 

shown in Figure 4.3 and Figure 4.7, both dye films show long-lived components ( > 1500 ps) indi-

cating that oxidized dye species are formed after the injection process. However, due to the effective 

ultrafast electron injection in DPP_A film, intramolecular charge transfer state is formed at an early 

time and the possibility of lateral interaction occurring is reduced. This is why the component related 

to the lateral interaction is not clearly shown in DADS (Figure 4.3). On the other hand, DPP_R film 
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shows significant delayed electron injection (340 ps). This allows more room for the dyes to partici-

pate in the lateral interaction, which occurs much faster (10 ps), and causes less dyes to participate 

electron injection. Ultimately, this leads to less effective electron injection in DPP_R film. 

Although thermodynamics can usually provide insights into electron injection, they are not help-

ful when comparing DPP_A and DPP_R dye films. Based on the reported values of excited state 

oxidation potential, DPP_R like dyes show oxidation potential of -1.17 V42, which is much lower 

than that of DPP_A, -0.86 V (vs. SHE)12. This indicates that both states are energetically much higher 

compared to that of the conduction band edge of TiO2. Therefore, the effective DOS is similar for 

both cases,43 resulting in difficulties in explaining the difference between the two dye films through 

thermodynamics. 

 

Fluence-dependent Dynamics of DPP_A and DPP_R on TiO2 Films. It is well established that the 

recombination rate is strongly dependent on the external bias such as the light intensity, which varies 

the electron concentrations in the conduction band and in the trap states of mesoporous TiO2.43-45 The 

effect of the pump fluence on the charge recombination process between oxidized dye molecules and 

electrons in the conduction band of TiO2 was investigated in DPP_A and DPP_R films by examining 

different excitation fluences. 

According to the pump fluence, the average number of electron/oxidized dye ( /S+) pairs gen-

erated per illuminated spherical nanoparticle in a film can be derived from the following equation:43 

 

 
 

 

(4.1) 

where  is the excitation wavelength,  the energy fluence per laser pulse, A the absorbance of a 

dye at , h is the plank constant, c is the speed of light, r is the average nanoparticle radius, d is the 

thickness of the mesoporous film, and  is the film porosity.  

Considering the experimental conditions of both films, when the pump fluence changes from 28 

to 140 μJ/cm2, the <x> value increases from 0.52 to 1.67 and 2.60 for the DPP_A film and from 0.57 

to 1.83 and 2.85 for the DPP_R film. 

As presented in Figure 4.9 (a) and (b) with Table 4.4, the decay time constants of DPP_A at 

440 and 760 nm become faster, as the pump fluence changes from 28 to 140 μJ/cm2, decreasing the 
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portion of the ns component. This trend reflects accelerated TiO2 electron-oxidized dye recombina-

tion due to the high free electron density and the high concentration of oxidized states per nanoparticle, 

which is caused by enhanced excitation photon density. In the recombination model derived for col-

loidal TiO2 particles,46 this acceleration is explained by the recombination of free electrons with 

trapped holes at the surface of particles under high fluence, which corresponds perfectly to our case 

here, where holes are replaced by oxidized species.  

 

 

Figure 4.9 fs-TA decay profiles of DPP_A on TiO2 film at 440 nm (a) and 760 nm (b) and of the corresponding 
DPP_R film at 680 nm (c) and 750 nm (d). The films prepared by dipping the substrate in a dye bath with 1 : 
50 dye-to-CDCA ratio and excited at 390 nm with 28 μJ/cm2, 90 μJ/cm2, and 140 μJ/cm2. All the profiles are 
normalized to the maximum intensity.  

 

More supporting evidence is shown in Figure 4.9 (c) and (d), where the fluence-dependent dy-

namics of DPP_R dye measured at 680 and 750 nm, respectively, show a decrease in the average 
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decay time constant with increasing pump fluence. Note that the delayed electron transfer of the 

DPP_R dye gradually decreases as the pump fluence increases, suggesting that overall electron trans-

fer becomes fast under a high excitation photon density. As the pump fluence increases, the TA spec-

tra at an early time of 0.8 ps display the growth of the red-side ESA band corresponding to the oxi-

dized DPP_R species as a result of electron injection. (Figure 4.10) These observations are indeed 

in line with the argument that the electron-oxidized dye recombination process is accelerated by a 

high pump fluence. 

 

Table 4.4 TA decay parameters, time constants (τi) and their fractional amplitudes (Ai) for DPP_A and DPP_R 
on mesoporous Al2O3 and TiO2 films.  
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Figure 4.10 fs-TA spectra of DPP_R on TiO2 films at 0.8 ps, which were excited at 390 nm from 28 to 140 
μJ/cm2. Each spectrum was normalized to the maximum intensity of ground state band.  

 

4.3.3 Flash Photolysis Measurement 

Flash photolysis measurements were conducted to investigate the long-time scale back electron trans-

fer dynamics by using a 532 nm excitation source. The pump fluence was controlled to be less than 

35 μJ/cm2, at which an average of less than one electron can be injected into TiO2, to avoid the exci-

tation intensity dependent back electron transfer that appears at pump fluence values higher than this 

threshold.45 The TA spectra shown in Figure 4.11, which were constructed by integrating the kinetic 

profiles every 20 nm from 420 to 780 nm, show the microsecond to millisecond photophysical be-

haviors of the DPP_A and DPP_R dye films.  

Although the spectral characteristics shown in  Figure 4.11 (a) and (b) are similar to those meas-

ured by fs-TA, the spectra obtained by flash photolysis show only decay components across the spec-

tral range with clear isosbestic points. This result shows that the charge recombination process occurs 

in the microsecond-to-millisecond regime.  

Figure 4.11 (c) and (d) show the representative kinetic profiles of DPP_A and DPP_R, respec-

tively. As listed in Table 4.5, a multi-exponential characteristic is observed in both cases, and this 

characteristic is also found in other dye-sensitized solar cells.25, 47 This multiexponential decay char-

acteristic can be caused by the trapping of conduction band electrons in a range of energy levels or 

by the various geometrical dye configurations adopted by the oxidized dye molecules adsorbed on 

the surface. The dye configuration parameters, such as the tilting angle, which controls the distance 
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from the surface to the radical cation site on the molecule, can induce multiexponential electron trans-

fer kinetics.  

Although charge recombination process is highly influenced by molecular structure, the rates of 

recombination between an electron on TiO2 and a dye cation appear similar in DPP_A and DPP_R 

films as shown in Table 4.5. This can be due to the molecular geometry between the dye and the TiO2 

surface, also having a huge effect on the recombination process. In detail, intermolecular interaction 

occurring between TPA donor and neighboring DPP core in DPP_A film18 does not guarantee a ver-

tically aligned geometry on the surface. Thus, distorted geometries such as a slanted configuration 

can be induced, and it could reduce the distance between the reaction sites‒the highest occupied mo-

lecular orbital (HOMO) of the dye and the electrons in the nanoparticle. As a result, the recombination 

time of DPP_A can be decreased even when the donor is installed. 

