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ABSTRACT 

Ultrafast Photoinduced Electron Transfer in Bimolecular Donor-Acceptor 

Systems 

Qana Abed Alsulami 

 

The efficiency of photoconversion systems, such as organic photovoltaic (OPV) 

cells, is largely controlled by a series of fundamental photophysical processes occurring 

at the interface before carrier collection. A profound understanding of ultrafast 

interfacial charge transfer (CT), charge separation (CS), and charge recombination (CR) is 

the key determinant to improving the overall performances of photovoltaic devices. The 

discussion in this dissertation primarily focuses on the relevant parameters that are 

involved in photon absorption, exciton separation, carrier transport, carrier 

recombination and carrier collection in organic photovoltaic devices. A combination of 

steady-state and femtosecond broadband transient spectroscopies was used to 

investigate the photoinduced charge carrier dynamics in various donor-acceptor 

systems.  

Furthermore, this study was extended to investigate some important factors that 

influence charge transfer in donor-acceptor systems, such as the morphology, energy 

band alignment, electronic properties and chemical structure. Interestingly, clear 

correlations among the steady-state measurements, time-resolved spectroscopy results, 

grain alignment of the electron transporting layer (ETL), carrier mobility, and device 
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performance are found. In this thesis, we explored the significant impacts of ultrafast 

charge separation and charge recombination at donor/acceptor (D/A) interfaces on the 

performance of a conjugated polymer PTB7-Th device with three fullerene acceptors:  

PC71BM, PC61BM and IC60BA. Time-resolved laser spectroscopy and high-resolution 

electron microscopy can illustrate the basis for fabricating solar cell devices with 

improved performances. In addition, we studied the effects of the incorporation of 

heavy metals into -conjugated chromophores on electron transfer by monitoring the 

triplet state lifetime of the oligomer using transient absorption spectroscopy, as 

understanding the mechanisms controlling intersystem crossing and photoinduced 

electron transfer dynamics is required to improve the device performance of solar cells. 

Here, we evaluated the effects of incorporating Pt(II) on intersystem crossing and 

photoinduced electron transfer by comparing and analyzing the photoexcited dynamics 

of DPP-Pt(II)(acac) and metal-free DPP with different acceptors such as TCNE, TMPyP, 

and TPyP.  
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CHAPTER 1     

INTRODUCTION 

 

1.1. Photophysical Processes: An Overview 

1.1.1. Photoinduced Electron Transfer 

Photoinduced electron transfer (PET) is one of the growing research areas in 

bimolecular systems. It is motivated primarily by the need for solar energy conversion. 

In the 20th and 21st centuries, there have been extensive studies on PET presented in the 

literature due to its potential to meet the global demand for energy.1-4 In fact, the 

increase in the global demand for energy along with declining fossil fuel resources and a 

goal of minimizing the expenses associated with traditional energy conversion methods 

have prompted substantial governmental, industrial, and academic interest in 

renewable energy resources such as solar energy.5 Recently, the conversion of sunlight 

into energy has been achieved through solar photovoltaic (PV) technologies, which have 

experienced tremendous growth and become the focus of considerable research 

interests. PVs based on organic polymer solar cells (PSCs) have emerged as promising 

low-cost devices that rely on sunlight for electricity generation. Over the past 40 years, 

organic solar cell (OSC) research has grown and attracted scientific and economic 

interest by displaying promising properties such as (i) favorable electronic properties 

and component flexibility; (ii) low production and installation costs, as the active 

materials are solution processable; and (iii) plausible fabrication of lightweight, large 
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area and flexible devices. 5 Thus, fruitful progress on OSCs will help to utilize solar 

energy in a sustainable and reasonable way, moving the universal energy portfolio 

towards viable and low-carbon emission sources. Here, a particular emphasis has been 

given to realizing and understanding the interfacial photoinduced processes in donor-

acceptor systems in PSCs. 

 

Figure 1.1 Schematic of the photoinduced electron transfer process at a typical donor-

acceptor interface. 

PET in bimolecular systems involves the absorption of visible (Vis) or ultraviolet (UV) 

light to initiate electron transfer from a donor (D) molecule to an acceptor (A) molecule, 

resulting in the formation of radical ions (A-●, D+●),6 as shown in Figure 1.1. To facilitate 

electron transfer (ET), the energy level alignment of the highest occupied and lowest 

unoccupied molecular orbitals (HOMO and LUMO, respectively) of the donor and the 

acceptor, respectively, is one of the most important factors. Thus, the D-A systems 

should be selected very carefully to promote the photoinduced electron transfer. A 

general electronic structure diagram used to describe OPVs is shown in Figure 1.2. From 
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this figure, it is clear that the electron affinity (EA) and the ionization potential energy 

(IP) of the organic semiconductors under investigation are critically important. The EA 

shows the ability of a material to act as an electron acceptor and is commonly estimated 

as the LUMO level relative to the vacuum in an organic material, while the IP of a 

neutral organic compound is the amount of energy desirable to expel an electron from 

its HOMO. In a conjugated organic material, the HOMO–LUMO gap describes the 

minimum energy required to excite an electron from its HOMO to its LUMO. Figure 1.2B 

displays the typical work functions фA and фC for anode and cathode materials in OPVs, 

respectively, further emphasizing the energetic offsets between the D and A levels, i.e., 

the HOMO (ΔIP) and LUMO (ΔEA), respectively, which are essential for understanding 

charge transport mechanisms.5 To realize a high charge extraction efficiency, the 

potential barrier at the active layer/electrode interface has to be minimized. Thus, фA is 

ideally expected to match the HOMO level of the D, whereas фC is expected to match 

the LUMO level of the A.7 

 

Figure 1.2 Basic energy level diagram schematics of an organic semiconductor (A) and a 

heterojunction solar cell (B). 
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1.1.2. Photoconversion Processes of an OPV: Donor-Acceptor System 

Understanding and controlling photoconversion processes have long been the 

subjects of intense research activities. Recently, many studies have been dedicated to 

the characterization of the mechanisms of long-range charge-transfer processes taking 

place from π-electron donating groups to electron accepting moieties.8-9 Figure 1.3 

provides a simplified schematic of the photovoltaic procedures in D/A systems, which 

includes four steps: exciton generation, diffusion, and dissociation, as well as carrier 

collection.5, 10 In the first step, an electron can be excited from the donor HOMO to its 

LUMO upon photoabsorption and form an exciton. A crucial molecular requirement for 

this step is a high molar absorptivity covering a wide range of the solar spectrum. Once 

an exciton in the donor material is created, this exciton should then diffuse to a D/A 

interface (step 2) by means of a chemical potential gradient where the electron can 

transfer to the acceptor material LUMO level, resulting in the formation of a charge 

transfer (CT) complex, which will occur favorably when the energy difference between 

the LUMO levels of the D and A are greater than the exciton binding energy. The CT 

state can be depicted as having charge carriers that are Coulombically bound through a 

D/A interface. Thus, the energy of the CT state is highly reliant on the Coulombic 

attraction forces between of the charge carriers and, thus, on the distance that isolates 

these species. If the distance between the electron and hole becomes greater than the 

Coulomb capture radius, the CT state can then be considered a charge separated (CS) 

state or free charge carriers, as illustrated by step 3 in the photovoltaic process.  

Importantly, if the exciton is not able to dissociate within its lifetime, the exciton will 
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lose the absorbed energy and decay back to its ground state (GS). Finally, dissociated 

charges can be transported through p-type or n-type domains to the respective 

electrodes, as shown in step 4, where they can be used to do work in an external circuit. 

Thus, charge carrier mobility should be high to facilitate the movement of the charges 

rapidly from the D-A interface. Additionally, the charge collection at the molecule-

electrode interface must occur rapidly (faster than the CR). 

 

Figure 1.3 Schematic diagram of the operating principles of the planar heterojunction 

OPV devices, emphasizing the favorable transport of charge pairs through the 

donor (red) and acceptor (blue) materials.5  

  To enhance the efficiency of devices, a key target in OPVs is to minimize energy 

and charge loss processes. Though these processes are far more complicated than 

described, these simplified diagrams are suitable for creating a conceptual 

understanding of the photoconversion processes in OPV devices.5, 10  
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The work described here is aimed at understanding the charge carrier movement 

through a system network, which creates a series of transient processes occurring after 

photoexcitation of the molecules. Thus, it is essential to address the processes involved 

in the excited state (ES) in order to understand how an electron may absorb and then 

dispel photon energy of a specific wavelength. 

1.2. Excited State Dynamics  

The essential electronic transitions involved in the absorption and emission of 

light by a fluorophore after photoexcitation of the molecule are traditionally displayed 

by a Jablonski energy diagram (see Figure 1.4).11  

 

Figure 1.4 Jablonski energy diagram.12 

In the above figure, the symbols S0, S1, S2, and T1 indicate the ground electronic state, 

first excited singlet state, second excited singlet state, and first excited triplet state, 
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respectively. The horizontal lines indicate the vibration levels of every electronic state. 

Straight arrows represent radiative transitions, and curved arrows represent non-

radiative transitions. In the Jablonski diagram, numerous different pathways display 

how an electron may absorb and then dissipate photon energy of a certain wavelength, 

which are as follows.11, 13 

A. Absorbance 

The first transition is photon absorption by the photoactive material. The photon 

energy is transferred to a certain electron, which then triggers a different energy state 

according to the amount of energy transferred. Importantly, only particular wavelengths 

of light can potentially be absorbed, i.e., the wavelengths that have energies that match 

the difference between two energy states of the particular molecule.  Absorbance is a 

very fast transition on the order of 10-15 s.11  

B. Vibrational Relaxation and Internal Conversion 

Once an electron is excited, energy can be dissipated in various ways.  The first is 

through a non-radiative process called vibrational relaxation.  This process is shown in 

the Jablonski diagram as a curved arrow between vibrational levels. Vibrational 

relaxation occurs when the energy deposited by the photon into the electron is given 

away to other vibrational modes as kinetic energy. This process is very fast, taking place 

between 10-14 and 10-11 s. Thus, it is extremely likely to occur immediately following 

absorbance. However, if vibrational energy levels strongly overlap electronic energy 

levels, a probability exists that the excited electron can move from a vibration level in 

one electronic state to another vibration level in a lower electronic state (for example, 



25 

 

from S2 to S1); this phenomenon is known as internal conversion (IC).  As energies 

increase, the IC occurs in the same time frame as vibrational relaxation; therefore, it is a 

very likely way for molecules to dissipate energy from light perturbation.13   

C. Fluorescence 

An excited molecule exists in the lowest S1 for periods on the nanosecond (ns) 

time scale. After this time period, typically known as the excited state lifetime, final 

relaxation to the ground state is accompanied by the emission of a photon, which is 

known as fluorescence. It is outlined on a Jablonski diagram as a straight line moving 

down between electronic states on the energy axis. It is a slow process with a time scale 

on the order of 10-9 to 10-7 s.  While this transition is slow, it is a spin-allowed process 

that obeys the selection rule ΔS = 0, in contrast to phosphorescence, where a forbidden 

transition occurs between the first excited triplet state T1 to the ground state S0 after a 

non-radiative transition from S1 to an isoenergetic vibrational level of a triplet state T1 

with a change in spin multiplicity. Fluorescence is most commonly observed between 

(S1) and (GS) because at higher energies, it is expected that the energy will disappear 

through internal conversion (IC) and vibrational relaxation. Hence, the energy of 

fluorescent photons is always less than that of the exciting photons. This difference is 

due to energy loss via internal conversion and vibrational relaxation.13  

D. Intersystem Crossing 

Intersystem crossing (ISC) occurs when the electron changes its spin multiplicity 

and is transferred from an Sn to a Tn. It is shown by a horizontal, curved arrow from one 
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column to another in a Jablonski diagram, and it is the slowest process at several orders 

of magnitude slower than fluorescence. This slow transition is a forbidden transition, 

that is, a transition that should not happen based only on selection rules. Similar to the 

singlet state, the populated triplet states will undergo relaxation via a radiative 

transition process called phosphorescence, where a radiative transition from T1 to S0 

occurs after the non-radiative process called IC, where the transition from a higher 

vibration level to the lowest vibration level in the triplet state occurs. 

E. Time Scale 

Understanding the time scales of each of these possible transitions is essential to 

understanding the feasibility of these processes.  Table 1.1 summarizes the time scales 

for basic radiative and non-radiative processes.   

Table 1-1 The approximate timescales for basic radiative and non-radiative transitions 

processes.13-14   

Process Transition Time Scale Radiative Process 

Absorption S0→Sn 10-15 s No 

Internal Conversion Sn→S1 10-14  - 10-11 s No 

Vibrational Relaxation Sn ⃰→Sn 10-14  - 10-11 s No 

Fluorescence S1→S0 10-9 - 10-6 s Yes 

Intersystem Crossing S1→T1 10-11 - 10-6 s No 

Phosphorescence T1→S0 10-3 - 100 s Yes 

where Sn ⃰ →Sn indicates that relaxation occurs between vibrational levels, so generally, 

electrons will not move from one electronic level to another through this process.  
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In OPV devices, the forward CT and competing paths, such as charge 

recombination, occur at time scales on the order of femto- to milliseconds.15  To follow 

these transient processes in real time, ultrafast spectroscopic measurement methods 

are needed to provide information about the charge migration via the materials. Hence, 

time-resolved spectroscopy (TRS) can be a useful way to monitor these transient 

species.  

1.3. Time-Resolved Spectroscopy  

Time-resolved spectroscopy (TRS) offers a broad range of applications in various 

areas of research including chemistry, physics, materials science and nanotechnology. 

TRS allows us to probe in real time the very early dynamical events (such as excitons and 

charge carriers generated by photoexcitation) occurring on the femtosecond (one 

femtosecond = 10-15 s) and picosecond (1 picosecond = 10-12 s) time scales. The current 

TRS techniques have been advanced dramatically by the development of modern 

spectroscopic appliances. For example, the application of time-resolved optical 

spectroscopy has developed from a modest beginning with the (flash) photolysis 

technique, which has millisecond resolution; this technique was designed by Norrish and 

Porter,16-17  who in 1967 were awarded the Nobel Prize in Chemistry for their finding.18 

Their study opened a new world of research in the microsecond time domain, allowing 

the direct detection of short-lived transient species. Subsequently, this technique has 

been further improved with the emergence of short-pulsed lasers with a resolution of 

femtoseconds. In 1999, Zewail was awarded the Nobel Prize in Chemistry for his studies 

on the transition states of chemical reactions using femtosecond spectroscopy.19 
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1.3.1. Time-Resolved Fluorescence Spectroscopy 

Another way for a molecule to lose its excited state energy is fluorescence 

(emission of a photon). In time-resolved fluorescence spectroscopy, the molecules are 

usually excited using a laser pulse, and their fluorescence spectrum is recorded as a 

function of time by using, for example, time-correlated single photon counting (TCSPC). 