 

 

Figure 4.11 ns-TA spectra of DPP_A (a) and DPP_R (b) on TiO2 film measured at different optical delays 
and normalized to the absorption value at the excitation wavelength, 532 nm. The spectra were constructed by 
integrating the kinetic profiles every 20 nm from 420 to 780 nm. The films were prepared by dipping the 
substrate in a dye bath with a 1:50 dye-to-CDCA ratio were excited at 532 nm with less than 30 μJ/cm2. In (c) 
and (d), representative kinetic profiles selected from GSB (where the lateral interaction has a negligible effect) 
and red-side ESA bands (where the lateral interaction has significant effect) of each spectrum were compared. 
640 nm and 740 nm were selected in the DPP_A spectra (c), while 560 nm and 660 nm were ued in the DPP_R 
spectra (d).  
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It is also notable that the regions at which lateral intermolecular interactions are observed (above 

700 and 610 nm for DPP_A and DPP_R, respectively) exhibit slower recombination times than other 

wavelength ranges for both dyes. Indeed, when comparing the representative kinetic traces selected 

from the GSB and the red-side ESA bands, the latter one is slower as shown in Figure 4.1 (c) and (d).  

The increased recombination time observed in the intermolecular interaction-sensitive region is 

likely to be due to a screening effect of the remaining reduced dye species formed from the intermo-

lecular interactions on the electron-cation recombination process. Regarding the reduced dye species, 

the interaction between loaded organic dye molecules upon photoexcitation simultaneously generates 

oxidized and reduced dye species on the inert Al2O3 surface.33 Considering that lateral intermolecular 

interactions also exist on the TiO2 film, it is not surprising that the remaining reduced species located 

near the oxidized ones can repel the injected electron, thereby retarding the recombination process.  

 

 

Table 4.5 Flash photolysis decay half-times (μs) for DPP_A and DPP_R on mesoporous TiO2 films with 1 : 
50 and 1 : 0 dye-to-CDCA ratio. 

 

Additionally, the formation of strong intermolecular interactions at the surface facilitated by par-

ticular molecular tilting angles can confine the electron transfer distance, leading to a different re-

combination rate. To clarify the effect of the lateral intermolecular interactions on charge recombi-

nation, flash photolysis was conducted on films derivatized with only the dye, i.e., without CDCA. 

The spectra and kinetics of these films are displayed in Figure 4.12. 
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740 nm 1298
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Figure 4.12 ns-TA spectra of DPP_A (a) and DPP_R (b) on TiO2 film measured at different optical delays 
and normalized to the absorption values at the excitation wavelength of λ = 532nm. m. The films were prepared 
by dipping the substrate in a dye bath with 1 : 0 dye-to-CDCA ratio and excited at 532 nm with less than 30 
μJ/cm2. In (c) and (d), representative kinetic profiles selected from GSB (where the lateral interaction has a 
negligible effect) and red-side ESA bands (where the lateral interaction has significant effect) of each spectrum 
were compared. 640 nm and 740 nm were selected in the DPP_A spectra (c), while 560 nm and 660 nm were 
ued in the DPP_R spectra (d).  

 

The CDCA-containing DPP_A film shows a 1.9 times slower half-time at 740 nm than that at 

640 nm. In case of the film without CDCA, which is expected to exhibit stronger intermolecular 

interactions, the proportion increases to 2.9, as listed in Table 4.5. The enhanced recombination time 

in the more concentrated dye film suggests that the presence of more reduced species prevents elec-

tron-cation recombination by screening the oxidized species. On the other hand, the DPP_R film 

shows a consistent recombination time increase of ca. 2.0 times regardless of the loaded dye concen-

tration when comparing half-time at 660 and 560 nm. This result agrees with that of the previous 

study in which the intermolecular interactions reach saturation in the CDCA-containing film.18  
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In highly concentrated DPP_A and DPP_R films without CDCA other characteristics, such as 

an overall accelerated charge recombination time, which is an indication of inefficient electron injec-

tion when the coadsorbent is absent, are observed. CDCA is used to enhance the organic dye-sensi-

tized solar cell efficiency by negatively shifting the band edge of TiO2 to reduced recombination of 

the electrons.48-50 The effect of CDCA is also revealed when we compare the spectral intensities of 

the respective dyes normalized to the absorbance at 532 nm in Figure 4.11 and Figure 4.12. Although 

the dye concentrations of the films used in Figure 4.12 are higher than those used in Figure 4.11, the 

overall spectral intensities are lower in Figure 4.12. This intensity inversion indicates that CDCA 

allows more dye molecules to participate in the charge transfer dynamics. 

The fact that the spectra in Figure 4.11 normalized to the absorbance at the excitation wavelength 

of 532 nm exhibit stronger intensities than those of the much higher concentrated film in Figure 4.12 

(a) provides additional evidence of the retarded recombination of electrons by CDCA.  

Figure 4.13 shows a schematic diagram of the energy relaxation dynamics observed for the 

DPP_A (black) and DPP_R (gray) films upon photoexcitation. The occurrence of the lateral inter-

molecular interaction route before delayed electron injection in the DPP_R films is one of the factors 

that deteriorates the solar cell efficiency of the donor-absent DPP dye.  

 

 

Figure 4.13 Kinetic processes of DPP_A (black) and DPP_R (gray) adsorbed on TiO2 with 1 : 50 dye-to-
CDCA ratio upon photo-excitation at 390 nm. The electron transfer mechanism (a), and energy diagram of the 
lateral intermolecular interactions (b) are illustrated. 

 Conclusions 

The effect of the donor on the interfacial charge transfer dynamics of push-pull (DPP_A) and 

donor-absent (DPP_R) DPP dyes on TiO2 films have been investigated by using a combination of 

steady-state, femtosecond transient absorption (fs-TA) and flash photolysis measurements. 

S1
< 150 fs

534, 1160 μs

fast, < 150 fs

S0

slow, 340 ps

505, 950 μs

TiO2
2.8 ps CSS

10 psS1

S0

(a) (b) 



111 
 

The effect of an electron donor on the photophysical properties of both dyes adsorbed on TiO2 

films was first monitored in steady-state experiments. Unlike DPP_R, DPP_A shows a significant 

spectral redshift due to the occurrence of enhanced intramolecular charge transfer (ICT) arising from 

the strong electron-donating group. The driving force for interfacial electron injection induced by the 

strong ICT characteristic is demonstrated by the fs-TA results, suggesting that most of the electrons 

from DPP_A are injected into the conduction band of TiO2 within the time resolution of TA (< 150 

fs), while DPP_R displays biphasic electron injection behavior, including a delayed process of ca. 

340 ps. The influence of the donor on interfacial injection becomes more evident when the lateral 

intermolecular interactions are also considered. The intermolecular interactions observed on TiO2, 

which are often ignored since the injection of excited electrons from dyes to TiO2 is normally ultrafast, 

form charge-separated states (CSS) in both dye films, thereby deteriorating the interfacial charge 

transfer dynamics when the electron donor is absent. This deterioration occurs because whereas the 

relative rate of injection becomes much faster than the rate of CSS formation in DPP_A due to the 

increased ICT characteristic, DPP_R exhibits an additional delayed injection rate that is slower than 

the CSS formation rate. This result demonstrates that the presence of an electron donor prevents in-

terception of the injection dynamics by the intermolecular interaction pathway, leading to more effi-

cient injection from DPP_A.  