TCSPC is the most sensitive electronic method to measure the luminescence 

lifetime. It has a limited time resolution of at best a few picoseconds (ps), which is 

usually determined by measuring the duration of the light pulse that is elastically 

scattered by the sample. Furthermore, TCSPC is a single-wavelength method. At each 

given time, the fluorescence kinetics are only registered at one detection wavelength. 

TCSPC has significant advantages, such as not requiring intense excitation light. The 

fundamental assumption of this technique is that each excitation pulse causes only one 

fluorescence photon to be detected. TCSPC is also completely insensitive to the stability 

of the laser pulse energy (even if these energies fluctuate by a factor of two, the method 

still works).20 

1.3.2. Pump-Probe Spectroscopy: Transient Absorption Measurements  

Pump–probe experiments, such as the ones described and broadly used within 

this dissertation, are some of the most powerful techniques for detecting transient 

species and providing direct measurements of the charge carrier dynamics by 

monitoring the evolution of charge-separated states in donor-acceptor systems.21 

Understanding the photophysical and photochemical processes in donor-acceptor 

systems, such as CT, CS and CR processes, can clearly support the improvement of solar 
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device performance by providing fundamental information required for device 

optimization and fabrication.22 The idea behind transient absorption (TA) measurements 

is simple. It is based upon two ultra-short laser pulses. One serves as a pump light used 

to excite a system into an excited state (from S0 to Sn), and subsequently, the second 

pulse works as a probe light. The basic design of all pump-probe experiments follows 

the schematic shown in Figure 1.5 to monitor CT, CS, and recombination dynamics in 

real time, providing essential information about the mechanistic and kinetic details of 

the major events that occur on very short time scales. The time resolution of the 

ultrafast pump-probe experiments depends on both the durations of the ultrafast pump 

and probe pulses and the resolution of the time delay generated between them.23 

 

Figure 1.5 Schematic depiction of the basic pump-probe experimental arrangement: 

pump pulse excites the sample, and the probe is used to measure the 

transmittance. The variable delay between the pump and probe pulses 

provides the time dependence of the difference absorption signal. 

Obviously, the pump pulse should be more intense than the probe pulse because it 

produces the changes in the molecules, whereas the probe only interrogates them, and 

Sample APump pulse

A*

Pulse Delay

Detector
t

Probe pulse
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Follow dynamics 

in real time
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for ideal measurements, the probe should not have any influence on the sample under 

investigation.  

1.3.3. Femtosecond and Nanosecond Transient Absorption Spectroscopy 

fs and ns TA spectroscopies are unique broadband pump-probe TA techniques 

designed to work with highly amplified laser resolutions. fs-TA and ns-TA measurements 

are performed using the HELIOS and EOS setups (Ultrafast Systems), respectively. For 

the fs-TA experiments, the HELIOS system will produce outstanding spectral and kinetic 

data that are desirable for investigations of photoexcitation events with ultrafast time 

resolutions throughout its broad spectral coverage and long-time window. For the ns-TA 

measurements, the EOS system is designed to work with almost any ~1 kHz repetition 

rate laser to allow the collection of broadband TA spectra over a greatly extended time 

regime ranging from several ns to hundreds of ms after the photoexcitation. The 

instrumental setup of the ultrafast systems (HELIOS and EOS) will be discussed later in 

appendix A, section A3(II). In this technique, the pump and probe beams are adjusted to 

overlap spatially and temporally on the sample. The chosen spectrometer collects the 

probe beam after passing through filters that reduce the white light around the Spitfire 

fundamental at 800 nm. The TA spectra are usually averaged until the desired signal-to-

noise ratio is achieved. For both the fs- and ns-TA, only the total absorption signals 

obtained are recorded. Finally, global analysis fitting procedures are applied to extract 

the kinetics of dynamical processes from the TA spectra. 
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1.4. Transient Absorption Spectrum 

TA spectroscopic signature signals reveal invaluable information about several 

dynamical processes upon the occupation of the excited state (e.g., charge separation, 

trapping, radiative recombination, Auger recombination). From positive and/or negative 

signal contributions within the absorbance change (ΔA) spectra as illustrated in Figure 

1.6, we can extract useful information about different processes as follows.24  

Ground State Bleach (GSB): corresponds to the depletion of the ground state (GS) 

population upon interaction with a pump pulse. Consequently, a negative signal is 

observed in the wavelength region of the GS absorption due to the reduction in the 

concentration (c) of the chromophore in its GS. Accordingly, the repopulation of the GS 

can be detected as the recovery of the negative GSB signal. 

 

Figure 1.6 TA spectrum illustration; a ΔA: ground-state bleach (GSB), stimulated 

emission (SE), and excited-state absorption (ESA).25 



32 

 

Excited State Absorption (ESA): represents the promotion of charge carriers that were 

previously excited by a pump pulse to an energetically higher excited state upon 

interaction with the probe pulse. Accordingly, a positive signal is obtained in the 

wavelength region of the excited state absorption with a decrease in the intensity of the 

detected light (i.e., photons are absorbed by the sample in a spectral region where they 

were previously transmitted). The positive signal due to ESA decays with the lifetime of 

the excited state (ES). 

Photoproduct Absorption: results from the interaction of newly formed chemical 

species or long lived ES (e.g., charge-separated states, triplet states) with the probe 

pulse, which promotes them to the ES. Since photons are absorbed by the sample in a 

spectral region where they were previously transmitted, the absorption of such a 

(transient) product will appear as a positive signal in the ΔA spectrum. The kinetics of 

the signal can show rise and decay characteristics of this product. 

Stimulated Emission (SE): If the energy of the subsequent probe pulse matches the 

S1→S0 transition energy of a chromophore in its ES, it can force the excited 

chromophore back to its GS, and a second photon with the same energy and in phase 

with the first (probe) photon is emitted (“stimulated emission”). 

In the TA measurement, the intensity of the probe light transmitted through a sample is 

detected before (I0) and after (I) the photoexcitation. From the intensity ratio, the 

absorbance change is given by the following equation: 
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 ∆𝑂𝐷 = log (
𝐼0

𝐼
) (1) 

From this relation, photoproducts provide positive signals in the ΔOD while 

photobleaching results in negative signals in the ΔOD due to the decrease in the ground 

state as schematically indicated in Figure 1.6. Using TRS techniques, it is possible to 

detect absorbance changes on the order of as small as 10−5 to 10−6 depending on the 

measuring time domain after appropriate accumulation. However, according to 

Lambert–Beer’s law, the absorbance change is given by the following equation: 

 ∆𝑂𝐷 = εcl (2) 

where (ε) is the molar absorption coefficient (mol-1 dm3 cm-1), (c) is the molar 

concentration (mol dm-3), and (l) is the optical path length (cm). Based on this law, it is 

therefore technically difficult to detect a small absorbance change of 10−5, in which the 

photoactive layer is typically as thin as 100 nm.26 

1.5. Objective and Outline of the Thesis 

1.5.1. Objective 

Since an efficient PV device requires fast CT and a long-lived CS state, 

understanding the CT dynamics at D-A interfaces is essential to improving PV 

performance. Herein, we employ ultrafast broadband time-resolved spectroscopy, 

which is a useful technique that provides direct information on the fundamental 

photovoltaic processes (charge carrier dynamics) at D-A interfaces, allowing monitoring 

of the evolution of charge-separated states in D-A systems. This work is aimed at 

investigating the effects of the incorporation of heavy metals into -conjugated 
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chromophores for the exploration of triplet states and their impacts on solar cells using 

a combination of steady-state measurements and femtosecond (fs) broadband transient 

absorption spectroscopy. In addition, this work explores the significant impact of 

ultrafast CS and CR at D/A interfaces on the device performance of conjugated 

polymers.  

1.5.2. Outline 

First, a detailed introduction will be given at the beginning of each chapter to 

understand the background, perspective and aim of the work reported, which is a 

comprehensive study of photoinduced CT in D-A systems using fs broadband TA 

spectroscopy as a superior technique to investigate the ES charge carrier dynamics. 

In chapter 2, we study the ultrafast interfacial CT between PTB7-Th and three FAs, 

PC71BM, PCB61BM and IC60BA. Time-resolved TA experiments exhibit a long-lived CS 

state between PTB7-Th and PC71BM and PC61BM, while that between PTB7-Th and 

IC60BA produces short-lived charges at the D/A interface. Interestingly, a good 

correlation between steady-state and time-resolved results and device performance is 

presented. We report high power conversion efficiencies (PCEs) of 9.22% and 8.66% in 

the presence of PC71BM and PC61BM, respectively, while we measure a low performance 

value of 2.16% for IC60BA. 

In chapter 3, we investigate the bimolecular PET from DPP-Pt(II)(acac) to 

tetracyanoethylene (TCNE) as an electron acceptor. We predict that the DPP-
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Pt(II)(acac)/TCNE system can form CT complexes, thereby displaying interesting 

photophysical properties including ultrafast PET, rapid CS, and slow CR. We show how 

the incorporation of Pt(II) can control ISC and PET dynamics from the oligomer to TCNE. 

The influence of Pt(II) unit incorporation has been evaluated by comparing and 

analyzing the photoexcited dynamics of DPP-Pt(II)(acac)/TCNE and DPP/TCNE systems. 

In chapter 4, we monitor the interactions between (TMPyP) and (TPyP) with DPP-

Pt(acac) in dichloromethane (DCM):dimethylformamide (DMF) mixtures. We report for 

the first time the ultrafast on/off charge transfer between a new platinum-containing 

oligomer as an electron donor and different porphyrin structures as an electron 

acceptor. We found that both the metallic center in the DPP-Pt(acac) oligomer and the 

positive charge on the porphyrin are required to switch on the reaction.  

Chapter 5 provides a summary and outlook of this work.  
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CHAPTER 2  

REMARKABLY HIGH CONVERSION EFFICIENCY OF INVERTED BULK 

HETEROJUNCTION SOLAR CELLS: FROM ULTRAFAST LASER SPECTROSCOPY 

AND ELECTRON MICROSCOPY TO DEVICE FABRICATION AND 

OPTIMIZATION 

 

2.1. Introduction 

2.1.1. Polymer Solar Cell Background 

At the beginning of the 20th century, photoconductivity was first observed in the 

organic moiety anthracene, which was intensively studied.27 One of the most studied 

photoconductive polymers is poly(vinyl carbazole) (PVK), and the first report came in 

1958 by Hoegel et al.28 Among the dye molecules, the first real PV examinations were 

done on porphyrins and in polymer solar cell (PSC), and this class of compounds has 

remained among the most studied dyes. They have highly attractive features. For 

example, they are easy to prepare, highly colored, and form crystalline films with high 

semiconducting properties by vacuum sublimation.29  While PSC research has grown 

over the past 40 years, it has attracted significant attention from both academic and 

industrial communities, especially in the last decade, with a rapid increase in power 

conversion efficiency. This accomplishment was achieved by the introduction of new  
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Figure 2.1 Trend of the change of power conversion efficiency (PCE) of PSCs from 2001 

to 2014. 

materials, improved materials engineering, and more sophisticated device structures. In 

addition, PSCs offer a suite of promising properties, such as tunable molecular energy 

levels and large-scale, low-cost production30-32 via solution processing methods that are 

appropriate for flexible devices and large areas.5 In the last few years, the solar power 

conversion efficiencies (PCE) of PSCs have progressively increased from ca. 1% in 1995 

to ~9% recently for single junction devices and ~11% for tandem devices with good 

stability33-36 fabricated with several device concepts with low bandgap semiconducting 

polymers.37-41 Figure 2.1 summarizes the growing trend of the PCEs of PSCs from 2001 to 

2014.42 A significant portion of these high-performance semiconducting polymers have 

D−A structures, and their optical bandgaps are controlled successfully by an appropriate 

http://www.sciencedirect.com/science/article/pii/S1364032115013301#f0010
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blend of D and A units. The absorption bandwidth, charge carrier mobility, and 

morphology of the active layer are the other factors that control the photocurrents of 

PSCs.43 In addition, molecular engineering of conjugated polymers has become one of 

the main driving forces to promote PSC development. A high-performance conjugated 

polymer as a donor material in the PSCs should have at least the following three 

essential features: (a) a broad and strong absorption band to ensure the efficient 

harvest of solar light, (ii) appropriate highest occupied molecular orbital (HOMO) level 

and lowest unoccupied molecular orbital (LUMO) level to realize efficient charge 

separation with low energy loss, and (iii) high hole mobility for facilitating charge 

transport.10 In addition to these features, they should have good solubility in organic 

solvents. Up to now, most of the D units in semiconducting polymers representing the 

high PCEs are thiophene derivatives, which exhibit strong electron-donating 

characteristics along with effective π−π stacking and high hole mobility.44-45 In contrast 

to the D units, a wider variety of A units have been created owing to the fact that the 

electron insufficient nature of A units can be tuned adequately via the substitution of 

electron withdrawing or electron releasing groups on the A unit.  

2.1.2. Motivation 

PSCs involving conjugated polymer donor and fullerene derivative acceptor 

materials are a promising alternative for producing clean and renewable energy.46 

Numerous significant milestones in PSC studies have been established on the way to the 

realization of practical applications. However, their relative power conversion 

efficiencies (PCEs) are limited by the non-ideal selectivity of the donor/acceptor (D/A) 
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components and reduced ordering of polymer chains in the blend, which hinders 

transport in the electron transport layer (ETL). Although significant efforts have been 

made towards interface engineering and morphology control, devices continue to 

undergo carrier trapping at their interface and, more importantly, a low open-circuit 

voltage due to the thermalization of charge carriers, causing poor efficiency. To improve 

the PCEs of devices, we need a fundamental understanding of the CT processes at D/A 

interfaces in the photoactive layer, the morphological tunability, and the grain 

alignment of the ETL and the hole transport layer (HTL).47-48 In other words, the 

performances of PSC devices are determined by a series of fundamental photophysical 

processes occurring at the interface before carrier collection. As stated above, the PCEs 

of devices are determined by the photoinduced CS that follows the interfacial CT and 

the subsequent CR.49-51  Thus, controlling the transfer of electrons from the (HOMO) 

level located in the donor to the (LUMO)level situated in the acceptor and the CS that 

leads to radical ions (D⁺• and A- •) are central to optimizing the PCEs of solar cell 

devices.52 In high-performance PSCs, the molecular acceptors and the morphology and 

grain alignment of the ETL are as important as the electron donors; however, fewer 

characterizations have been made for the impact of electron acceptors and ETLs on 

device operation. Because of their high electron mobilities and large electron affinities, 

the majority of the molecular acceptors used in PSCs continue to be the fullerene 

derivatives PC60BM and PC71BM, although some n-type conjugated polymers with 

stronger visible absorption have also been applied.53-57 More specifically, the degree of 

CS is correlated with the mobility and molecular structure of fullerene derivatives.58 In 

javascript:popupOBO('CHEBI:17654','C0CP01178A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=17654')
javascript:popupOBO('CHEBI:15022','C0CP01178A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=15022')
javascript:popupOBO('CHEBI:33416','C0CP01178A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=33416')
javascript:popupOBO('CHEBI:61422','C0CP01178A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=61422')
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fullerene-based devices, the carrier concentration in the fullerene layer can be 

increased by transfer of electrons from the donor. This, consequently, leads to minor 

hysteresis and high performance of the device via effective reduction of the interfacial 

energy barrier for charge extraction at the donor-fullerene interface.58-60   

2.1.3. PSCs Based on BDT Units 

Among various types of electron donor conjugated polymers, polymers based on 

benzo[1,2-b:4,5-b′]dithiophene (BDT) units reveal promising photovoltaic properties and 

have shown excellent device performance.61-63 More excitingly, many recent 

advancements in PCEs have been linked to BDT-based polymers, and polymers based on 

BDT have become one of the main families of OPV materials.64-66 Recently, a new 

polymer, poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,6-

diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)], 

which is commonly known as PTB7-Th/PCE10/PBDTTT-EFT, has been developed, and its 

structure is shown in Figure 2.2. Indeed, an efficiency greater than 9 has been reported 

for solar cells based on this polymer as illustrated in Figure 2.3. 67-68  

 

Figure 2.2 Molecular structure of the PTB7-Th polymer based on the BDT unit (blue 

structure). 
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Figure 2.3 Schematic of the inverted PTB7-Th/PCBM device showing a high efficiency.68 

In this work, the photoinduced charge transfer and the bulk heterojunction (BHJ) 

solar cell performances with PTB7-Th as the electron donor were investigated using a 

series of fullerene acceptors (FAs): [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM); 

[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM); and indene-C60 bis-adduct 

(IC60BA). The molecular structures of these materials are shown in Figure 2.4.  
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Figure 2.4 Molecular structures of the PTB7-Th donor polymer and the three FAs 

(PC71BM, PC61BM, and IC60BM) used in this study. 

Although PTB7-Th is a striking absorber layer for application in organic photovoltaics 

due to its π-electron rich units, thermal stability, and low HOMO-LUMO levels with an 

optical band gap of 1.58 eV,69 no progress has been made in the study of the ultrafast 

photophysical processes at PTB7-Th/FA interfaces. In this work, steady-state 

photoluminescence (PL) experiments reveal efficient quenching of PTB7-Th fluorescence 

upon addition of the FAs PC71BM, PC61BM, and IC60BA, clearly indicating an excited-state 

interaction between PTB7-Th and the electron acceptors. An estimated 97% quenching 

of PTB7-Th was accomplished upon addition of ~2.6 mM PC71BM, while 91 and 81% 
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quenching were realized upon addition of ~5 mM PC61BM and IC60BA, respectively. 

Time-resolved TA experiments exhibit long-lived charge-separated states, as indicated 

by the slower ground-state bleach (GSB) recovery of PTB7-Th/PC71BM and PTB7-

Th/PC61BM compared to free PTB7-Th. In sharp contrast, the GSB recovery of PTB7-

Th/IC60BA is much faster compared to that of free PTB7-Th, indicating an insufficient 

driving force for photoinduced electron transfer and CS.70 Moreover, a good correlation 

between steady-state and time-resolved results and device performance is presented. 

High PCE performance values of 9.22% and 8.66% are realized in the presence of 

PC71BM and PC61BM, respectively, and a low-performance value of 2.16% is measured 

for IC60BA. Finally, grain alignment and morphological control of the ZnO ETL as 

indicated from high-resolution electron microscopy experiments are prepared via a 

simple, scalable method and optimized to improve solar PCEs. 

2.2. Results and Discussions  

2.2.1. Steady State Measurements 

In the absence of FAs, the absorption spectrum of PTB7-Th exhibits two peaks 

centered at 638 nm and 703 nm, as shown in Figure 2.5. The steady-state absorption 

and photoluminescence spectra of PTB7-Th are shown with successive additions of 

PC71BM, PC61BM and IC60BA in Figure 2.6 (A-C). The experimental apparatus and details 

of the conditions are provided in appendix A, section A3(I). Increasing the amount of 

added FA causes the absorption to increase in the region below 685 nm due to the 

absorption of the FAs in this spectral region. Photoexcitation of PTB7-Th at 680 nm 

yields a fluorescence spectrum in the visible and near-infrared (NIR) spectral region 
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between 680-850 nm, with a maximum peak at 753 nm. From the photoluminescence 

spectra of PTB7-Th, it is apparent that the polymer emission is strongly quenched by 

approximately 97%, 91% and 81% upon addition of 2.61 mM PC71BM, 5 mM PC61BM and 

5 mM IC60BA, respectively. This result provides clear experimental evidence of 

photoinduced electron transfer from the polymer donor to the FAs. Note that energy 

transfer can be overruled due to the lack of spectral overlap between the absorption of 

the FAs and the emission of the PTB7-Th polymer (see Figure SB.1 in appendix B). 

Additionally, based on the extinction coefficients of this polymer (ε on the order of 105-

106 M-1cm-1), which is a few orders of magnitude higher than those fullerenes, the inner 

filter effect on fluorescence quenching can be ignored. The highest quenching efficiency 

achieved by PC71BM indicates the effectiveness of the excited-state interaction between 

PTB7-Th and PC71BM.  

 

Figure 2.5 Normalized absorbance and photoluminescence spectra of the PTB7-Th 

polymer. 
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Figure 2.6 Steady-state absorption (left) and emission (right) after excitation at 680 nm 

of the donor polymer/FA systems. (A) PTB7-Th with different concentrations 

of PC71BM, (B) PTB7-Th with various concentrations of PC61BM and (C) PTB7-

Th in various concentrations of IC60BA. Insets represent the respective Stern-

Volmer plots. 
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Stern-Volmer Method 

The most common method to study PET reactions is through fluorescence 

quenching.71 Studies of the quenching process and mechanism for a donor/acceptor 

system leads to the estimation of the quenching rate constant (kq) through the Stern–

Volmer method.72 Consequently, one can obtain a total rate constant for the PET 

process. Utilizing this method, individuals have investigated the bimolecular PET 

reaction in neat solvent (intrinsic donor) media to find a detailed mechanistic and 

dynamical understanding, where the ET rate is faster than solvation and diffusion.73-76 

Thus, the occurrence of electron transfer should diminish both the fluorescence 

quantum yield and lifetime. There are, however, other mechanisms that can contribute 

to fluorescence quenching, such as energy transfer, hydrogen bonding and the external 

heavy atom effect. To establish the cause of fluorescence quenching, careful 

examination of the experimental conditions and chosen variations are required. From 

the absorption and emission characteristics, it can be determined whether energy 

transfer is possible. The presence of hydrogen bonds can likewise be a channel for a 

non-radiative deactivation path. The heavy atom effect is produced by enhanced spin-

orbit coupling, which is more efficient in heavier atoms. The rate of intersystem crossing 

is enhanced by this mechanism, and thus, the lifetime of the excited singlet state is 

reduced.  

In this present contribution, in order to explore the nature of the kinetics of 

photoinduced electron transfer we constructed a Stern-Volmer plot using the following 

equation: 
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 𝐼0 𝐼⁄ = 1 + 𝐾𝑆𝑉[𝑄] (3) 

where (𝐼0) and (𝐼) are the fluorescence intensity of PTB7-Th in the absence and presence 

of quenchers, respectively, and 𝐾𝑆𝑉 is the Stern-Volmer quenching constant. 77 The 

insets in Figure 2.6(A-C) illustrate the Stern-Volmer plots, quenching constants and 

bimolecular quenching rate constant (𝐾𝑞) of all three quenchers. The quenching rates 

are estimated to be 6.5 × 1012 M-1S-1, 1.9 × 1012 M-1S-1 and 1× 1012 M-1S-1 for PC71BM, 

PC61BM and IC60BA, respectively. In chlorobenzene (CB), the quenching rate constant for 

the diffusion-controlled limit is 8.77 × 109 M-1S-1, indicating that the quenching of PTB7-

Th is expected to be static in nature, a result that is conclusively supported by our fs-TA 

experiments, as will be discussed in a later section. 

2.2.2. Time-Resolved Spectroscopy 

To gain further insight into the excited-state dynamics,25, 78-81 we conducted fs 

time-resolved TA spectroscopy with broadband capabilities for PTB7-Th with and 

without the three FAs in CB as the solvent. The details of the TA experimental apparatus 

and conditions are reported in appendix A, section A3(II). Figure 2.7 shows the TA 

spectra of PTB7-Th in the absence and presence of 3 mM FAs (PC71BM, PC61BM or 

IC60BA). The spectra were measured following a 760-nm laser pulse excitation to excite 

PTB7-Th selectively. Figure 2.7A shows a clear optical excitation of the polymer 

immediately resulting in ground-state bleach (GSB) at 638 and 738 nm, corresponding to 

ground-state absorption. Time-resolved TA experiments show 77% recovery of GSB for 

free PTB7-Th over 2 ns. Although the changes in the GSB recovery were not significant 

in the presence of FA (see Figure 2.7 b-d), some slight differences in behavior were 
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noted. When either PC71BM or PC61BM are added, the GSB recovery proceeds more 

slowly than that of free PTB7-Th, while in the presence of IC60BA, the recovery proceeds 

more quickly. After a few nanoseconds, PC71BM and PC61BM have the lowest 

percentage of GSB recovery (70% and 75%, respectively), while adding IC60BA results in 

the greatest percentage of GSB recovery (82%) (within two ns). The observed changes in 

the percentage recovery rates of GSB verify that successful photoinduced CT, CS and CR 

strongly depend on the mobility and the molecular structure of the fullerene 

derivatives. The efficient charge dissociation observed for the PC71BM-based device 

compared to that of PC61BM- or IC60BA-based devices is fully supported by the relatively 

higher electron mobility of PC71BM, in line with the established correlation between 

carrier mobility and CS.58 Thus, a slower and less complete GSB recovery by PC71BM and 

PC61BM indicated a longer-lived CS. Meanwhile, the faster GSB in the presence of IC60BA 

suggests faster CR and short-lived CS; the kinetic profile (Figure 2.8) also confirms this 

finding, as we will discuss in the following section. 
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Figure 2.7 TA spectra of the PTB7-Th solution in the (A) absence and (B, C and D) 

presence of 3 mM FAs pumped at 760 nm. Delay times are as indicated in the 

Figures. 
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Figure 2.8 A rescaled kinetic profile (up to 2 ns) derived from fs-TA spectra at 703 nm of 

the donor polymer PTB7-Th in the absence (blue circles) and the presence of 

3 mM PC71BM (A), PC61BM (B) or IC60BA (C). The solid lines represent best fits 

to the data obtained.  
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Figure 2.8 illustrates the kinetic profiles of the GSB of PTB7-Th at 703 nm in the absence 

and presence of FAs. Each time profile for GSB recovery of PTB7-Th shows a 

considerable difference in the presence of FAs compared to free PTB7-Th solutions. 

Compared to the free polymer, the GSB recovery with either PC71BM or PC61BM is 

slower, whereas the recovery with IC60BA is faster. These findings suggest that the CR of 

charge-separated ions is faster between PTB7-Th and IC60BA than the corresponding 

interaction with the other two FAs. This may be explained by the change in electron 

affinity, molecular structure, and carrier mobility as well as by the differences between 

the Fas in the LUMO and HOMO levels.70 Global fitting analysis of the kinetic curves 

allows us to estimate the time constant for GSB recovery for the free polymer donor and 

that with the FAs. In addition to the fast CR of a few ps for a polymer with and without 

FAs, a long component of 563±18 ps for the free polymer, 881 ±23 ps in the presence of 

3 mM PC71BM, 815 ±37 ps in the presence of 3 mM PC61BM and 386 ±22 ps in the 

presence of 3 mM IC60BA is measured. In PC71BM- and PC61BM-based devices, CS and 

subsequently the formation of charge-separated ions is therefore considerably more 

efficient. In other words, excited-state CT between PTB7-Th and PC71BM and PC61BM 

produces long-lived charges, while that between PTB7-Th and IC60BA produces short-

lived charges at the D/A interface. Note that the TA measurements at 760 nm are similar 

for polymer-fullerene solutions and polymer-fullerene-blended films as illustrated in 

Figure 2.9. The dynamics of the GSB recovery in PTB7-Th thin films at 720 nm are shown 

in the absence and presence of PC71BM and IC60BA in appendix B, Figure SB.2.  
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Figure 2.9 TA spectra of the PTB7-Th thin film in the (A) absence and (B and C) presence 

of FAs PC71BM and IC60BA, respectively, excited at 760 nm. Delay times are as 

indicated in the figure. 

Subsequently, we performed TA measurements within the NIR range for PTB7-Th 

in the presence and absence of PC71BM and each independent FA (Figure 2.10). The TA  

data for PTB7-Th shows a broad spectral feature between 1000 and 1350 nm in the 

presence of PC71BM, which is in good agreement with that reported for their radical 
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anions in the literature: 1347 nm for PC71BM, 82 1030 nm for PC61BM 83 and 1010 nm for 

IC60BA70. 

 

Figure 2.10 Transient absorption spectra of (A) PTB7-Th, (B) PC71BM and (C) PTB7-Th/ 

PC71BM pumped at 760 nm within the IR range. Delay times are as indicated 

in the figure.  
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 According to the LUMO and HOMO energy levels of all the PTB7-Th/FA (as 

shown in Figure 2.11) complexes investigated here, the photoexcited polymer is 

expected to transfer an electron to all three fullerenes because the binding energy of 

the excitons is ca. 0.3-0.5 eV84 after CS. Thus, a solar cell based on fullerenes as the 

molecular acceptor will considerably improve the performance of the device. We will 

test this hypothesis in the following section and discuss the good correlation obtained 

when we examined the performance of the device using each of the PTB7-Th/FAs 

studied here via electron/hole transfer in blended films.  

 

Figure 2.11  Schematic energy level diagram of the complete solar cell used in this study.  
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2.2.3. Morphology of the Electron Transporting Layer  

Grain alignment of the ZnO electron transporting layer (ETL) is one factor that 

can improve device performance. Figure 2.12 shows scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) images from the morphological 

investigations performed on the ETL grown by radio frequency (RF) sputtering and used 

in the fabrication of solar cells. Further details of the experimental conditions and tools 

are reported in appendix A, section A4. A very smooth ZnO surface (rms roughness ≤ 2 

nm) (Figure 2.12A) ensures a sharp interface between the ETL and the active layer, 

reducing leakage currents at the interfaces and thereby reducing the parasitic 

resistances in the overall performances of the devices.  

 SEM cross-sectional imaging is a unique tool to provide information about the 

sample, including the chemical composition, external morphology (texture), and 

crystalline structure and orientation of materials making up the sample. SEM clearly 

shows the densely packed vertical alignment of the grains (Figure 2.12B), an alignment 

that has been shown to boost the performances of solar cells by facilitating one-

dimensional charge carrier transport. 85 We will explain this effect in upcoming sections.  