Unlike the injection process, the rate of charge recombination occurring between an electron and 

a dye cation appear similar in DPP_A and DPP_R films. The similarity might be explained by more 

slanted molecular configuration of DPP_A dyes on surface, which reduces the distance between the 

reaction sites. Furthermore, we have revealed that lateral dye interactions affect the recombination of 

electrons with dye cations by delaying the dynamics since the cation is screened from the electrons 

by some of the remaining reduced species resulting from the intermolecular interactions. 
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 Introduction 

Dye-sensitized solar cells have been considered to be promising alternatives for renewable energy 

because of their low fabrication cost and high PCE.1-3 There are different types of DSSCs,3 and those 

with metal-free organic dye sensitizers, which mostly use the donor-π-acceptor motif, have distinctive 

advantages. These DSSCs have a molar extinction coefficient that is high enough to harvest solar 

energy, and it is easy to adjust their spectral coverage by modifying the molecular structure in a simple 

synthetic manner.4-6 

Diketopyrrolopyrrole (DPP) is widely used. For example, it can be used as an industrial material7 

or as organic and polymeric photovoltaic building blocks8, 9 and is a promising moiety for dye sensi-

tizers. Notably, unique blue DSSCs can be developed by combining DPP with a proper electron do-

nating group.10-13 Indeed, DPP-based sensitizers for DSSCs have been developed and structurally 

optimized to enhance their photovoltaic performance, including their PCE and aesthetic qualities.14-

16  

Aryl-DPP cores that act as π-bridges have attracted great interest because they can be used as 

colored bridges by extending the conjugation pathway between the donor and acceptor moieties. 

Symmetric aryl-DPP cores such as thienyl-DPP (ThDPP) and phenyl-DPP (PhDPP) were developed 

first.17 In particular, various ThDPP core-based sensitizers were synthesized because the small dihe-

dral angle18 between thiophene and the DPP core guarantees a wide spectral coverage due to its planar 

geometry, which further extends the π-conjugation and reduces the aromatic stabilization energy.18, 

19 However, some dye sensitizers have an asymmetric phenyl-DPP-thienyl (PhDPPTh) core, which 

breaks the symmetry and enhances the dihedral angle between the phenyl and DPP moieties. These 

dye sensitizers provide superior output voltages and current densities including PCEs, despite their 

narrowed spectral response and lower extinction coeffcients.14, 16  

Although various successful optimizations have been conducted using the asymmetric PhDPPTh 

core, the reason why the asymmetric structure always outperforms the symmetric counterpart for 

similar structures in terms of efficiency14, 20-22 is clear. It has been suggested that the cause of these 

phenomena could be the aggregations that can be induced by π-π interactions between planar ThDPP 

cores,16 but their effect on the charge dynamics has not been substantiated by experimental evidence. 

Therefore, to understand the performance difference, it is important to investigate the exact kinetic 

dynamics of the ThDPP-based and PhDPPTh-based DSSCs, which are closely related to their photo-

voltaic behavior.  
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For better understanding of the advantages of the asymmetric structure, the symmetric ThDPP 

core-based dye sensitizer DPP_S was synthesized. This sensitizer is the symmetric counterpart of 

DPP_A, a conventional asymmetric PhDPPTh core-based dye sensitizer. The photophysical proper-

ties of the two were compared. The structures and UV-Vis absorption spectra of both dyes are de-

picted in Figure 5.1 (a) and (b) respectively. In line with the reported trends,14-16 DPP_S indicates a 

high extinction coefficient and a redshifted spectrum due to the planar ThDPP core, compared to 

DPP_A.  

In this chapter, the photovoltaic performances of DPP_S and DPP_A sensitized devices will first 

be compared to verify their performance difference. Then, because DPP_S is a newly synthesized 

dye, the chapter will investigate the lateral interaction and electron injection of DPP_S on the surface 

of Al2O3 and TiO2 respectively to build foundational understanding of DPP_S. Subsequently, the 

chapter investigates further and compares the photophysical dynamics of the DPP_S and DPP_A. 

The chapter then discusses the factor affecting photovoltaic performance, with particular focus on 

aggregate formation, which is unique to DPP_S.  

 

 

Figure 5.1 Molecular structures of DPP_S and DPP_A (a) and UV-Vis absorption spectra in 50/50 (v/v) 
solvent mixture of 4-tert-butanol and acetonitrile (b).  
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 Sample Preparation 

For the analysis of optical properties, film samples were prepared by using mesoporous substrates 

that were prepared with homemade Al2O3 and commercial TiO2 (Dyesol) pastes. The average diam-

eters of the Al2O3 and TiO2 pastes were 20 nm and 18 nm respectively, each with a porosity of 0.67 

and 0.625. Metal oxide films that were prepared by screen printing on FTO-coated glass (Tec15, 

Pilkington) were controlled to achieve ~ 4.5 μm thickness. The films were sintered for 30 minutes at 

450 °C before being dipped into a 50 μM solution of a dye in acetonitrile/valeronitrile mixture (15:85 

v/v) and kept at room temperature for less than 3 hours. To control the intermolecular distance when 

dyes are adsorbed on the surface, chenodeoxycholic acid (CDCA, Sigma Aldrich), which is 50 times 

more concentrated (2.5 mM) than the dye solution, was used as the coadsorbent. 

The DSSCs used for recording photovoltaic performance were fabricated by following a standard 

procedure.14 TiO2 films were immersed into a 50 μM solution of a dye with and without 2.5 mM of 

CDCA in THF. The films were then kept for less than 3 hours at room temperature. The applied 

electrolyte was an iodine-based electrolyte containing 0.05 M tert-butyl pyridine, 0.6 M 1,3-dime-

thylimidazolium iodide, 0.03 M I2, 0.03 M LiI, and 0.05 M guanidinium thiocyanate in a 15/85 (v/v) 

mixture of valeronitrile and acetonitrile. A platinized counter electrode was used, and both electrodes 

were assembled into a sealed sandwich-type cell with the help of a Surlyn hot-melt ionomer film (25 

μm, Du-pont). 

 Results and Discussion 

5.3.1 Photovoltaic Performances of DPP_S and DPP_A Devices  

The literature has argued14-16 that symmetric ThDPP-based dye sensitizers provide low photovoltaic 

performance compared to the asymmetric PhDPPTh-based dye sensitizers, despite various ad-

vantages such as broader spectral range with high extinction coefficients.  

Photovoltaic performances were examined to confirm the trend in the DPP_S and DPP_A sensitized 

devices. The DPP_S and DPP_A sensitizers were fabricated as DSSCs by employing a I3
-/I--based 

electrolyte system and were further optimized with and without the CDCA coadsorbent. The output 

characteristics of devices such as current-voltage (J-V) curves and power conversion efficiency (PCE) 

were investigated. The resulting photovoltaic parameters are summarized in Table 5.1. 
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Table 5.1 Photovoltaic characteristics of DSSCs sensitized by DPP_S and DPP_A with I3
-/I- -based electro-

lytes. The electrolytes consist of 0.05 M tert-butyl pyridine, 0.6 M 1,3-dimethylimidazolium iodide, 0.03 M I2, 
0.03 M LiI, and 0.05 M guanidinium thiocyanate in 15/85 (v/v) mixture of valeronitrile and acetonitrile. To 
enhance the performance, the CDCA coadsorbent that suppresses the dye aggregation was used in the case of 
devices with 1 : 50 dye-to-CDCA ratio. 0.84 Sun is illuminated on devices when measuring the photovoltaic 
parameters. 