TEM is a useful technique to provide fundamental structural and crystallographic 

information about the sample. Bright field (Figure 2.12C) and dark-field (Figure 2.12D) 

transmission electron microscopy (TEM) images demonstrate the highly crystalline, 

vertically aligned grains between 90 and 100 nm.  
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Figure 2.12 Electron microscopy images of the ZnO ETL. (A) An SEM image of the surface 

morphology, (B) an SEM cross-sectional image, (C) a bright-field TEM cross-

sectional image and (D) a dark-field TEM cross-sectional image. The cross-

sectional images show the vertically aligned nanorod-like grains of ZnO. 

2.2.4. Device Fabrication 

Based on the fact that organic materials require a suitable energetic offset to 

dissociate excitons, attempts at using single layer architectures have been 

comparatively ineffective, giving efficiencies on the order of 0.1% or less.86 In 1979, 

based on layers of thermally evaporated small molecules, Tang reported the concept of 

a two component D/A that acted as the active layer for organic photovoltaics.87 These 

systems were mainly controlled by the exciton diffusion length, and only excitons 

generated close the D/A interface lived long enough to dissociate at this interface.88 In 
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1995, Yu et al. produced the first attempt at improving the D/A architectures by 

increasing the interfacial area of the D/A active layer, resulting in the solution-processed 

bulk-heterojunction (BHJ), which is considered the state of the art active layer 

morphology.89 The BHJ architecture depends primarily on finding a balance between 

charge generation and transport, which is controlled by the lifetimes of the charge 

carriers. 

 

Figure 2.13 Schematic of BHJ device architectures. Typical (left) and inverted 

architecture (right). 

Figure 2.13 illustrates the common device architectures of OPVs, comprising standard 

BHJs and inverted BHJs. Briefly, in a standard BHJ SC,90 the active layer is sandwiched 

between an anode and a cathode, as drawn in Figure 2.13 (left). In this architecture, 

holes are transported to the anode, which consists of a substrate that is coated with a 

high work function transparent conducting electrode and improved with an interfacial 

hole selective/electron blocking layer between the electrode and the active layer. Tin-

doped indium oxide (ITO) modified with a poly(ethylenedioxythiophene):poly(styrene 
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sulfonic acid) (PEDOT:PSS) interfacial layer is the most common experimental material 

used in the OPV field for these electrodes. On the other side, electrons are transported 

to the cathode, which normally consists of a metal with a low work function beside a 

selective ETL between the active layer and the metal electrode. Alternatively, the 

inverted BHJ architecture was produced to help relieve device degradation. This 

architecture depends on the reverse of the electrodes roles of the charge collecting 

nature as a useful method to reduce the necessity for a low work function. In this 

technique, ITO is typically coated with a transition metal oxide, such as ZnO, which is 

known for its low work function, to make it suitable as the cathode by reducing its work 

function. On the other side, the anode typically is comprised of a stable metal, such as 

Ag or Au, that is functionalized with a high work function material, such as MoO3 or 

other transition metal oxide interlayer, to improve stability.5 In this work, the inverted 

BHJ configuration of glass/ITO/ZnO/PTB7-Th: FA/MoOx/Ag was fabricated via the 

fabrication methods discussed in appendix A, section A5. 

2.2.5. Device Characterization 

The PCE of a PSC is proportional to the short circuit current (Jsc), open circuit 

voltage (Voc), and fill factor (FF). The JSC is mainly dependent on factors related to the 

efficiencies of every phase in the photovoltaic process, including the effectiveness of the 

light absorption of the active layer, exciton diffusion and dissociation at the D/A 

interface, charge transportation in the active layer, and charge collection transportation 

in the active layer. The VOC in the OPV is mainly proportional to the energy level 
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difference between the LUMO of the acceptor and the HOMO of the donor. Lower 

HOMO levels of the polymers would afford a higher Voc.91-92  

Here, the current density-voltage measurements were carried out with a Keithley 

2400 source measurement unit and an Air Mass 1.5 G solar simulator with an 

illumination intensity of 100 mW cm−2. The experimental details are discussed in 

appendix A, section A6. The current density-voltage characteristics of three D/A systems 

were studied in the bulk heterojunction solar cell configuration (i.e., 

glass/ITO/ZnO/PTB7-Th:FA/MoOx/Ag) (Figure 2.14). The PTB7-Th/PC71BM system had 

better performance than PTB7-Th/PC61BM or PTB7-Th/IC60BA systems, supporting our 

spectroscopic investigations. Variations in device parameters for different D/A systems 

are shown and tabulated in the inset of Figure 2.14A. Comparative device statistics of 

various D/A system based solar cells used in the current study are summarized in Table 

2.1. In this study there are some variables are considered such as (i) the active layer 

rotation speed, typically used three 600 rpm, 800 rpm, 1000 rpm. 800 rpm gave better 

results, (ii) drying the active layer PTB7: FAs under ultrahigh vacuum for 1 hr prior to 

evaporation of HTL and Ag layers, and (iii)  ZnO sputter optimization at various 

temperatures for nanorod based morphology. The PTB7-Th/PC71BM system had the 

highest fill factor (FF) and current density (Jsc) compared to other D/A solar cell systems. 

However, the open circuit voltages (Voc) of the PCB71M and PCB61M systems were 

slightly lower than that of the IC60BA system (Figure 2.14B), indicating the possibility of 

different interfacial recombination at D/A junctions. The prevalence of this 

recombination depends on the band alignments and space-charge distributions. The 
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global basis for the high efficiency of the PC71BM system lies in its suitable frontier 

energy levels with PTB7-Th, which facilitates efficient photocharge generation compared 

to the PC61BM and IC60BA systems. The schematic band alignment 93-94  indicates a 1.26 

eV energy level difference between the HOMO of the donor (PTB7-Th) and the FA 

(ICB60A), suggesting the inefficient transfer of the hole back to the positive electrode. 

Additionally, spectroscopic kinetic traces show that the optimal complementary 

absorption spectra of the active layer increased the amount of light harvested. 

 

Figure 2.14 (A) The current density-voltage characteristic of the three different FAs and 

(B) variation of the device parameters as a function of various FAs. The 

highest efficiencies correspond to the champion cells in the current study for 

each D/A system. 
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Table 2-1 Comparative device statistics of various D/A system based solar cells used in 
the current study. 

Device ID Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%) 

ITO/ZnO/ PTB7-Th:PC71BM/MoOx/Ag 

Device-1 19.565 0.785 59.9 9.20 

Device-2 18.856 0.783 61.7 9.12 

Device-3 19.333 0.783 58.8 8.89 

Device-4 19.181 0.784 59.1 8.88 

Device-5 19.057 0.784 61.7 9.22 

ITO/ZnO/ PTB7-Th:PC61BM/MoOx/Ag 

Device-1 19.176 0.779 57.3 8.57 

Device-2 18.854 0.775 57.2 8.37 

Device-3 19.207 0.773 56.5 8.39 

Device-4 18.358 0.782 60.3 8.66 

Device-5 18.309 0.779 60.7 8.66 

ITO/ZnO/ PTB7-Th:IC60BA/MoOx/Ag 

Device-1 8.022 0.712 31.4 1.79 

Device-2 8.491 0.751 32.2 2.06 

Device-3 8.610 0.760 32.4 2.12 

Device-4 8.614 0.660 36.2 2.06 

Device-5 8.533 0.791 32.1 2.16 
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2.3. ZnO Grain Effect 

The grain growth of ZnO-sputtered films depends on a variety of factors, 

including the working deposition pressure, the partial pressure of argon and the 

temperature of the substrate. At temperatures above 200 °C, we observed the 

coalescence of adjacent grains by sintering to form a densely packed thin film with 

randomly oriented grains. Preliminary measurements yielded poor performance of the 

devices fabricated with ETLs deposited at higher temperatures.85 However, by 

optimizing the deposition pressure and rate, columnar grains of ZnO could be obtained. 

Devices fabricated with ZnO grown at room temperature (RT) performed better than 

those with ZnO grown at higher temperatures. When ZnO grains are aligned vertically, 

the FF of the device improves because less CR occurs.85 The faster unidirectional carrier 

transport of the carriers from the active layer (D/A) system through the ETL reduces 

dispersive losses in the Jsc characteristics. Thus, device statistics supported by 

spectroscopic traces further strengthen the photophysics-morphology-performance 

relationship that is urgently needed for further device optimization.  

2.4. Conclusion 

We have explored the significant impact of ultrafast CS and CR at D/A interfaces 

on device performance of a conjugated polymer PTB7-Th with three FAs:  PC71BM, 

PC61BM and IC60BA. All D/A systems showed efficient ultrafast electron transfer from the 

donor to the acceptor. More specifically, the results from fs-TA demonstrated that the 

photoinduced CT from the PTB7-Th polymer to the FAs occurs on the sub-picosecond 

timescale, leading to the formation of long-lived radical ions. The speed of the CR at the 
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D/A interface strongly depends on the molecular acceptor. Here, we found increasing 

speed in the following order: PC71BM to PC61BM and IC60BA. We also found that the PCE 

improves from 2% in IC60BA-based solar cells to  9% in PC71BM-based devices, 

supporting both the steady-state and time-resolved results. Additionally, we identified 

clear correlations among the grain alignment of the ETL, the carrier mobility of the FA, 

the CS, the CR and the device performance. These results clearly demonstrate that time-

resolved laser spectroscopy and high-resolution electron microscopy can elucidate the 

basis for fabricating optimized solar cell devices.  
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CHAPTER 3  

ULTRAFAST EXCITED-STATE DYNAMICS OF DIKETOPYRROLOPYRROLE 

(DPP)-BASED MATERIALS: STATIC VERSUS DIFFUSION-CONTROLLED 

ELECTRON TRANSFER PROCESS 

 

3.1. Introduction 

The expanding interest in flexible, lightweight, and cost-effective OPV cells as an 

alternative renewable energy resource has encouraged the scientific community to 

develop novel materials. Effective photocurrent generation requires materials to 

perform all of the essential steps efficiently, i.e., light absorption, exciton diffusion, 

charge separation, and charge transport.95 One effective approach to increase solar 

spectrum absorption is to develop donor–acceptor π-conjugated chromophores as the 

donor materials for OPV devices. In this way, a π-electron-rich donor is combined with a 

π-electron deficient acceptor, resulting in a reduction in the bandgap compared to their 

individual bandgaps due to the interaction of their frontier orbitals. Using this approach, 

the efficiency of polymer solar cells has been improved up to 10%.96 For instance, 

benzothiadiazole (BTD), diketopyrrolopyrrole (DPP), and naphthalenediimide (NDI)97 

have attracted particular interest in the OPV community.97 Farnum et al.98 were the first 

to introduce the DPP chromophore in 1974. This compound soon attracted considerable 

attention due to its bright red color, high melting point, high thermal stability, and 

promising photophysical properties.99-100 In addition, DPP dyes are among the most 
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common multipurpose π-conjugated molecular chromophores investigated for their 

potential for applications in optoelectronic devices including several techniques, such as 

dye-sensitized solar cells,101 bulk heterojunction solar cells,102  and organic field effect 

transistors.103 However, while most studies on DPP have focused on its singlet excited 

state properties,104 the triplet excited states are comparatively less investigated due to 

the low efficiency of the transition from singlet to triplet states (S1–T1 intersystem 

crossing (ISC)).105 Considering the significance of triplet excited states in optoelectronic 

systems, it is vital to realize the properties of the triplet states in DPP chromophores. 

One approach to enhance the efficiency of the triplet excited state formation is to 

incorporate heavy metals in π-conjugated electronic systems to induce efficient singlet–

triplet ISC by virtue of spin–orbit coupling brought by the mixing of the metal centered 

dπ orbitals with the π-electron system.106-107  This technique has generally been utilized 

both to manage the cost of crucial knowledge about triplet chromophore properties and 

as a way to enhance the effectiveness of fundamental emission in phosphorescent light 

emitting diodes.108 Even though heavy-metal complexes have been the focus of intense 

research activities devoted to the fields of light-emitting devices,109-110 bioimaging,111-112 

sensing,113-114 and sensitization, 115-116 there are very few studies on heavy-metal-

substituted DPP complexes. Langhals et al. introduced numerous transition metals, such 

as Au(I) and Pt(II), that were coordinated to the DPP amide nitrogens with the goal of 

improving the fluorescence quantum yield of the DPP chromophores;117 nevertheless, 

the photophysics of the complexes were controlled by the ligand singlet excited state, 

indicating the comparatively poor interaction between the π-conjugated electronic 
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system of DPP and the central metal. Recently, Ziessel, Castellano and co-workers 

published an interesting study with platinum- and iridium-containing DPP oligomers that 

revealed efficient ISC resulting in a long-lived triplet excited state.105, 118 

Platinum acetylide π-conjugated polymers and oligomers have been broadly researched 

because of the ability of the central metal to prompt strong-spin orbit coupling, which 

frequently induces effective phosphorescence and enhances triplet yield.106, 119 Because 

the triplet exciton shows a longer lifetime compared to the singlet exciton, materials 

consisting of platinum acetylide and polymers have been investigated in photovoltaic 

devices as the active materials with the goal of improving the exciton diffusion.120 In 

particular, square-planar coordinations of Pt(II) complexes have attracted considerable 

interest due to their high ISC efficiencies (ϕISC) facilitated by strong interactions between 

the dπ orbitals of the metal and pπ orbitals of the chromophore.106, 121-125 The 

photophysical properties of Pt(II) complexes strongly depend on the chemical structures 

of the cyclometalated ligands, where the emission energies of the complexes are related 

to the planarity and π-conjugation of the chromophoric ligands.126 Pt(II) complexes 

bearing π-conjugated polymers and oligomers are promising for use in organic 

photovoltaic (OPV) applications due to their efficient light harvesting, structural 

versatility, and intrinsic charge-transport behavior.127-128 Specifically, extending the 

polymer chain or the π-conjugation of the ligand π-conjugation mostly affects the intra-

ligand excited states, leading to a red shift in absorption and emission spectra and thus 

controlling the higher-lying metal-to-ligand charge transfer (MLCT) state and the 

HOMO−LUMO gap. The combination of low-energy MLCT transitions of these complexes 
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with their long excited-state lifetimes makes them valuable for photosensitization 

applications.129-130 The effects of the π-conjugation length of the oligomers and the 

incorporation of Pt(II) as a metal center on ISC, singlet−triplet and triplet−triplet energy 

transfer, and OPV cells have been explored.131 

Recently, Schanze and co-workers reported a comparative photophysical and 

electrochemical study of platinum acetylide and cyclometalated platinum complex 

auxochromes with diketopyrrolopyrrole π-conjugated chromophores.125 The 

cyclometalated platinum auxochromes showed stronger spin–orbit coupling and 

increased excited state delocalization compared to the platinum acetylide system.  

In addition, Gould and Rosspeintner reported valuable information about 

bimolecular electron transfer reactions by studying the interactions in solution between 

Pt(II) complexes and porphyrins, which act as electron acceptor molecules, forming 

electron donor-acceptor (EDA) systems.132-134 Vertical excitation of the EDA system 

generates a substantial vibrational energy with various active modes that facilitate 

photoinduced electron transfer (PET) processes.135-136 The rate constant of the dynamic 

PET mechanism is determined by diffusion of the reactants,134 limiting the rate constant 

of diffusion. In contrast, the PET process is ultrafast (i.e., on the picosecond time scale), 

and no diffusion is needed for an entirely static quenching mechanism.134 

Understanding the underlying mechanisms controlling ISC and PET dynamics is, 

therefore, central to fundamental studies.125 

Recently, a new class of Pt(II)(acac) (acac = acetylacetonato) complexes bearing π-

conjugation-rich diketopyrrolopyrrole (DPP) oligomers has been synthesized, and their 
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photophysical properties have been explored in the absence and presence of a 

porphyrin compound using ultrafast time-resolved absorption spectroscopy.22  

In this work, we continue our investigation of the bimolecular PET from DPP-

Pt(II)(acac) to an electron acceptor in DMF/DCM (4:1) mixtures by focusing on 

tetracyanoethylene (TCNE) as the electron acceptor. The chemical structures of the 

materials used in this study are shown in Figure 3.1. TCNE was selected due to its strong 

electron-accepting ability, unique relaxation processes, lack of spectral overlap with the 

donor, CT-state lifetimes in TCNE-based electron donor-acceptor systems,137-138  and 

ability to form different complex geometries.139 Here, we predict that the DPP-

Pt(II)(acac)/TCNE system can form CT complexes, thereby displaying interesting 

photophysical properties including ultrafast PET, rapid CS, and slow CR. In particular, the 

incorporation of Pt(II) can control the ISC and PET dynamics from the oligomer to TCNE. 

We evaluated the effect of incorporating Pt(II) in ISC and PET processes by comparing 

and analyzing the photoexcited dynamics of DPP-Pt(II)(acac)/TCNE and DPP/TCNE 

systems. 
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Figure 3.1 Chemical structures of the materials used in this study, DPP-Pt(acac), DPP and 

TCNE. 

3.2. Results and Discussions 

3.2.1. Steady-State Absorption and Emission Spectra 

The absorption and fluorescence spectra of DPP-Pt(acac) with the successive 

addition of TCNE are recorded. The experimental details with conditions are provided in 

appendix A, section A3(I). 
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A. DPP-Pt(acac) Oligomer/TCNE System  

As shown in Figure 3.2 A, the absorption spectrum of DPP-Pt(acac) has two peaks 

at 620 and 670 nm. The spectral absorption feature is modified significantly upon the 

addition of TCNE: the initial 670 nm band suffers from a successive decrease with 

increasing TCNE concentration, and a new shoulder develops at 725 nm. Note that TCNE 

is transparent in the visible region with an absorption in the range 250–400 nm in the 

applied solvent, thus indicating a ground-state interaction between DPP-Pt(acac) and 

TCNE likely due to the formation of a CT complex. This CT complex is expected to have a 

broad absorption spectrum that overlaps with the absorption of free DPP-Pt(acac). We 

recorded the excitation spectrum to better assign this CT band (see the inset in Figure 

3.2). From the recorded excitation spectrum, we anticipate the CT band to be a broad 

band in the 500–700 nm range with a maximum at 595 nm. Indeed TCNE, as an acceptor 

with modest oxidation140 and reduction potentials of -0.26 V vs Ag/Ag+,141-142 has the 

potential for application as an acceptor to a divalent group of 10 transition-metal 

complexes.143-144 Excitation of the CT complex gives rise to an emission feature 

extending over the range of 640−850 nm centered at 700 nm with a vibrionic shoulder 

at 760 nm.  
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Figure 3.2 (A) Steady-state absorption (left) and emission (right) spectra after excitation 

at 600 nm of the DPP-Pt(II)(acac) complex. (B) Steady-state absorption (left) 

and emission (right) after excitation at 490 nm of DPP at different indicated 

concentrations of TCNE. Insets are (A) excitation spectrum of DPP-

Pt(acac)/TCNE recorded using λem = 638 nm (left), Stern-Volmer plot (right), 

and (B) Stern-Vomer plot (right). 

Successive addition of TCNE results in quenching of the DPP-Pt(acac) fluorescence, 

suggesting that the PET from the photoexcited DPP-Pt(acac) to the TCNE is followed by 

the development of a new emission band centered at 635 nm. The blue-shifted emission 
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of the CT complex of DPP-Pt(acac)/TCNE indicates its slightly higher emission energy 

than that of DPP-Pt(acac). The impact of planarization of the π-electron system on the 

frontier orbital energy in the DPP-Pt(acac) is depicted in the literature.125 Structural 

changes are known to have the potential to be induced by interacting with TCNE.145-146 

This implies that DPP-Pt(acac) and TCNE interact predominantly via static interaction, as 

supported by the quenching process, and leads to the expectation that less conjugation 

of the DPP units with the two Pt(II) centers is typical of the excited state. 

B. DPP Oligomer/TCNE System 

Figure 3.2B illustrates our efforts to evaluate the effects of incorporating Pt(II). It 

shows absorption and fluorescence spectra of the Pt oligomer metal-free DPP with 

successive addition of TCNE. In the absence of TCNE, the absorption peaks of DPP in 

DMF/DCM (4:1) are located at 512 and 548 nm. The absorption of DPP shows no change 

upon addition of TCNE; hence, the formation of a CT complex is unlikely. Moreover, as 

discussed below, the rate of PET from the excited DPP to TCNE is very slow (on the few 

ns time scale), which allows us to rule out the formation of a static ground state 

complex. Emissions are in the range of 530−700 nm with two peaks at 564 and 607 nm. 

TCNE induces slight quenching (~30%) in DPP emission, which is in support of the 

absence of a static ground state complex. This suggests that the quenching of DPP 

emissions that occurs upon TCNE interaction may be caused by dynamic or diffusion 

controlled mechanisms. In a later section, we discuss the ISC and PET from excited DPP-

Pt(acac) and DPP to TCNE.  
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C. Stern Volmer Plot 

To explore the nature of the kinetics of the PET, we constructed a Stern-Volmer 

plot using the equation 𝐼0 𝐼 = 1 + 𝐾𝑆𝑉[𝑄]⁄ ,77 where (𝐼0) and (𝐼) are the fluorescence 

intensity of the corresponding oligomers under investigation in the absence and 

presence of quenchers, respectively, and (𝐾𝑆𝑉) is the SV quenching constant. The insets 

in Figure 3.2(A, B) illustrate SV plots and constants where the estimated quenching rate 

constants (𝐾𝑞) are found to be 5.3 × 1011 M-1 s-1 and 1.3 × 109 M-1 s-1 for DPP-Pt(acac) 

and DPP, respectively. Thus, with the diffusion limit in DMF at  109 M-1 s-1, it is clear 

that DPP quenching is within the diffusion limit, whereas DPP-Pt(acac) is much faster 

than the diffusion limit, which agrees with the anticipated mechanisms of interaction.     

3.2.2. Excited-State Dynamics 

A. DPP-Pt(acac) Oligomer/TCNE System   

To gain further insight into the excited-state dynamics of DPP-Pt(acac), time-

resolved TA spectroscopy of DPP-Pt(acac) was performed in DMF/DCM(4:1) in the 

presence and absence of TCNE as illustrated in Figure 3.3. The spectra were measured 

following a 560 nm laser pulse excitation. Further experimental details are provided in 

appendix A, section A3(II). In the absence of TCNE (Figure 3.3A), excitation of DPP-

Pt(acac) resulted in a strong negative absorbance band corresponding to the ground 

state bleach (GSB) and a broad excited-state absorption (ESA) at 670−820 nm. The broad 

ESA was assigned to the DPP-Pt(acac) triplet state as a result of ISC on a time scale of 

130 ps.22 In the presence of 0.05 M TCNE, in addition to the GSB of the DPP-

Pt(acac)/TCNE system, the formation of a new featureless band over the range of 
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700−800 nm with a shoulder at 715 nm appears rapidly after excitation (Figure 3.3B). 

This new featureless band can be attributed to the radical cation of DPP-Pt(acac)22 in 

response to the PET from the excited DPP-Pt(acac) to TCNE. This band becomes more 

obvious in the presence of higher TCNE concentrations, as shown in Figure 3.3C. This 

shoulder at approximately 715 nm is in good agreement with that reported for the 

radical cation of the oligomer. 

 

Figure 3.3 Transient absorption spectra (∆A) observed at time delays from sub-ps to a 

few hundred ps for DPP-Pt(II)(acac) in the absence of TCNE (A), in the 

presence of 0.05 M TCNE (B), and in the presence of 0.4 M TCNE (C) after 

excitation at 560 nm. 
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 Moreover, the dynamics of this band appeared to show a significant change over a 3 ns 

time window, which is much shorter than the triplet state lifetime, which is known to be 

0.16 µs.17 This new band is observed at a very early time delay (3 ps), which is in favor 

of an ultrafast PET mechanism. The thermodynamic feasibility of the excited-state 

electron transfer is estimated by the change in the Gibbs free energy (∆𝐺𝑜), which is an 

important parameter that pertains to the driving force of electron transfer reactions.147 

From the reduction potential of TCNE (-0.26 V vs Ag/Ag+)141-142, the oxidation potential, 

and the singlet excited-state energy of DPP-Pt(acac) (+0.79 V vs Ag/Ag+ and 1.82 eV, 

respectively),22, 125 the ∆𝐺𝑜 is estimated to be -0.77 eV, indicating that PET is 

thermodynamically feasible. 

The results shown in Figure 3.4 for the kinetics of ESA and GSB at different TCNE 

concentrations clearly shows the rise of the triplet state of DPP-Pt(acac) in the absence 

of TCNE and the ultrafast PET from the excited DPP-Pt(acac) to TCNE in the presence of 

an electron acceptor. The exponential fit to the ESA data shown in Figure 3.4 (A) 

suggests that the rate of singlet-to-triplet (S1→T1) ISC of DPP-Pt(acac) is ~130 ps, in 

agreement with that reported earlier.22 On the other hand, analyses of the kinetic traces 

collected in the presence of TCNE reveal the presence of two kinetic components of 

3.32 (44%) and 128.84 (56%) and 4.19 (70%) and 123.69 (30%) for 0.02 and 0.05 M 

TCNE, respectively.  
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Figure 3.4 A rescaled time profile (up to 1 ns) of ESA kinetics at 740 nm (A) and GSB at 

627 nm of the DPP-Pt(II)(acac) complex in the presence and absence of TCNE 

(B). The solid lines represent the best fits to the obtained data. 

Taking the above discussed steady-state measurements and the radical cation formation 

in the area of TA into consideration, we can assign the fast component for the PET from 

the DPP-Pt(acac) to TCNE. This indicates that PET from the excited DPP-Pt(acac) to TCNE 

is ultrafast (i.e., 3-4 ps), similar to that of DPP-Pt(acac) to the positively charged 

porphyrin22 but much faster than the ISC of DPP-Pt(acac) or the PET processes in 

bimolecular systems without metal centers.148-150 An ultrafast electron transfer that is 

much faster than ISC indicates that the PET reaction occurs from the singlet excited 

state rather than the triplet state. In addition, an ultrafast PET is evidence for a strong 
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electronic coupling between DPP-Pt(acac) and TCNE. In addition, the longer lifetime 

component may be due to free DPP-Pt(acac), which decreases with increasing TCNE 

concentration, as indicated by the amplitudes. As shown in Figure 3.4 (B), in the absence 

of TCNE, the GSB is dominated by a slow component of recovery, where the time 

constant is much longer than the observation time window (1 ns). In the presence of 

TCNE, in addition to the existence of a long time component, we observed a short time 

component within a few hundred ps, which can be assigned to fast CR from the TCNE-• 

to DPP-Pt(acac) +•. The long-lived component is due to the long-lived radical cation and 

the triplet state of DPP-Pt(acac).   

B. DPP Oligomer/TCNE System 

I. fs-Transient Absorption Spectroscopy 

To evaluate the role of Pt(II), we monitored the excitation dynamics of the un-

metallated chromophore, DPP. Figure 3.5A shows TA spectroscopy of DPP after a 560 

nm laser pulse excitation in the absence of TCNE. The excitation of the DPP oligomer 

results in a GSB below 650 nm and a broad ESA between 670 and 820 nm immediately 

after excitation. The broad ESA could be assigned to the DPP singlet state, as indicated 

by the very fast formation at a temporal resolution of 120 fs. Figure 3.5B shows the 

comparison of the excitation dynamics of DPP in the presence and absence of TCNE 

during the early time delays. The presence of TCNE causes a slight increase in the rates 

of both ESA decay and GSB recovery. The absence of ultrafast PET from the excited DPP 

to TCNE indicates the lack of a CT complex in the DPP/TCNE system, which is consistent 
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with the results of steady-state absorption and fluorescence measurements. Thus, 

communication between DPP and TCNE in the solution is expected to occur through 

dynamic interactions. As seen in Figures 3.3 and 3.4, a clear and fast change in the 

transient spectra and its dynamics are observed for the DPP-Pt(acac)/TCNE system 

compared to the DPP metal-free system. 

 

Figure 3.5 Transient absorption spectra (ΔA) observed at time delays from sub-ps to a 

few ns for DPP in the absence of TCNE after excitation at 560 nm (A). A 

rescaled time profile (up to a few ns) of the transient absorption kinetics of 

an ESA at 751 nm and GSB at 613 nm for DPP in the presence and absence of 

0.05 M TCNE (B). The time constants extracted from the fitting are indicated. 
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II. ns-Transient Absorption Spectroscopy 

To evaluate the PET from the photoexcited DPP to TCNE through dynamic 

interactions, we monitored the TA spectra at long time delays from sub-ns to 

approximately 14 ns, as shown in Figure 3.6. In the absence of TCNE (Figure 3.6A), DPP 

shows GSB at 559 nm, stimulated emission (SE) at 610 nm, and an ESA centered at 751 

nm. The ESA decay, which can be safely ascribed to the depopulation of the singlet state 

with a time constant of 6.07 ns, simultaneously with the GSB recovery, indicates the 

relaxation of the singlet state to the ground state. Even though the spectral shape of the 

DPP/TCNE system in early time delays are similar to those of DPP, a new broad positive 

band centered at 600 nm arises in the ns time delays in the presence of TCNE (see 

Figure 3.6B). This new band is most likely due to the long-lived DPP cation radical. This 

indicates that there is PET from the excited DPP to TCNE. The PET caused a more than 4-

fold increase in the rate of ESA decay and GSB recovery of the DPP/TCNE system than 

those of DPP in the absence of TCNE, as indicated in Figure 3.7A for DPP in the presence 

of 0.10 M TCNE.  