 

The overall performances of the DPP_A devices were higher compared to those of DPP_S de-

vices, providing enhanced short-circuit current densities (JSC), open-circuit voltage (Voc), and FF. For 

DPP_A, the best performance was obtained when the coadsorbent CDCA was used, generating 11.0-

10.9 mA/cm2 and PCEs greater than 7.10%. The drastically enhanced photocurrents led to higher 

PCEs for DPP_A compared to DPP_S, despite a similar Voc. Considering the reported IPCEs of sym-

metric and asymmetric DPP-based sensitizers, it is evident that the enhanced performance of DPP_A 

results from the photon-to-electron conversion process being more intensified at responsive spectral 

regions, despite the narrowed spectral range. Indeed, asymmetric DPP-based sensitizers indicate im-

proved performances in IPCE, despite the decreased absorption spectral breadth.14 This high perfor-

mance of DPP_A is in line with the photocurrent dynamics that were measured as a function of light 

intensity, as depicted in Figure 5.2. 

Figure 5.2 depicts the photocurrent dynamics of DPP_S-sensitized and DPP_A-sensitized 

DSSCs as a function of light intensity. 0.35, 0.84, 1.5, 2, and 2.6 Suns from LED were employed to 

activate the devices. Current linearity was investigated by normalizing individual photocurrents with 

respect to the initial light intensity of 0.35 Sun (1 Sun is equivalent to 100 mW/m2). It is clear that 

the linearity between projected light intensity and generated photocurrent is higher in DPP_A, while 

DPP_S displays sharper decreases through the normalized current intensities. This observation of 

poor linearity in symmetric DPP-based sensitizers is in agreement with the literature.16  

Dye : CDCA JSC
[mA/cm2]

VO C
[V]

FF PCE 
[%]

DPP_S

1 : 50
1 2.82 0.54 0.69 1.50

2 3.44 0.53 0.62 1.60

1 : 0
1 2.69 0.52 0.56 1.11

2 2.25 0.52 0.64 1.06

DPP_A

1 : 50
1 10.9 0.65 0.71 7.10

2 11.0 0.64 0.54 5.37

1 : 0
1 8.28 0.55 0.4 2.58

2 8.69 0.64 0.57 3.77
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Figure 5.2 Photocurrent dynamics of DPP_S-sensitized and DPP_A-sensitized DSSCs as a function of light 
intensity. 0.35, 0.84, 1.5, 2, and 2.6 Suns were applied to the devices to observe the current linearity, and 
measured observables were normalized with respect to the initial light intensity of 0.35 Sun. The photocurrent 
linearity of the DPP_A device is better than that of the DPP_S device. 

5.3.2 Lateral Intermolecular Interaction and Molecular Configuration of DPP_S 

Dyes on Al2O3 Film 

To better understand the characteristics of DPP_S, attention must be paid to the lateral intermolecular 

interaction on the mesoporous surface, which is also significantly related to the molecular packing 

arrangement. The investigation is conducted by controlling the loaded dye concentration, which was 

tuned by the molar ratio between dye and the CDCA coadsorbent, such as 1:100, 1:50, and 1:0. Each 

film is referred as “Low,” “Mid,” and “High” respectively. To avoid the interfacial interaction be-

tween the dye and the nanoparticle, Al2O3 was used as a substrate because of its high conduction band 

edge that prevents interfacial electron injection upon photoexcitation23, 24.  

First, the existence of lateral interactions, including aggregation formations, was observed from 

steady-state absorbance. It is assumed that a high dye molar ratio with respect to CDCA decreases 

the average intermolecular distance and enhances the occurrence of intermolecular interaction. When 

the dye ratio increases, the absorption spectrum becomes broader (Figure 5.3 (a)) and depicts addi-

tional absorption transitions (Figure 5.3 (b)), even though spectral shift is insignificant. Here, the 

additional absorption transitions in (b) are obtained by subtracting the 1 : 100 film spectrum from the 

respective absorption transitions of the films of 1 : 50 and 1 : 0 dye-to-CDCA ratios. The energy 

difference between high-lying and low-lying additional bands, ca. 0.47 eV, is similar to that of 

DPP_A dye. Given that the molecular structures of the two dye are also similar, this difference in 

DPP_S can be attributed to the Davydov splitting energy, as in the case of  DPP_A.25 From the 

existence of energy splitting, it can be expected that H-like and J-like aggregates of DPP_S are more 
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induced in highly concentrated dye film. Notably, low-energy J-type aggregates of band ca. 680 nm 

are prominent in the “High” DPP_S film in Figure 5.3 (a).  

Fluorescence measurement also supports the existence of lateral intermolecular interaction. Flu-

orescence intensity is depicted in Figure 5.3 (c) and is divided by the absorbed photons at an excita-

tion wavelength of 390 nm. The intensity presents gradual decrease, which suggests an excited state 

quenching of DPP_S. The partial aggregates formation with the fluorescence quenching indicates the 

presence of lateral intermolecular interaction on the Al2O3 film.26-28 

 

 

Figure 5.3 Steady-state absorption (a) of DPP_S on Al2O3 films by varying dye-to-CDCA ratios from 1:100 
(Low), 1:50 (Mid), to 1:0 (High). Additional absorption transitions appearing in 1 : 50 and 1 : 0 films (b) were 
displayed by subtracting the 1 : 100 spectrum from each spectrum. The fluorescence spectra of all films (c) 
were scaled by the fraction of absorbed photons at the excitation wavelength of 390 nm. 
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To examine the ultrafast behaviors of the intermolecular interaction, the time-resolved femtosec-

ond transient absorption of DPP_S adsorbed on Al2O3 was conducted by the following excitation at 

390 nm with 28 μJ/cm2. Figure 5.4 (a), (b), and (c) display the TA spectra of Low, Mid, and High 

DPP_S films respectively, and (d) depicts the kinetic profiles of those spectra probed at 810 nm which 

were selected from the concentration-sensitive band. 

 

 

Figure 5.4 TA spectra (a-c) and kinetic profiles probed at 810 nm (d) of DPP_S adsorbed on Al2O3 films. Low 
(dye : CDCA = 1 : 100), Mid (dye : CDCA = 1 : 50) High (dye : CDCA = 1 : 0) films were excited at 390 nm 
with 28 μJ/cm2 in the air. 
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Table 5.2 TA kinetic parameters for DPP_S on Al2O3 by changing the dye to a CDCA coadsorbent ratio. 
Using the relationship ΔA(t) = A1 exp(-t/τ1) + A2 exp(-t/τ2) + A3 exp(-t/τ3), where ΔA(t) is the transient ab-
sorption intensity, A the amplitude, and τ the fitted decay time. The normalized amplitude percentage of [Ai 

/(A1 + A2 + A3)] ×100 is noted in parentheses. 