III. Time-correlated single-photon counting (TCSPC) 

The dynamic nature of the interaction mechanism between DPP and TCNE is also 

concluded from the TCSPC measurements given in Figure 3.7B. The fluorescence lifetime 

for DPP in the absence of TCNE is clearly decreased after adding TCNE, confirming the 

dynamic nature of the interaction.151 By fitting the data with a single exponential decay 

function, the lifetimes of DPP in the presence and absence of 0.10 M TCNE were found 
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to be 1.52 and 6.08 ns, respectively. We extracted the PET rate from the fluorescence 

lifetime change and estimated it at ≈5×108 s-1. This rate is slower than the diffusion rate 

of TCNE, which was calculated using Stokes-Einstein equation to be 7.02×109 M-1 s-1, 

supporting the suggested dynamic mechanism of interaction. Further experimental 

details are provided in appendix A, section A3(III). 

 

Figure 3.6 Transient absorption spectra (ΔA) observed at different time delays from sub-

ns to approximately 14 ns for DPP in the absence of TCNE (A) and in the 

presence of 0.1 M TCNE after excitation at 500 nm (B). 
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Figure 3.7 A rescaled time profile (up to 30 ns) of the transient absorption kinetics of 

ESA at 748 nm and GSB at 560 nm of DPP in the presence and absence of 0.1 

M TCNE after laser excitation at 500 nm (the time constants extracted from 

the fitting are indicated) (A); TCSPC of DPP in the presence and absence of 

0.05 and 0.1 M TCNE after laser excitation at 500 nm (the time constants 

extracted from the fitting are indicated) (B). 
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3.3. Effect of Pt(II) 

The above observations clearly indicate the effects of incorporating Pt(II) on the 

excitation dynamics, ISC, and PET of DPP. We propose that the incorporation of Pt(II) 

increases the planarity and π-conjugation of the DPP moiety, thus reducing the 

HOMO−LUMO gap energy, as is evidenced by a red-shift of the absorption bands (Figure 

3.2). The most influential role of Pt(II) is how it facilitates interactions with TCNE by 

forming a CT complex and enhancing electronic coupling between the DPP-Pt(acac) 

complex and TCNE; it is usually assumed that the electronic coupling strength increases 

exponentially with an inverse distance between the electron donor and acceptor.152 The 

acceleration of ISC from ns domain to 130 ps is a central Pt(II) role in this system. 

Although the redox properties and energy levels of singlet and triplet excited states of 

DPP are modified by the incorporation of Pt(II), the low reduction potential of TCNE 

allows electron transfer from the excited DPP-Pt(acac) or DPP to TCNE. The oxidation 

potentials of DPP and DPP-Pt(acac) are 0.53 and 0.28 vs Fc/Fc+, respectively.125 Given 

that the singlet excited-state energy of DPP and DPP-Pt(acac) are at the same level (1.9 

and 1.8 eV, respectively), the driving force for the electron transfer (∆𝐺𝑜) from the 

excited DPP or DPP-Pt(acac) to TCNE are comparable on the same order of magnitude. 

Thus, the ultrafast PET in the case of DPP-Pt(acac) to TCNE is likely to be facilitated by 

the Pt centers, which may increase the planarity and π -conjugation. While interaction 

between DPP and TCNE appear to be diffusion controlled, as indicated by the steady-

state and time-resolved measurements, incorporation of Pt(II) induces the CT complex 



83 

 

with TCNE in the ground state and facilitates ultrafast PET from DPP-Pt(acac) in the 

singlet excited state to TCNE.  

3.4. Conclusion 

In this work, we present a detailed study of the excited-state dynamics of DPP-

Pt(acac)/TNCE and DPP/TCNE systems in DMF:DCM (4:1) using time-resolved broadband 

transient absorption and emission spectroscopies. The results indicate that a Pt(II) 

center is essential to controlling the PET mechanism from the donor (DPP-Pt(acac) or 

DPP) to the TCNE electron acceptor. Steady-state and time-resolved data demonstrate 

that the most influential role of incorporated Pt(II) is to facilitate interactions between 

DPP-Pt(acac) with TCNE, resulting in the formation of a CT complex, which, in contrast, 

is absent from the DPP/TCNE system. The temporal evolutions of the TA spectra were 

analyzed to elucidate the PET from the excited DPP-Pt(acac) and DPP to the TCNE. The 

TA results show the possibility of switching the reaction mechanism from a diffusion-

controlled process to a static process by incorporation of a Pt metal center into the DPP.  

  



84 

 

CHAPTER 4  

ULTRAFAST PHOTOINDUCED ELECTRON TRANSFER IN A -CONJUGATED 

OLIGOMER/PORPHYRIN COMPLEX  

 

4.1. Introduction 

In 1986, Tang reported the construction of the first bilayer organic photovoltaic 

(OPV) cell using copper phthalocyanine and perylene tetracarboxylic derivatives.153 The 

key photophysical processes in this type of device are exciton generation in the light-

absorbing phase, exciton dissociation at the interface, and free charge carrier migration 

and collection at opposite electrodes.154,155 Since this first report, the search for donor 

and acceptor candidates for solar cells has rapidly expanded.156-158 In this respect, 

porphyrins, the essential chromophores in nature’s most efficient energy conversion 

device,159 have received particular attention due to their excellent thermal stabilities, 

strong visible light absorptions, and remarkable photoelectrochemical properties.160-162 

In addition, a vast array of research pertaining to -conjugated polymers and oligomers 

has been motivated by their efficient light harvesting, structural versatility, and intrinsic 

charge transport behavior.127-128 As we discussed in chapter 3, there has been recent 

specific interest in diketopyrrolopyrrole (DPP)-based donor-acceptor-donor oligomers in 

OPV applications due to the excellent light harvesting properties of this chromophore. 

Stemming from our special interest to observe the effect of the incorporation of heavy 
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metals into -conjugated chromophores for the exploration of the triplet state and its 

impact on solar cells, we tried to explore metallated DPP derivatives.131, 163-165  

In this chapter, we extended our investigation to study the interaction between 

5,10,15,20-tetra(1-methyl-4-pyridino)porphyrin tetra(chloride) (TMPyP) and 5,10,15,20-

tetra(4-pyridyl)porphyrin (TPyP) with DPP-Pt(acac) in dichloromethane 

(DCM):dimethylformamide (DMF) mixtures. The chemical structures of all materials 

used in this study are shown in Figure 4.1. Interestingly, unique ground- and excited-

state charge transfer (CT) interactions between cationic porphyrin and the 

organometallic π-conjugated oligomer are observed. The TMPyP/DPP-Pt(acac) system 

exhibits a specific ground state interaction that brings the chromophores into close 

molecular proximity, allowing ultrafast photoinduced CT to occur, which is then probed 

by femtosecond (fs) transient absorption spectroscopy. Interestingly, unlike many other 

charge transfer systems,148-150, 166 the CT from DPP-Pt(acac) to TMPyP is ultrafast, and 

the CR is very slow, which makes the current donor-acceptor system promising for 

potential applications in organic solar cells.  

  



86 

 

  

Figure 4.1 Schematics of the chemical structures of DPP, DPP-Pt(acac), 

TPyP, and TMPyP, which are used in this study. 
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4.2. Results and Discussions 

4.2.1. UV-Visible Absorption and Photoluminescence Spectroscopy 

The absorption and fluorescence of DPP-Pt(acac) during the successive addition 

of TMPyP were recorded. The experimental apparatus and conductions are described in 

appendix A, section A3(I). As shown in Figure 4.2A, the ground state absorption of DPP-

Pt(acac) features a 0-0 transition band with max ~ 670 nm ( ~ 42,000 M-1cm-1).125 Free-

base TMPyP exhibits an intense Soret-band (S0-S2) at 424 nm and four Q-bands (S0-S1) 

over the range 500-630 nm.167-168 No significant change is observed in the absorption of 

DPP-Pt(acac) upon the addition of TMPyP, while only a slight red-shift of approximately 

5 nm is observed in the ground state absorption of TMPyP, indicating a ground-state 

interaction between the DPP-Pt(acac) and TMPyP chromophores. Photoluminescence 

spectroscopy (see Figure 4.2B) of DPP-Pt(acac) reveals a broad fluorescence band 

extending over the range 600-850 nm with a maximum and vibrionic shoulder at 707 

and 750 nm, respectively. Successive addition of TMPyP resulted in efficient quenching 

of the DPP-Pt(acac) fluorescence with a Stern-Volmer constant KSV ~ 2.2 x 104 M-1 

(extrapolated from the low quencher concentration).  

Stern-Volmer Plot 

As seen in the inset of Figure 4.2B, the Stern-Volmer plot exhibits upward 

curvature, suggesting a mixed dynamic and static quenching mechanism for the DPP-

Pt(acac) fluorescence by TMPyP. However, a straight line is obtained for a modified 

Stern-Volmer equation (see Figure S1-3), supporting the idea that the quenching occurs  
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Figure 4.2 (A) Absorption and (B) fluorescence spectra of DPP-Pt(acac) using λex = 660 

nm in DCM:DMF (1:1) mixture with varying concentrations of TMPyP as 

indicated in the figure. Inset: Stern-Volmer plot. In the fluorescence 

quenching experiment, DPP-Pt(acac) is selectively excited at 660 nm, 

precluding any contribution from inner filter effects due to increased 

absorption by TMPyP. 

predominantly via a static mechanism.169 This quenching of DPP-Pt(acac) fluorescence 

upon the addition of TMPyP suggests that photoinduced CT occurs between DPP-

Pt(acac) as the donor and TMPyP as acceptor. It is worth mentioning that Cl- ion can 

quench the phosphorescence but not the short-lived fluorescence.170 In addition, the 
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concentration of Cl- present as a counter-ion is extremely low. Knowing that the SV 

constant 𝐾𝑆𝑉 and bimolecular quenching 𝐾𝑞 rate are described by the equation 

 𝐾𝑆𝑉 = 𝐾𝑞𝜏0 (4) 

where 𝐾𝑞 is the bimolecular quenching rate constant and o is the fluorescence lifetime 

of DPP-Pt(acac) (130 ps), we compute 𝐾𝑞 ≈ 1.6 x 1014 M-1 s-1. This quenching rate is well 

in excess of the diffusion controlled limit (estimated rate for TMPyP diffusion ~ 4.5 x 109 

using the Stokes-Einstein equation in DMF under the current experimental 

conditions),171 establishing the fact that the quenching is due to the formation of a 

ground state complex between the two chromophores. 

To explore the influence of the porphyrin molecular structure and charge 

localization on the interaction with DPP-Pt(acac), we selected a closely related neutral 

porphyrin, TPyP. In this case, the absorption and fluorescence of DPP-Pt(acac) are 

unchanged upon TPyP addition, clearly indicating the absence of electronic interaction 

or CT complex formation between DPP-Pt(acac) and TPyP. This observation raises an 

important question regarding the impact of the molecular structure on the ground- and 

excited-state TMPyP/DPP-Pt(acac) interactions. First, it is very likely that the cationic 

charge on TMPyP is crucial for the ground-state complex formation with DPP-Pt(acac). 

However, it is interesting that mixing TMPyP with a solution of DPP oligomer also results 

in no change in either the steady-state absorption or the fluorescence spectra. This 

result indicates that the molecular structure and cationic charge on the porphyrin are 

not the only requirements for the interaction; the ortho-metallated Pt(acac) unit is also 

key for switching the interaction on/off. Based on these results, we suggest that the 
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interaction involves a charge transfer interaction between TMPyP (acceptor) and DPP-

Pt(acac) (donor) in which one of the ortho-metallated Pt(acac) units is directly involved. 

This ground-state complex formation brings the TMPyP and DPP-Pt(acac) units into 

close proximity, allowing ultrafast photoinduced CT to occur. 

4.2.2. Femtosecond Transient Absorption Spectroscopy 

Since fs-TA spectroscopy provides direct information regarding excited-state CT 

and charge-recombination (CR),172-173 we utilized this method to probe the events that 

occur upon photoexcitation of the DPP-Pt(acac)/TMPyP complex. Figure 4.3 shows the 

TA spectra of DPP-Pt(acac) after 680 nm pulse excitation without and with TMPyP (c = 

0.05 and 0.4 mM). First, Figure 4.3A shows the transient absorption spectra of DPP-

Pt(acac) in the absence of porphyrin following 680 nm excitation. As can be clearly seen, 

in addition to the strong bleaching over the range 550-700 nm due to ground state 

depletion (GSB), a broad excited-state absorption extending over the range 670-820 nm 

grows in over a 400 ps timescale. The rising absorption feature is attributed to the DPP-

Pt(acac) triplet state. The growth of the triplet follows a single exponential with  = 130 

ps. This relatively rapid rate of intersystem crossing is attributed to the influence of the 

cyclometallated Pt(acac) units, which enhance spin-orbit coupling.131, 163-164  Second, as 

shown in Figures 4.3(B and C), the addition of TMPyP to the DPP-Pt(acac) solution 

resulted in the formation of a new absorption feature with a peak at 760 nm and a 

shoulder at 715 nm. The rise-time of this new band is approximately 1.5 ps, considerably 

faster than the intersystem crossing of DPP-Pt(acac) in the absence of porphyrin. This 
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new spectral feature was more clearly resolved as the TMPyP concentration increased 

from 5 x 10-5 M to 4 x 10-4 M. Based on the literature, the band at 760 nm can be 

attributed to the reduced form of TMPyP (which is technically a radical trication).174-176  

 

Figure 4.3 Transient absorption spectra after 680 nm pulse excitation collected in 

DCM:DMF mixtures at different delay times (indicated on the graph) of (A) 

DPP-Pt(acac), (B) DPP-Pt(acac) + TMPyP [50 µM] and (C) DPP-Pt(acac) + 

TMPyP [0.4 mM]. Note the different spread of probe delay times used in A, B 

and C (decreasing A to C). 
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To confirm the suggested DPP-Pt(acac) to TMPyP electron transfer, it is important to 

determine the absorption of the DPP-Pt(acac) radical cation. In control experiments, the 

DPP-Pt(acac) radical cation was produced by pump-probe experiments using two 

different common electron acceptors, i.e., tetracyanoethylene (TCNE), as we discussed 

in chapter 3, and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).177-181 The resulting 

transient difference-absorption spectra are displayed in Figures SB(4 and 5), revealing a 

featureless band over the range 700-800 nm with a well-resolved shoulder at 715 nm. 

Further support for the suggested CT arises from the formation of the ground-state 

bleach of TMPyP at 417 nm after DPP-Pt(acac) selective excitation (see Figure 4.4). 