 

Similar to the steady-state absorption of these films, a red-side shoulder ca. 680 nm in ground-

state bleaching (GSB), which is a trace of J-aggregates, becomes obvious as loaded dye concentration 

becomes higher. The enhanced J-aggregates band in the DPP_S TA spectra depicted in Figure 5.4 

(c) compared to that of DPP_A (Figure 3.5 (c)) can be attributed to the small dihedral angle of the 

DPP core, which helps to form aggregation. 

It is also evident that the magnitude of the low-energy excited state absorption (ESA) bands that 

appear after 750 nm to the GSB band increase gradually as the intermolecular distance decreases. 

Moreover, from the kinetic profiles observed in Figure 5.4 (d), the rising components probed at 810 

nm become faster as the inserted CDCA ratios decreases: from 40 ps to 10 ps to 0.7 ps. The detailed 

fitted parameters are displayed in Table 5.2. Both of these trends‒increase in magnitudes and faster 

rise of the red-side ESA band‒are the result of lateral intermolecular interaction and generating a 

charge-separated state (CSS) by producing oxidized and reduced species simultaneously.29  

Indeed, the CSS formation is supported by the fact that the concentration sensitive ESA band 

nicely matches with the absorption range of oxidized DPP_S shown in Figure 5.5. The absorbance 

of oxidized DPP_S is obtained by using an oxidizing agent, NOBF4 which removes one electron from 

a dye. Unlike the case in DPP_A, the absorbance difference spectrum cannot be derived in the case 

of DPP_S, as it shows very similar absorbance at ca. 450 nm, regardless of NOBF4 addition. This 

means that a reference point, which is assumed to reflect only the absorbance of neutral dye, cannot 

be chosen in this regime. Nonetheless, it is highly likely that the spectrum of ‘add3’ can be considered 

as oxidized DPP_S spectrum, because of the fact that the isosbestic points are clear as the spectrum 

changes. Furthermore, the fact that the shape of the ‘add3’ spectrum also resembles that of oxidized 

DPP_A as shown in Figure 3.6 (b), also supports it, given that DPP_A and DPP_S have similar 

molecular structures.  

τ1 (ps) / A1 τ2 (ps) / A2 τ3 (ps) / A3

Low 40 (rise) 65 / 67 645 / 33

Mid 10 (rise) 19 / 37 275 / 63

High 0.7 (rise) 33 / 37 194 / 63
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Figure 5.5 Steady-state absorption spectra of DPP_S species in solution before and after the addition of a 
chemical oxidizing agent, NOBF4. The effect of dropwise addition of NOBF4 into the dye solution was moni-
tored by recording the spectra after each dropping. Most of the absorption ranges of oxidized dye species are 
superimposed with those of neutral dyes. In addition, low-energy bands are newly formed with clear isosbestic 
points during the chemical oxidation. 

 

The CSS formation is further supported by the fact that DADS of ‘High’ DPP_S film also show 

the same result. As shown in Figure 5.6, the region above 750 nm, where rise components appear, 

overlaps with absorption spectra of oxidized DPP_S (Figure 5.5), indicating the existence of the CSS 

after the lateral interaction.  

 

 

Figure 5.6 DADS of ‘High’ DPP_S dye film.  

 

 

500 600 700 800
0.0

0.1

0.2

0.3

A
bs

or
ba

nc
e 

/ -

Wavelength (nm)

 DPP_S
 add 1
 add 2
 add 3

500 600 700 800
-10

-5

0

5

10

A
m

pl
itu

de

 

 

Wavelength (nm)

 0.7 ps
 91 ps



127 
 

 

Figure 5.7 TA spectra of 22 μM (a), 44 μM (b), and 88 μM (c) DPP_S solution in a 50/50 (v/v) mixture of 4-
tert-butanol and acetonitrile. The solutions were excited at 390 nm with 28 μJ/cm2. 

 

 

Figure 5.8 DADS of high concentrated DPP_S dye solution.  
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The same analysis was conducted in a dye solution. Figure 5.7 depicts the TA spectra of 22 μM 

(a), 44 μM (b), and 88 μM (c) DPP_S solution employing a 50/50 (v/v) mixture of 4-tert-butanol and 

acetonitrile. All of the solutions were excited at 390 nm with 28 μJ/cm2. The shape of the TA spectra 

in the solution phase is similar to those from solid phase. Also, as observable in the DADS of the 

highly concentrated DPP_S solution (Figure 5.8), the rise component is observed in the region above 

750 nm as is the case in the film, indicating intermolecular interaction between dyes. Indeed, this 

region overlaps with the absorbance of the oxidized dye species visible in Figure 5.5. 

It is noteworthy that TA spectra in the range above 750 nm are gradually blueshifted to shorter 

wavelengths when observed at later times. This shift is strengthened in highly concentrated DPP_S 

solutions, which makes an undefined isosbestic point in between the GSB and the red-side ESA band. 

The different spectral characteristics according to the dye environment, namely film vs. solvent, pro-

vide a hint for molecular configuration on the surface. This can be explained according to Section 

3.4.2., Chapter 3’s investigation of the DPP_A dye, which has a similar molecular structure. In the 

case of the donor-installed dye, the ordered molecular configuration on the surface is easily formed 

due to the electrostatic driving force between the electron-rich donor and the neighboring electron-

deficient DPP core. However, in a flexible solvent environment, floating dyes with arbitrary orienta-

tions inhibit regular dye configuration, allowing for distorted molecular structures. The lateral inter-

actions arising from these distorted structures are related to the gradual blueshift with time in the TA 

spectra.25  

Another form of evidence for intermolecular interaction between DPP_S dyes on film is the 

pump fluence-dependent fs-TA measurement. In this measurement, 390 nm and 810 nm beams were 

employed as excitation and probe sources respectively, and the pump fluence was changed from 28 

to 130 μJ/cm2. As depicted in Figure 5.9 and Table 5.3, when the pump fluence increases, the pro-

portion of the relatively short component τ1 (1.9 ps) is enhanced up to 36%, while the long component 

τ3 (194 ps) is reduced to 24%. These are clear indicators of the exciton-exciton annihilation. Indeed, 

DADS of the High DPP_S film in Figure 5.10 also indicates that this trend is valid for all spectral 

ranges (450‒950 nm). The enhanced fast decay component reflects the reduced amount of the S1 state 

population which arises from collision between simultaneously generated excitons.30-34 The chance 

of this collision becomes higher as the photon density increases, since it enhances exciton popula-

tion.35 
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Figure 5.9 TA kinetic profiles of DPP_S on Al2O3 film that include pump-power dependence. In the experi-
ment, the pump wavelength is 390 nm, and the pump energy fluence increases from 28 μJ/cm2  to 130 μJ/cm2. 
The kinetic profiles are probed at 810 nm.   

 

 

Table 5.3 TA kinetic parameters for DPP_S on Al2O3. Using the relationship ΔA(t) = A1 exp(-t/τ1) + A2 exp(-
t/τ2) + A3 exp(-t/τ3), where ΔA(t) is the transient absorption intensity, A is the amplitude, and τ is the fitted 
decay time. The normalized amplitude percentage of [Ai /(A1 + A2 + A3)] ×100 is noted in parentheses. 