Based on this finding, it is very likely that the shoulder at 715 nm in the DPP-

Pt(acac)/TMPyP system is due to the radical cation of DPP-Pt(acac), supporting the 

premise for photoinduced CT. On the basis of the TMPyP reduction potential (-1.01 V)182 

and the oxidation potential and singlet excited state energy of DPP-Pt(acac) (+0.79 V 

and 1.82 eV, respectively, electrochemical potentials are in V vs Ag/Ag+), we estimate 

that photoinduced DPP-Pt(acac) to TMPyP CT is weakly exoergic (further evidence for 

the CT process arises from the observation of the GSB of TMPyP at 417 nm after DPP-

Pt(acac) selective excitation). 
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Figure 4.4 TA collected at different delay times (indicated on the graph) after 560 nm 

pulse excitation of DPP-Pt(acac) + TMPyP [0.1 mM] in (DMF) /(DCM) [1:1]. 

 

Figure 4.5 (A) Kinetic traces at 765 nm of DPP-Pt(acac) + TMPyP [0, 0.05, 0.4 mM] after 

680 nm pulse excitation in DCM:DMF mixtures. (B) Kinetic traces at 417, 612, 

715 and 765 nm of DPP-Pt(acac) + TMPyP [0.4 mM] after 560 nm pulse 

excitation in DCM:DMF. 
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4.2.3. Excited State Dynamics 

To probe the dynamics of the DPP-Pt(acac) to TMPyP photoinduced CT, the TA 

kinetics were measured at specific wavelengths as a function of TMPyP concentration 

(Figure 4.5). Inspection of Figure 4.3 reveals that, by probing at 765 nm, it is possible to 

follow the rise of the triplet state (for DPP-Pt(acac) alone) or the CT state (for DPP-

Pt(acac)/TMPyP). As shown in Figure 4.5A, with DPP-Pt(acac) alone, the rise follows a 

single exponential  = 130 ps. As noted above, this rise corresponds to the rate of S1  

T1 intersystem crossing. By contrast, the rise kinetics at the same wavelength for the 

DPP-Pt(acac)/TMPyP complex are more than an order of magnitude faster than ISC, 

providing clear evidence for a strong electronic coupling between the chromophores 

giving rise to ultrafast CT. The CT rate in DPP-Pt(acac)/TMPyP is faster than observed in 

porphyrin-Pt(terpyridine) dyads183 and comparable to that of a linked Pt-acetylide-PCBM 

assembly.184 As shown in Figure 4.5B, the absorption of the CT state persists throughout 

the timescale accessible with our TA system (~ 3 ns), and GSB recovery reached a 

plateau (no further recovery), providing evidence for long-lived CS likely due to the 

dissociation of the contact radical ion pair into free ions. In this regard, the long-lived 

charge-separated state in this system is promising for organic solar applications.185-187 As 

shown in Figure 4.5B, the cation and anion radical lifetimes are much longer than the 

maximum time window of our TA setup, and accurate time constants from these fits can 

be extracted or discussed.  
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4.2.4. The Effect of Molecular Structure on CT  

The impact of the molecular structure on the oligomer/porphyrin CT interaction 

was examined by performing TA on DPP-Pt(acac) in the presence and absence of TPyP 

(neutral porphyrin), as shown in Figure 4.6, as well as on DPP with TMPyP; the spectra 

are given in Figure 4.7. In these cases, no changes are detected, and the kinetic traces in 

the two solutions are identical, providing a clear indication of the absence of 

photoinduced CT in either the DPP-Pt(acac)/TPyP or DPP/TMPyP systems. This result is 

consistent with the conclusion derived from the study of the ground-state absorption 

and fluorescence spectra. Interestingly, the TA results show that the CT process is 

switched off when DPP-Pt(acac) is replaced by DPP or when TMPyP is replaced by TPyP. 

This result is important because it indicates that both the positive charge on the 

porphyrin and the orthometallated Pt units in the oligomer are needed for CT complex 

formation. While the exact nature of the interaction is unknown, it is likely that the CT 

complex between TMPyP and DPP-Pt(acac) involves the square-planar Pt(II) units in the 

oligomer.  
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Figure 4.6  (A) Transient Absorption of DPP-Pt(acac) + TPyP [0.2 mM] after 680 nm pulse 

excitation and (B) kinetic traces collected at 760 nm in dichloromethane 

(DCM). 



97 

 

 

Figure 4.7 Averaged transient absorption spectra of DPP at the indicated delay time 

windows after 480 nm pulse excitation (A) without and (B) with TMPyP [0.4 

mM] in DCM:DMF mixtures. (C) Kinetic traces at 755 nm of DPP with (green) 

and without TMPyP (red); the solid blue line is the calculated fit. 
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4.3. Conclusion 

We report for the first time the ultrafast on/off charge transfer between a new 

platinum-containing oligomer as the electron donor and different porphyrin structures 

as the electron acceptors. We found that both the metallic center in the DPP-Pt(acac) 

oligomer and the positive charge on the porphyrin are required to switch on the 

reaction. In addition, turning the CT on/off can also be achieved by replacing DPP-

Pt(acac) with structurally similar organic oligomers with no metal centers regardless of 

the structure of the porphyrins. This finding provides additional support indicating that 

the metal center and the positive charge of the porphyrin are the keys to turning the 

process on/off. Finally, the measured fast CT and slow CR make the current donor-

acceptor system promising for potential applications in organic solar cells. 
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CHAPTER 5  

SUMMARY AND OUTLOOK 

 

In organic donor–acceptor systems, controlling charge transfer (CT), charge 

separation (CS), and charge recombination (CR) at interfaces is extremely important to 

optimize the power conversion efficiency in solar cell devices. In general, a profound 

understanding of these photophysical processes at device interfaces is extremely 

important, but they have been studied only superficially, creating a major bottleneck 

that circumvents advancements and the optimization of solar cells. 

In chapter 2, we explored the significant impact of ultrafast CS and CR at D/A 

interfaces on device performance of a conjugated polymer PTB7-Th with three FAs:  

PC71BM, PC61BM and IC60BA. The results from time-resolved laser spectroscopy and 

high-resolution electron microscopy are examined to provide the fundamental 

information necessary to fabricate and optimize the performances of organic solar cell 

devices. CT and CS are monitored in real time at the interface between three fullerene 

acceptors (FAs: PC71BM, PC61BM, and IC60BA) and PTB7-Th as the donor polymer. The 

femtosecond transient absorption (fs-TA) data demonstrate that photoinduced electron 

transfer from the PTB7-Th polymer to each FA occurs on the sub-picosecond time scale, 

leading to the formation of long-lived radical ions. The power conversion efficiency 

improves from 2% in IC60BA-based solar cells to >9% in PC71BM-based devices, in 

support of our time-resolved results (see Figure 5.1). The insights reported in this work 
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provide a clear understanding of the key variables involved at the device interfaces, 

paving the way for the exploitation of efficient CS and subsequently improving the 

photoconversion efficiency. 

 

 

Figure 5.1 Schematic diagram of the device fabrication process for the D/FAs active 

layer. 

In chapter 3, we continued our investigation of the bimolecular PET from the 

donor polymer to an electron acceptor in solution by focusing on tetracyanoethylene 

(TCNE) as the electron acceptor. Here, singlet-to-triplet intersystem crossing (ISC) and 

photoinduced electron transfer (PET) of platinum(II)-containing diketopyrrolopyrrole 
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(DPP) oligomers in the presence and absence of tetracyanoethylene (TCNE) were 

investigated using femtosecond and nanosecond transient absorption spectroscopies 

with broadband capabilities. The effect of incorporating platinum(II) on the 

photophysical properties of DPP molecule was evaluated by comparing the excited-state 

dynamics of DPP with and without Pt metal centers. The detailed study indicates that a 

Pt(II) center is essential to controlling the PET mechanism from the donor (DPP-Pt(acac) 

or DPP) to the TCNE electron acceptor (see Figure 5.2). Steady-state and time-resolved 

data demonstrate that the most influential role of the incorporated Pt(II) is to facilitate 

interactions between DPP-Pt(acac) with TCNE, resulting in the formation of a CT 

complex, which, in contrast, is absent in the DPP/TCNE system. The TA results show the 

possibility of switching the reaction mechanism from a diffusion-controlled process to a 

static process via incorporation of a Pt metal center into DPP.  

 

 

Figure 5.2 Schematic diagram showing the static and diffusion-controlled mechanisms of 

PET from the DPP-Pt(acac) and DPP oligomers to TCNE. 
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In chapter 4, the ultrafast excited-state CT between the platinum oligomer (DPP-

Pt(acac)) as an electron donor and porphyrin as an electron acceptor was monitored for 

the first time using femtosecond (fs) transient absorption (TA) spectroscopy with broad-

band capability and 120 fs temporal resolution. Turning the CT on/off has been shown 

to be possible either by switching from an organometallic oligomer to a metal-free 

oligomer or by controlling the charge density on the nitrogen atom of the porphyrin 

meso unit. Our time-resolved data show that the CT and CS between DPP-Pt(acac) and 

TMPyP are ultrafast (approximately 1.5 ps), and the CR is slow (ns time scale), as 

inferred from the formations and decays of the cationic and anionic species. The 

metallic center in the DPP-Pt(acac) oligomer and the positive charge on the porphyrin 

are the keys to switching on/off the ultrafast CT process. This finding provides additional 

support indicating that the metal center and the positive charge of the porphyrin are 

the keys to turning the process on/off as illustrated in Figure 5.3.  

 

Figure 5.3 Scheme of on/off electron transfer from DPP-Pt(acac) to TMPyP and TPyP. 
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Outlook:  

Photoinduced electron transfer is one of the most important chemical reactions in 

physical chemistry and solar cells communities. Therefore, the profound understanding of 

such dynamical processes in donor-acceptor systems will be helpful for ultimate 

optimization of solar-cell devices .We next hope to extend these experiments to different 

photoactive materials with a variety of different fullerene and non-fullerene-based 

acceptor materials to evaluate the effect of changes in the energy level alignments on 

charge transfer, charge recombination and subsequently the device performance. More 

specifically, the main goal is not only to provide essential information on the mechanistic 

and kinetic details of the charge transfer process, but also find a clear way to promote it at 

the D/A interfaces. In this case, we may provide key variable components to control the 

charge transfer dynamics and the transfer efficiency at such donor-acceptor systems.   
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APPENDICES 

A. Methods and Experimental Procedures 

 

A.1 Chemicals 

In this work, PC71BM, PC61BM and IC60BA were purchased from Solarmer Energy 

and were used as received. PTB7-Th was purchased from 1-Material Inc. TCNE, N,N-

Dimethylformamide (DMF, anhydrous, 99.8%), chlorobenzene (CB, anhydrous 99.9%) 

and dichloromethane (DCM, anhydrous, 99.8%) were purchased from Sigma-Aldrich 

and used as it is without further purification. TCNE was further purified by crystallization 

from DCM. Dielectric constant () and viscosity () of the solvents used are 36.70; 0.92, 

9.08; 0.45, and 9.93; 0.8 for DMF, DCM, and CB, respectively. 5,10,15,20-tetra(4-

pyridyl)-porphyrin (TPyP) and 5,10,15,20-tetra(1-methyl-4-pyridino)-porphyrin tetra 

chloride (TMPyP) were supplied by Frontier Scientific. DPP was synthetized according to 

the literature.188 DPP-Pt(acac) was synthetized according to scheme given below. 

A.2 Synthetic Procedure of DPP-Pt(acac) 

DPP-boronate ester (0.135 g, 0.121 mmol), Pt(acac) (0.135 g, 0.253 mmol) and 

THF(18 ml) were taken in a two-necked flask and deoxygenated with argon for 45 

minutes. The catalysts, Pd2(dba)3 (6 mg, 0.007 mmol) and Pd(PtBu3)2 (6.2 mg, 0.012 

mmol), were added under strong flow of argon. A degassed 2 ml solution of K3PO4 

(0.154 g, 0.725 mmol) was added promptly to the reaction mixture. Immediately the 
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color of the solution changed to bluish green from pink. Afterwards, the reaction 

mixture was heated to reflux overnight. The solvent was evaporated to dryness under 

vacuum and methanol was added to obtain a dark green residue. The crude product was 

recrystallized from THF/diethyl ether solvent mixture to obtain the product as a shiny 

dark green solid (130 mg, 60%). 

 

Figure A.1 Synthetic procedure of DPP-Pt(acac) 

 

1H NMR (500 MHz, CDCl3): δ 9.02 (d, 1H), δ 8.78 (d, 1H), δ 7.68 (t, 1H), δ 7.33 (s, 2H), δ 

7.23 (d, 1H), δ 6.91 (t, 1H), δ 5.53 (s, 1H), δ 4.07 (d, 2H), δ 2.06 (s, 1H), δ 2.03 (s, 1H), δ 

2.02 (m, 1H), δ 1.28-1.24 (m, 32H), δ 0.87 (m, 6H). 13C NMR (125 MHz, CDCl3, δ): 185.4, 

184.0, 161.5, 147.2, 138.5, 136.8, 128.1, 125.04, 118.4, 117.0, 102.8, 46.4, 38.0, 31.9, 

31.3, 30.2, 29.7, 29.6, 29.4, 29.3, 28.1, 26.9, 26.4, 22.8, 14.2 (some of the quaternary 

carbons is difficult to observe). MALDI-TOF MS (m/z) [M]+ Calcd for C82H110N4O6Pt2S4, 

1766.21; found, 1766.66. 
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Figure A.2 1H NMR (500 MHz, CDCl3) of DPP-Pt(acac). 

Figure A.3 13C NMR (125 MHz, CDCl3) of DPP-Pt(acac). 
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A.3 Spectroscopic Investigations  

I. Steady-State Measurements  

Steady-state absorption and emission spectra of the donor polymers with and 

without acceptors were recorded on a Cary 5000 ultraviolet-visible (UV-Vis-NIR) 

spectrophotometer (Agilent Technologies) and a Fluoromax-4 spectrofluorometer 

(Horiba Scientific), respectively. Measurements were conducted in a rectangular quartz 

cell with a 1-cm optical path. A fixed volume (2 ml) of the starting solution of donors in 

the corresponding solvent was placed in the cell, while aliquots of the quenchers 

dissolved in solvent were added consecutively. The concentration of the polymer donor 

was held constant during all of the measurements. A fixed volume of the quenchers was 

sequentially added into the donors’ solution successively.  

In the measurements in chapter 2, 2 ml of the starting solution of PTB7-Th in CB 

was placed in the cell, while aliquots of the FA quenchers dissolved in CB were added 

consecutively. The concentration of PTB7-Th was held constant at an optical density 

(OD) of 0.7, 0.55 and 0.53 in PTB7-Th/PC71BM, PTB7-Th/PC61BM and PTB7-Th/IC60BA 

systems, respectively. Then, 0-2.61 mM PC71BM was sequentially added into the PTB7-

Th solution, and 0-5 mM PC61BM and IC60BA were successively added to the donor 

solution. The fluorescence spectra were collected for the PTB7-Th polymer with each of 

the three FAs after excitation at 680 nm. However, in the study in chapter 3, the 

concentration of DPP for the DPP/TCNE system in DMF/DCM (4:1) was held constant at 

7.5 μM, as determined by the optical density at the first exciton absorption peak within 

a 2 mm path length cuvette, and a range of 0–30.7 mM TCNE in DMF/DCM (4:1) was 
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added successively to the solution. A similar approach was used for the DPP-

Pt(II)(acac)/TCNE system, where the concentration was held constant at approximately 

9.2-M DPP-Pt(II)(acac) in a mixture of DMF and DCM(4:1), and a range of 0–30.7 mM 

TCNE was used in the DMF/DCM(4:1). Fluorescence spectra were collected after 

excitation at 490 and 600 nm for the DPP/TCNE and DPP-Pt(II)(acac)/TCNE systems, 

respectively. However, in the measurements in chapter 4, in the DPP-Pt(acac)/TMPyP 

system, a range of 0–0.14 mM TMPyP in DCM / DMF (1:1) was added successively to the 

solution of DPP-Pt(acac) in DCM:DMF mixture. Fluorescence spectra were collected 

after excitation at 660 in DCM/DMF (1:1).    

II. Time-resolved Spectroscopy.  

Femtosecond and nanosecond TA spectroscopy measurements (with time 

resolutions of 120 fs and 200 ps and detection limits of 5.5 ns and 400 µs, respectively) 

were measured with the HELIOS and EOS setups (Ultrafast Systems), respectively. 

Femtosecond broadband pump−probe spectroscopy was employed to excite and detect 

the wavelengths around a certain exciton absorption peak of the D. A schematic of the 

experimental setup used in this thesis for the ultraviolet (UV)/visible (vis) pump/NIR 

probe measurements is depicted in Figure A.4. The system constitutes a fundamental 

laser, which is provided by a home built Ti:Sapphire using a chirped pulse amplification 

scheme, producing 35 fs pulses at 800 nm with four mJ of energy/pulse and a repetition 

rate of 1 kHz. The absorption decays were measured with a pump-probe setup in which 

a white-light continuum probe pulse generated by a 2-mm-thick sapphire plate and 

spectrally pump tunable fs pulses (240–2600 nm; a few J pulse energy) generated in an 
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optical parametric amplifier (TOPAS-C stage) selectively excite specific electronic 

transitions within a sample. The probe beam is routed via a computer-controlled delay 

line, adjustable pinholes, focusing lens, and variable neutral density filter to a crystal for 

white light continuum (WLC) generation. Then, the probe beam is directed to the 

sample via a focusing mirror. The delay between the pump and probe pulses can be 

varied to allow TA measurements within 5.8 ns (HELIOS) and 400 μs (EOS) time 

windows. 

 

Figure A.4 Schematic representation of the main components found in our femtosecond 

transient absorption system.189 
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The pump and probe beams are adjusted to overlap spatially and temporally on 

the sample. Following interaction with the sample, the probe beam is directed towards 

a near-infrared spectrometer (InGaAs-NIR) covering the range of 800-1600 nm with 3.5 

nm resolution at 7900 spectra/s or a visible spectrometer (CMOS VIS) covering the 

range of 350-800 nm with 1.5 nm resolution at 9500 spectra/s. The probe beam is 

collected by the chosen spectrometer after passing through wave pass filters that 

attenuate the white light around the Spitfire fundamental at 800 nm. For both the 

HELIOS and EOS systems, a two-channel probe (probe-reference) method is used. In this 

approach, the probe pulse is passed through a beam-splitter before reaching the sample 

to split the beam into two-channels (sample and reference). In this way, a portion is sent 

directly to the sample, while the other is directed to the detector to act as a reference. 

This technique allows dividing out any fluctuations in the probe beam intensity during 

the experiment. The TA spectra are usually averaged until the desired signal-to-noise 

ratio is achieved.  

In the measurements in chapter 2, the pump and probe pulses were overlapped 

in a 2-mm-thick cuvette cell containing PTB7-Th (0.5 OD) in the presence and absence of 

3 mM FAs (PC71BM, PC61BM or IC60BA) in CB and pumped at 760 nm. The transmitted 

probe light from the solution was collected and focused onto a broadband UV-Vis-NIR 

detector to monitor the transient absorbance change (∆A).  

In the experiments in chapter 3, to cover the transient spectra from a few 

hundred fs to ns time delays after photoexcitation, HELIOS and EOS detection systems 
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(Ultrafast systems) with time resolutions of 120 fs and 200 ps and detection limits of 5.5 

ns and 400 µs, respectively, were employed. fs-TA and ns-TA measurements were 

conducted within a 2-mm-thick cuvette cell containing ≈ 0.08 mM DPP or DPP-

Pt(II)(acac) in DMF/DCM (4:1) solution in the presence or absence of 0.02, 0.05, and 0.4 

M TCNE and pumped at 560 nm and 500 nm for fs and ns TA system. The transmitted 

probe light from the solution was collected and focused on a broadband UV-Vis detector 

to monitor the change in transient absorbance (∆A).  

In chapter 4, the pump and probe beams were focused on DPP-Pt(acac) or DPP 

in DCM:DMF in the presence or absence of (0.05–0.4 mM) TMPyP (pumped at 680 nm), 

and the transmitted probe light from the samples was collected and focused on the 

broadband UV-visible detector to record the time-resolved transient absorption spectra.  

All TA experiments were performed at room temperature, and the sample 

solutions were constantly stirred using a magnetic stirrer to ensure a fresh volume was 

available for each laser shot. Furthermore, the absorption spectrum of each sample was 

measured before and after the TA experiments to ensure the absence of any 

degradation. Usually, the TA spectra were averaged until the desired signal-to-noise 

ratio was achieved. Global analysis fitting procedures were then applied to extract the 

kinetics of dynamical processes from the TA spectra. 

III. Time-Correlated Single-Photon Counting (TCSPC) 

To monitor the excitation dynamics on the nanosecond time scale, we conducted 

TCSPC by employing a Halcyone ultrafast spectrometer (Ultrafast Systems, LLC). 
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Halcyone is an all-in-one box using a PMT detector with a spectral range of 200–700 nm, 

where the instrument response function (IRF) is about 250 ps with a time window up 

to 200 μs. This unit was integrated into the existing laser system we described above. 

DPP in the presence and absence of 0.05 and 0.1 M TCNE after laser excitation at 500 

nm were measured in a 2-mm-thick cuvette, and a magnetic stirrer was used to ensure a 

fresh volume of the sample. 

IV. NMR spectra 

NMR spectra were recorded using a Varian Inova-500 FT-NMR (for 1H-500 MHz 

and for 13C-125 MHz). Mass spectra analysis for DPP-Pt(acac) was recorded by Mass 

Spectrometry Services, which is located in house at the University of Florida.  

A.4 Electron Microscopy  

I. Transmission Electron Microscopy (TEM)  

Transmission Electron Microscopy (TEM) is a useful technique to provide 

fundamental structural and crystallographic information about the sample. In brief, this 

technique adopts high-energy electrons to interact with an ultra-thin specimen.190 The 

electron beam is created by an electron gun (e.g., Lanthanum Hexaboride, LaB6) 

positioned at the top of the microscope and then focused on the sample by condenser 

lenses.191 The transmitted beam is directed towards a magnification system which 

consists of several lenses upon interaction with the sample. A phosphor screen is used 

to convert the electron images into photo images, which are detected by a charge-

coupled diode (CCD) camera to obtain digital images that enable data processing.190-191 
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High-resolution TEM uses directly transmitted beams and diffracted ones to produce an 

image of the sample that shows the periodicity of the lattice with high resolution (sub-Å 

level), which enables studying the atomic-level crystal structure and defects.190  

In this work, high-resolution TEM measurements are carried out on a Tecnai F30 

microscope operated at 300 kV and fitted with an energy dispersive X-ray analyzer. The 

TEM technique is used to collect evidence from samples that are sufficiently thin to 

allow the transmission of electrons. A monochromatic beam of electrons is amplified by 

a thin sample of 0.1 to 0.5 μm in transmission electron microscopy. Various diffracted 

beams exist in addition to the transmitted beam, and those are stimulated by an 

objective lens to form a point on the back focal plane near exit side of the specimen. 

This diffraction arrangement is magnified by the other two lenses.  

II. Scanning Electron Microscopy (SEM)  

In scanning electron microscopy (SEM), highly concentrated beams of electrons 

with high-energy are used to yield arrays of signals from the exteriors of solid 

specimens. The signals that are generated from electron-sample interactions would 

provide us with information from the sample that includes the chemical composition, 

external morphology (texture), crystalline structure and orientation of the materials 

making up the sample. 

The working principle of SEM is the point at which the accelerated electrons in SEM 

transfer some energy, which is dispersed in various ways during electron-sample 

interactions when the incident electrons are decelerated in the solid sample. Secondary 
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electrons, backscattered electrons, diffracted electrons, photons, visible light, and heat 

exist in these signals. Typically, secondary electrons and backscattered electrons are 

utilized to image sample substances to show the morphologies and topographies of 

samples. Secondary electrons are the most vital, and backscattered electrons are the 

most valued for the elucidation of contrasts in the compositions of multiphase samples. 

A.5 Device Fabrication  

I. Fabrication of the ZnO ETL 

We emphasized how the structures and properties of RF-sputtered ZnO thin 

films can be used to optimize device statistics. The indium tin oxide (ITO) substrates 

were cleaned as follows: a) washed with detergent and rinsed with deionized (DI) water 

under ultrasonication, b) sonicated in acetone and isopropanol for 30 min each, c) and 

rinsed with DI-water and dried under N2. The cleaned ITO substrates were treated with 

UV-ozone for 10 min before deposition of the ZnO films. The ZnO sputter target (3" dia x 

0.125" thick) with a purity of 99.99% was procured from Plasmaterials, Inc., and ZnO 

thin films were processed at RT by RF sputtering under the working pressure of 5 mTorr 

operated at a cathode power of 120 W. Highly textured crystalline ZnO thin films of 100 

nm were achievable with smooth surfaces (rms roughness ≤ 2 nm) on Angstrom 

Sciences sputtering cathodes for deposition at a constant deposition rate and under 1 × 

10-6 mbar chamber pressure before purging 15 sccm Ar into the chamber. 
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II. Sputtering    

Sputtering is one of the most globally used techniques allowing the deposition of 

various metallic films on wafers, such as molybdenum, aluminum, aluminum alloys, 

platinum, gold, and tungsten. Sputtering is a technology where the atoms dislocate from 

the surface of a material due to high-energy particle collisions. During the sputtering, 

the material is released from the source at a much lower temperature than evaporation. 

The substrate is placed in a vacuum chamber with the source material, called the target, 

and an inert gas (such as argon) is introduced at low pressure. The gas is struck by an RF 

power source causing the gas to become ionized. The ions are accelerated towards the 

target surface, causing the atoms of the source material to break off from the target in 

vapor form and condense on all surfaces comprising the substrate.  

III. Active-layer blend formation 

Each of the three blended active layers, PTB7-Th/PC71BM, PTB7-Th/PC61BM, and 

PTB7-Th/ICBA, were formed by dissolving 20 mg mL−1 of the PTB7-Th donor with one of 

the FAs, PC71BM, PC61BM and ICBA, in CB at a ratio of 1:1.5 (by weight). A 5% by volume 

addition of 1-chloronaphthalene (CN) was stirred into the blend formation overnight at 

60 °C to ensure that the adhesion properties would be retained on the ITO/ZnO 

substrates. The resultant solution was spin coated at 1200 rpm for 45 s to produce an 

~80-nm-thick film. Three different batches of films were deposited with three FAs for 

the comparative device statistics. 
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IV. HTL and Electrode Metallization 

The MoOx (6 nm) HTL and the Ag (anode) metal contact (100 nm) were 

deposited in a vacuum thermal evaporator (Angstrom Sciences) run at 3 × 10−6 mbar 

pressure. The architecture of the device was as follows: ITO/ZnO/PTB7-Th:FA/MoOx/Ag. 

It was completed by a positive electrode (Ag) and a negative electrode (ITO) to produce 

a device with an active area of 0.1 cm2.  

A.6 Device Performance: Current –Voltage (I-V) Measurements 

A typical current density (J)-voltage (V) curve of a PSC device is shown in Figure A-

5. The current density-voltage measurements were carried out with a KEITHLEY Source 

Measurement 2400 and an Air Mass 1.5 G solar simulator with an illumination intensity 

of 100 mW cm−2. Tracer-2 software was used with the Newport solar simulator for PCE 

measurements. Calibration of the simulator’s light intensity was performed by the 

reference KG5 filtered Si diode before device testing.  

 

Figure A.5 Typical current density (J)-voltage (V) curve of PSCs.92 
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Under lighting, the J–V curve shifts down in an amount equal to the 

photocurrent, J, and the device can produce power. Under short circuit conditions (JSC), 

the current flow is at its greatest, and there is no applied bias. Open circuit conditions 

(VOC) typically have no current flow, and this is the point of the maximum 

electrochemical potential of the cell.5  The power conversion efficiency (PCE, η) is the 

primary figure of merit for SCs. The PCE is the ratio of the maximum electrical power, 

Pm, produced by the device to the total incident optical power, Pin, and is defined 

according to equation (5):  

 (𝑃𝐶𝐸, 𝜂) =
𝑃𝑚

𝑃𝑖𝑛
× 100% =

𝑉𝑂𝐶 × 𝐼𝑆𝐶 × 𝐹𝐹

𝑃𝑖𝑛
× 100% (5) 

where FF is the fill factor and is given by equation (6): 

 𝐹𝐹 =
𝐽𝑀𝑃 × 𝑉𝑀𝑃

𝐽𝑆𝐶 × 𝑉𝑂𝐶
 (6) 

where JMP and VMP are the current density and the voltage at the maximum power point, 

respectively. The FF provides a sign of how effectively charges can be removed from a 

cell, and in the ideal case will have a value of unity.192  
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B. Supporting Information 

 

Figure SB.1 The absorption spectra of the three FAs. 
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Figure SB.2 The dynamics of negative band recovery in the PTB7-Th thin film at 720 nm: 

(A) in the absence and presence of PC71BM and (B) in absence and presence 

of IC60BA early on (50ps). The solid lines are the best fits of the data points 

with two exponential functions for negative band recovery. 
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Figure SB.3 Modified Stern-Volmer plot for the fluorescence quenching of DPP-Pt(acac) 

using λex = 660 nm with varying concentrations of TMPyP in 

dimethylformamide (DMF) / dichloromethane (DCM) [1/1]. 
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Figure SB.4 Transient Absorption after 560 nm pulse excitation of DPP-Pt(acac) + 

TCNE[0.05M] (A) in dichloromethane (DCM), (B) in dimethylformamide (DMF) 

/ dichloromethane (DCM) [4/1] and (C) kinetic traces collected at 760 nm. 
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Figure SB.5(A) Transient Absorption after 570 nm pulse excitation of DPP-Pt(acac) + 

PCBM[4 mM] and (B) kinetic traces collected at 760 nm in dichloromethane 

(DCM). 
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