 

Although traces of enhanced J-aggregation formation are observed in the DPP_S film from the 

steady-state absorbance and fs-TA spectra, the presence of annihilation suggests that the exciton de-

localization upon photoexcitation is not strong enough to prevent the observation of the exciton col-

lision. This is supported by the fact that donor-absent DPP dyes that induce strong π-π interaction 

between DPP cores on the surface do not indicate any annihilation.36  
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Figure 5.10 DADS of DPP_S film. Highly concentrated dye films (dye : CDCA = 1 : 0) were used, and the 
pump energy fluence was increased from 28 μJ/cm2 to 130 μJ/cm2. 

 

5.3.3 Electron Injection from DPP_S to TiO2 Film 

The interfacial electron injection dynamics of DPP_S dyes on a TiO2 film were monitored by time-

resolved transient absorption measurements. Figure 5.11 (a) depicts the TA spectra of the DPP_S 

loaded on TiO2 with a 1 : 50 dye-to-CDCA ratio. Figure 5.11 (b) exhibits the representative decay 

profiles probed at 810 nm on TiO2 (red) and Al2O3 (black), where purely oxidized DPP_S appears. 

The detailed fitted parameters are listed in Table 5.4. Dyes on the TiO2 films were excited at 390 nm, 

and the pump fluence was restricted under 28 μJ/cm2 to guarantee that less than one electron on 

average is injected per nanoparticle.37 To minimize the occurrence of lateral intermolecular interac-

tions upon photoexcitation, the coadsorbent CDCA was used with a 1 : 50 dye-to-CDCA ratio. 
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Figure 5.11 The TA spectra of DPP_S adsorbed on TiO2 films with the coadsorbent CDCA (dye : CDCA = 
1 : 50) (a) at different optical delays and kinetic profiles (b) probed at 810 nm on TiO2 (red) and Al2O3 (black) 
films. All the films were excited at 390 nm with 28 μJ/cm2 in the air.  

 

 

Table 5.4 TA kinetic parameters for DPP_S on Al2O3 and TiO2 films. Using the relationship ΔA(t) = 
, where ΔA(t) is the transient absorption intensity, A the amplitude and τ is the fitted decay 

time. The average time constant of the fits was calculated by using the relationship τave=  / . 

 

As depicted in Figure 5.11 (a), the position of the red-side ESA band nicely matches with the 

position of the oxidized species absorbance of DPP_S (Figure 5.5). This indicates that those bands 

are also related to the oxidized species generated after electron injection. Indeed, as displayed in the 

kinetic profiles measured on TiO2, there is a long-lived decay component is present. This component 

arises from the oxidized dye species as a result of electron injection into TiO2, while dyes on Al2O3 

do not indicate the long component due to the high conduction band edge of Al2O3. Moreover, as 

depicted in Table 5.4, the fact that rising components are absent in early times reflects that the elec-

tron injection processes are masked by the instrument response function (IRF) of the fs-TA instrument, 

which is 150 fs. This ultrafast interfacial injection is explained by the enhanced intramolecular charge 
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transfer (ICT) strength that is caused by the installation of the triphenylamine electron-donating 

group.38  

 

Figure 5.12 DADS of DPP_S on TiO2 films derived from global analysis of TA spectra. 

 

These interpretations are supported by the DADS depicted in Figure 5.12. The spectral shape of 

the long-lived component ( > 1500 ps), especially in the region above 750 nm, matches well with the 

absorption of oxidized DPP_S. This indicates the existence of a dye cation formed due to electron 

injection. Also, that the intramolecular charge transfer state is already depicted at 0.5 ps suggests an 

ultrafast electron injection.  

This observation of the electron injection time of DPP_S is the same as that of DPP_A, indicat-

ing that further investigation of other aspects is necessary to isolate the cause of the different PV 

characteristics of the two dyes. Specifically, when comparing DPP_S with DPP_A, the difference 

between the injection processes of the two dyes is difficult to characterize because their exact injec-

tion times are masked by IRF. Moreover, the thermodynamic characteristics of the two dyes are sim-

ilar and cannot precisely explain the difference in the injection process. Specifically, the excited state 

oxidation potentials of DPP_S and DPP_A dyes are reported as -0.63V15 and -0.86V14 (vs. SHE) 

respectively, and these states are significantly higher in terms of energy than that of the conduction 

band edge of TiO2. Therefore, the effective DOS of TiO2 is similar for both dyes,37 resulting in similar 

driving forces for injection, and making it difficult to thermodynamically explain the difference be-

tween the two dyes.  

However, the following sections will demonstrate that electron injection that is related to the 

enhanced aggregates on DPP_S dyes can provide different insight and could help in understanding 

the difference between the dynamics occurring in DPP_S-sensitized and DPP_A-sensitized DSSCs.  
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5.3.4 Aggregation Induced Dynamics of DPP_S Dyes on TiO2 Film  

In this section, aggregation formation is first validated and compared for both DPP_S and DPP_A 

dyes on the TiO2 film. To do so, their absorption spectra was observed by changing dye concentra-

tions. The sensitized dye amount was controlled by changing the CDCA-to-dye ratio in the dye solu-

tion. Figure 5.13 (a) depicts the absorption of DPP_S films which are fabricated by dipping into 1 : 

50 and 1 : 0 dye-to-CDCA molar ratio dye solutions. The absorbance of the more concentrated dye 

1 : 0 film becomes broader with lower magnitudes than that of the 1 : 50 film, which is not observed 

in DPP_A: see Figure 5.13 (b). 

 

 

Figure 5.13 The steady-state absorption spectra of DPP_S (a) and DPP_A (b) adsorbed on a mesoporous TiO2 

film with 1 : 50 and 1 : 0 dye-to-CDCA molar ratio. 

 

This absorption intensity inversion hints at clear aggregate formation on the TiO2 surface,39, 40 

demonstrating more enhanced DPP_S packing density in TiO2 than that of DPP_A. The reason why 

this characteristic is only observed in TiO2 can be explained by the lower point of zero charge (pzc) 

value of TiO2 (5.5) than that of Al2O3 (9.2). Since the higher the pzc value, the more positive the net 

surface charge of metal oxide, dye adsorption accompanying an increase in proton concentration 

would be tougher under the same conditions. 

The observed aggregates are also correlated with the poor photocurrent linearity of the DPP_S 

device, as depicted in Figure 5.2. Given that the photovoltaic operation does not maintain linearity 
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when the loaded dye amount is too high,41 it is expected that the detrimental dynamics are related to 

the aggregates and affect the performance of the DPP_S device. 

5.3.5 Dynamics Induced by Aggregates of DPP_S  

 

Figure 5.14 TA spectra (a‒c) and kinetic profiles (d) of DPP_S adsorbed on TiO2 films probed at 670 nm. 1 : 
50 dye-to-CDCA ratio in a redox inactive electrolyte (a). 1 : 50 (b) and 1 : 0 (c) dye-to-CDCA molar ratio, 
both in the presence of an I3

-/I- based electrolyte. All films were excited at 570 nm with a pump energy fluence 
of 28 μJ/cm2. 

 

To understand the influence of the enhanced aggregates on the charge transfer mechanism under the 

electrolyte’s environment, fs-TA was recorded with an I3
-/I- based electrolyte. To avoid iodide exci-

tation, 570 nm was selected as the pump wavelength, and the fluence was maintained at 28 μJ/cm2. 
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Figure 5.15 TA spectra of DPP_A adsorbed on TiO2 films: 1 : 50 dye-to-CDCA ratio under an electrolyte 
without I3

-/I- (a), 1 : 50 dye-to-CDCA ratio with I3
-/I- (b), and 1 : 0 dye-to-CDCA ratio with I3

-/I- (c). The films 
were excited at 570 nm with a pump energy fluence of 28 μJ/cm2. 

 

Figure 5.14 displays the TA spectra of DPP_S adsorbed on TiO2 films: 1 : 50 dye-to-CDCA 

molar ratio under electrolyte free from I3
-/I- 

 (a), 1 : 50 dye-to-CDCA molar ratio with I3
-/I- electrolyte 

(b), and 1 : 0 dye-to-CDCA molar ratio with I3
-/I- electrolyte (c). In Figure 5.14 (a‒c), the GSB band, 

especially where J-aggregates appear, is overlapped by a newly formed excited state absorption (ESA) 

band at ca. 670 nm. Given that this phenomenon does not exist in the case of DPP_A (Figure 5.15), 

aggregates could be considered to be responsible. In addition, this phenomenon becomes more evi-

dent in Figure 5.14 (c), where I3
-/I- electrolytes are added in the more dye-aggregated film. Besides 

spectra, the overlap of the GSB band with the newly formed ESA band is also depicted in kinetic 
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profiles probed at 670 nm in Figure 5.14 (d). In this figure, the GSB bands are more readily over-

lapped by positive signals due to the invading ESA band when aggregates and electrolytes are pre-

dominant. 

 

 

Figure 5.16 TA spectra (a‒c) and kinetic profiles (d) of DPP_S adsorbed on TiO2 films probed at 670 nm. The 
coadsorbent CDCA was not used, and the I3

-/I--based electrolyte was injected. The film was excited at 570 nm 
with a pump energy fluence of 28 μJ/cm2 (a), 63 μJ/cm2 (b), and 130 μJ/cm2 (c). 

 

The newly formed ESA band could be understood in the context of charge transfer dynamics. 

Considering that the J-aggregates of a sensitizer can also inject electrons to TiO2,42 the overlapped 

ESA band could result from the interaction between oxidized J-aggregates and the surrounding ani-

onic charged species in the electrolyte.43  This is further supported by the observation that the new 

ESA band appears more evident under I3
-/I--containing electrolytes, which have more anionic species. 

500 600 700 800 900

-50

0

50

A
 / 

10
-3

 1 ps
 12 ps
 100 ps
 1000 ps

Wavelength (nm)
500 600 700 800 900

-20

0

20

40

A
 / 

10
-3

 1 ps
 12 ps
 100 ps
 1000 ps

Wavelength (nm)

500 600 700 800 900

-50

0

50

100

A
 / 

10
-3

Wavelength (nm)

 1 ps
 12 ps
 100 ps
 1000 ps

0 500 1000 1500

-40

-20

0

A
 / 

10
-3

Time (ps)

 28 J/cm2

 63 J/cm2

 130 J/cm2

(b)(a)

(c) (d)



137 
 

In other words, it can be deduced that oxidized aggregates consume anionic electrolytes, forming a 

complex. Electron injections from J-aggregates of DPP_S, however, could be detrimental. It was 

reported that aggregations on the surface can reduce the electronic coupling with acceptor levels of 

metal oxide, resulting in a decrease in the injection driving force.37 Indeed, a photovoltaic study has 

reported that aggregates inhibit the electron injection process.44 

As expected, detrimental effects from the aggregates are demonstrated in Figure 5.16: high pump 

fluence inhibits the new band formation. By enhancing the energy fluence, the average number of 

electron/oxidized dye pairs generated per illuminated nanoparticle <x> can be controlled.37 As pump 

fluence increases from 28, 63 to 130 μJ/cm2, <x> changes from 0.71, 1.56 to 3.26. Under high fluence, 

the band ca. 670 nm is formed slowly, and the resulting band magnitude is reduced. This phenomenon 

indicates that the J-aggregates of DPP_S are less likely to be oxidized as fluence increases, further 

decreasing electron injection yield. Indeed, the poor photocurrent linearity observed in the DPP_S 

device in Figure 5.2 can be significantly related to the fluence-dependent injection of J-aggregates, 

demonstrating the additional detrimental effect of aggregates on photovoltaic performance. 

As hinted by the long-lived complex in Figure 5.14 (d), the effect of aggregates is not limited to 

the electron injection process. To gain further insights on the effects of these J-aggregate-induced 

complexes of DPP_S on the following recombination or regeneration processes, microsecond to mil-

lisecond behaviors are investigated through flash photolysis measurements with DPP_S films. 

Figure 5.17 presents the TA spectra of DPP_S films: a 1 : 50 dye-to-CDCA molar ratio without 

any electrolyte (a), with an electrolyte except I3
-/I- (b), and an I3

-/I- 
 electrolyte (c). Spectra were con-

structed by integrating the kinetic profiles at every 20 nm from 480 to 730 nm, and 532 nm was 

employed as an excitation source. Figure 5.17 (a) indicates the J-aggregates shoulder in the GSB 

band. However, when the electrolyte is added as depicted in Figure 5.17 (b) and (c), the red-side 

shoulder of GSB band that indicates J-aggregates is covered by the ESA one. This forms a new band 

at ca. 670 nm which is consistent with the fs-TA spectral results: see Figure 5.14 (b) and (c). Note 

that in the case of DPP_A, the existence of electrolytes has no significant effect on the flash photol-

ysis spectra, as the J-aggregates formation is negligible (Figure 5.18). 

It is clear that the complexes induced by J-aggregates of DPP_S even exist at the microsecond 

time-scale when observing the ESA bands in (b) and (c). It is suspected that the complexes might 

affect the recombination or regeneration processes occurring after electron injection. However, the 

exact mechanism of the aggregates that affect those processes require further study. 
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Figure 5.17 Flash photolysis spectra of DPP_S adsorbed on TiO2 films. The loaded dye-to-CDCA molar ratio 
is 1 : 50. When no electrolyte is present (a), when the film is in contact with a redox-inactive electrolyte (b), 
and when the film is in contact with a I3

-/I--based electrolyte (c). The dyed films were excited at 532 nm with 
a pump energy fluence of 30 μJ/cm2. 
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Figure 5.18 Flash photolysis spectra of DPP_A adsorbed on TiO2 films measured by flash photolysis: The 
loaded dye-to-CDCA ratio is 1 : 50, and the films are prepared without any electrolyte (a); with an electrolyte 
except I3

-/I- (b); and with an iodine electrolyte (c). The films were excited at 532 nm with 30 μJ/cm2. Spectra 
were constructed by kinetic profiles integrating by every 20 nm interval from 450 to 720 nm, and 532 nm was 
employed as an excitation source to avoid the iodide absorption. 

 

 Conclusions 

A thienyl diketopyrrolopyrole-based D-π-A type sensitizer, DPP_S, was synthesized to illustrate the 

influence of a symmetric DPP core on the photophysical dynamics of DSSCs. As a first step, the 

lateral interaction of an inert Al2O3 film was investigated by using steady-state and time-resolved 

spectroscopy. Interfacial ultrafast electron injection from dyes to TiO2 was also observed in parallel. 

These two observations were not enough to identify the difference between the two dyes. However, 

the dye packing density was increased more on TiO2 than Al2O3 under the similar dye loading amount, 
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intensifying J-aggregates on the TiO2 film. These DPP_S J-aggregates participated in charge transfer 

dynamics by injecting electrons, and the resultant oxidized species interacted with the surrounding 

electrolytes. Moreover, fluence-dependent injections from J-aggregates demonstrated the deteriorat-

ing effect of aggregates on photocurrent linearity. These observations suggest that the abundance of 

J-aggregates in symmetric ThDPP-based dye films could be the main reason for its inferior photovol-

taic performance compared to PhDPPTh-based DSSCs, its asymmetric counterpart. 
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In this thesis, the charge transfer dynamics of diketopyrrolopyrrole (DPP) sensitized solar cell upon 

photoexcitation was investigated. The charge transfer mechanism, which is complex and intertwined, 

were scrutinized step by step from lateral intermolecular interaction, a phenomenon often overlooked 

in literature (Chapter 3), to interfacial electron injection from dye to TiO2 (Chapter 4), finally leading 

to a clear understanding of the efficiency-determining factors in DPP-core based DSSCs (Chapter 5).  

In Chapter 3, donor installed DPP_A and donor deprived DPP_R were prepared in order to 

investigate the effect of the donor on intermolecular interaction. In order to investigate the effects of 

lateral intermolecular interaction only, Al2O3 was used as a metal oxide to avoid interfacial electron 

injection from dye to metal oxide. From the results of time-resolved spectroscopy, it is revealed that 

charge transfer state (CSS) is formed as a result of lateral interaction, generating reduced and oxidized 

dyes in both dye films. In the case of DPP_A, charge transfer (CT) exciton participates in the inter-

action. This is revealed from the comparison with the solution results, which suggests that electron-

rich donor in DPP_A induces CT exciton by interacting with relatively electron-poor DPP core in 

neighboring dyes. This creates ordered molecular configurations on film. On the other hand, DPP_R, 

where the donor is deprived, shows that intermolecular π-π interaction between DPP cores induces 

an excimer-like excited state that delocalizes exciton over more than a single dye. The fact that the 

excimer-like excited participates in the lateral intermolecular interaction suggests that inefficient in-

termolecular interactions occur in highly concentrated DPP_R film, compared to that of DPP_A. 

Summarizing the investigation, we suggest that strong electron-rich donor plays an important role in 

deciding the type of exciton, participating in the lateral intermolecular interaction on Al2O3.  

Given that electron donor has been widely used in dye sensitizer to be more sensitive in near IR 

region, it is critical to consider the enhanced lateral intermolecular interaction effect arising from the 

donor when designing D-π-A type sensitizers. Furthermore, in designing efficient photonic devices 

such as organic photovoltaics, this understanding becomes ever more important because it can be 

another factor, affecting electron transfer mechanism such as electron injection dynamics. The effect 

of lateral intermolecular interaction on the electron transfer mechanism of DSSC will be clarified in 

our next study based on the current results. 

In Chapter 4, the donor effect on interfacial charge transfer dynamics was investigated by com-

paring DPP_A and DPP_R. TiO2 was used as a metal oxide. A strong intramolecular charge transfer 

(ICT) characteristic is shown in DPP_A film as a significant spectral redshift in steady-state meas-

urement. This ICT characteristic acts as a driving force of an interfacial electron injection. Indeed, as 

was shown in fs-TA results, most electrons are injected into the conduction band of TiO2 from 

DPP_A within the time-resolution of TA (< 150 fs), while DPP_R displayed biphasic electron injec-

tion behavior including the delayed one of ca. 340 ps. The influence of donor on interfacial injection 
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became more evident when also considering the lateral intermolecular interaction which forms CSS. 

The relative rate of injection compared to that of the lateral interaction became much faster in DPP_A 

due to the increased ICT characteristic, while DPP_R exhibits additional delayed injection rate which 

is slower than the lateral interaction rate. This demonstrated that the presence of donor prevents in-

jection dynamics from being intervened by the lateral interaction, leading to more efficient injection 

than DPP_R.  

Unlike the injection process, the rate of charge recombination occurring between an electron and 

a dye cation appear similar in DPP_A and DPP_R films. The similarity might be explained by the 

more slanted molecular configuration of DPP_A dyes on the surface, which reduces the distance 

between the reaction sites. Furthermore, we have revealed that lateral dye interactions affect the re-

combination of electrons with dye cations by delaying the dynamics since the cation is screened from 

the electrons by some of the remaining reduced species resulting from the intermolecular interactions. 

In Chapter 5, thienyl DPP (ThDPP) based D-π-A type sensitizer, DPP_S, which is a counterpart 

of phenyl DPP thienyl (PhDPPTh) based DPP_A, was synthesized in order to elucidate the effect of 

DPP core symmetry on photophysical properties occurring in DSSCs. Firstly, to understand the newly 

synthesized DPP_S, lateral interaction and interfacial ultrafast electron injection were also observed. 

These two observations were incapable of identifying the core difference between the two dyes. In-

stead, from the steady-state and time-resolved spectroscopy, it is investigated that J-aggregates of 

DPP_S also participates in electron injection, followed by the interaction with surrounding anionic 

charged electrolytes. On the other hand, the DPP_S counterpart, asymmetric DPP_A film does not 

display the interaction under the same electrolyte environment. Moreover, the injection from J-ag-

gregates becomes less efficient in DPP_S film when the pump fluence increase. This result is in line 

with the photocurrent dynamics of DPP_S device where the photocurrent shows more sharp decrease 

than that of DPP_A device as the incident light intensity increases. The involvement of J-aggregates 

of DPP_S in injection provides an explanation why symmetric ThDPP based sensitizers always have 

lower photovoltaic performance compared to asymmetric PhDPPTh based one, despite enlarged spec-

tral coverage with high extinction coefficients.  

In summary, the effect of the donor in a dye sensitizer was investigated and explained on lateral 

intermolecular interaction on metal oxide in exciton level, which can be closely related to charge 

transfer dynamics of DSSC. In addition, it was unveiled why donor is crucial when aiming efficient 

interfacial charge transfer dynamics between dye and TiO2, considering the observed intermolecular 

interaction. On the basis of these findings, the critical factor that always makes ThDPP unit outper-

form over PhDPPTh one in DPP based DSSC devices was investigated. These serial studies suggest 
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theoretical foundation which would help to devise more rational engineering strategy in making effi-

cient donor-π-acceptor dye sensitizer, even extending the DPP based ones.  

Although the thorough investigation was conducted in this thesis, still some questions remain 

such as “What is the exact mechanism of the interaction between dye aggregates and surrounding 

electrolyte?” The answer to this question would give a detailed insight into the effect of aggregates 

on the functioning of DSSCs. As a further investigation method for the interaction mechanism, time-

resolved broadband fluorescence spectroscopy would be helpful, because it provides complementary 

information of the kinetic process compared to the one transient absorption spectroscopy provides, 

which is the main method of analysis in the current thesis. This investigation would also shed light in 

revealing the effect of the interactions in the regeneration or the recombination processes which takes 

place in microsecond time-scale. 
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