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Abstract 
 

Organic solar cell materials represent a better sustainable alternative relative to inorganic 

materials in terms of lower cost, ease of large-scale processing, better absorptivity, ease of 

tunability, and unique flexibility so as to be used on different kinds of surfaces. With the 

knowledge of the fundamental molecular structure of an organic solar cell material, scientists and 

engineers can predict the electronic and optically-excited properties. Hence, understanding the 

structure-property-function relationships is paramount in optimizing the solar cell device 

performance. This thesis is structured into two sections. The first section focuses on electron 

acceptors in the active layer of bulk heterojunction (BHJ) device architectures, and the second 

section discuses organic and hybrid electron donors.  

In the first section, the optical and photophysical properties of several structural variations 

of a special class of non-fullerene acceptor compound – perylene diimide (PDI), are described in 

substantive details with a number of studies. In the active layer, this material functions as the 

electron acceptor, and acts in tandem as an excellent light-harvester. The first study on 

intramolecular singlet exciton fission (iSEF) in PDI trimers – the generation of two triplet charges 

from one photogenerated singlet, seeks to elucidate the important structural features required to 

obtain high yield triplet formation as a result of multiexciton generation and subsequent separation 

in multichromophoric PDI systems. Time-resolved spectroscopic measurements were used to 

show how the flexibility of the π-bridge connections in these multichromophoric PDI systems, 

strongly affect the triplet yield and triplet formation rate. The results obtained showed that the 

weak electronic coupling observed in the twisted PDI trimer is necessary to activate iSEF in 
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multichromophoric systems. The next chapter is about the effect of ring-fusion on the optically-

excited properties of N-annulated thiophene π-bridged PDI dimers. The results of this study show 

that ring-fusion favors ultrafast photoinduced intramolecular charge transfer (CT) and opens up 

the triplet excited state deactivation pathway that was absent in the unfused dimer. The triplets 

were formed via spin-orbit CT intersystem crossing pathway owing to the strong electronic 

coupling present in the fused-ring thiophene π-bridged dimer. The final chapter about PDIs 

involves two analogous positional isomers, exhibiting twisted vs planar geometries. The results 

confirm an efficient and faster intramolecular CT mechanism (symmetry-breaking) taking place 

in the planar PDI dimer, leading to better device performance despite strong aggregation effects. 

The second section involves the electron-donating portion of the active layer of BHJ 

devices. For donor polymers, the influence of furan vs thiophene π-bridge heterocycles and linear 

vs bulky sidechains on the optical properties of donor–π-bridge–acceptor polymers, was 

investigated. The results showed that the furan π-bridge polymer displayed better solar absorptivity 

and showed a more planar polymeric backbone that correlated to better CT and longer excitonic 

lifetimes. Also, the linear sidechain polymers showed improved solution-processability leading to 

better photophysical properties, like longer fluorescence lifetime, relative to the bulky sidechain 

polymers in BHJs. The final chapter of this dissertation covers three structural variations (Cube, 

Half and Corner) of hybrid silsesquioxanes, functionalized with donor chromophore(s) at the 

edge(s) of the cage unit. Improved excitation energy transport and ultrafast CT was observed in 

the Cube compound relative to the Half and Corner systems attributed to strong electronic 

coupling. A detailed summary of this dissertation alongside a set of molecular geometry guidelines 

for structure-function relationships and future direction, was provided.  
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Chapter 1  
 

Introduction and Background 
 
 

1.1 The World Energy Landscape: Alternative and Renewable Sources 
 

The need to combat climate change, the fluctuation of energy prices due to geo-political 

constraints, the limited reserves of fossil fuels, the rapid population growth, as well as a bid to 

reduce over-dependence on fossil fuel as the main source of energy, has led to the development of 

a more sustainable means of energy. Power generating capacity using renewable energy is on a 

continuous rise despite the decline in oil prices, and lots of investments are continuously made to 

further improve its efficiency and get it to compete reasonably with fossil fuel.1–3 Figure 1.1 shows 

that net additions of renewable power generation capacity clearly outpaced net installations of both 

fossil fuel and nuclear power capacity combined. Renewable energy had another record-breaking 

year in 2019, as the installed power capacity grew more than 200 gigawatts (GW) – its largest 

increase ever.3 Actually, it was reported that producing electricity from renewables nearly 

anywhere in the world is more cost effective than producing it from new coal-fired power plants. 

In a growing number of regions, it has become cheaper to build new wind or solar PV plants than 

to operate existing coal-fired power plants.4,5  

Although renewable energy capacity is rising as observed in Figure 1.1, fossil fuels still 

dominates the energy landscape, supplying about 73% of the global electricity production by the 

end of 2019.3 This leaves fossil fuel as currently the world's primary energy source. Fossil energy 

sources including crude oil, coal and natural gas, are non-renewable resources that formed from 



 2 

decayed prehistoric plants and animals buried by layers of rock. Fossil fuels are finite resources, 

and their extraction can cause significant and irreparable damage to the local environment.6 The 

burning of fossil fuel leads to the release of gases that contribute to the greenhouse effect and could 

potentially lead to catastrophic changes in the Earth’s climate. These major drawbacks have led to 

extensive investigation into more renewable energy sources, technologies, materials, methods, and 

policies. In particular, there has been significant attention given to alternative energy sources such 

as geothermal, hydropower, wind, and solar.  

 
Figure 1.1 Renewable and non-renewable shares of net annual additions in power generating 
capacity (Source: REN21, 2020).3   
 
 Among the renewable sources, hydropower makes up the majority of the estimated 

generation share.2,3,7 Hydropower is energy from water sources such as the ocean, rivers and 

waterfalls. Hydroelectric power generation uses either the flow of water or gravitational potential 

energy of water to drive turbines in order to generate electricity. Next after hydropower, wind 

energy takes up the highest energy share in the renewable energy space as the second most 

technologically advanced renewable energy source.3 For power generation, the kinetic energy of 

wind is harvested using wind turbines. As wind travels in the pathway of the wind turbine, which 
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consists of electrical generator, shaft and rotor blades, the blades will experience forces that cause 

them to overcome the inertia and then start extracting power from the free stream.8 Geothermal 

energy, another renewable source of energy, is the energy contained as heat in the Earth’s interior. 

It is particularly attractive since it is the most concentrated form of so-called “zero-cost” energy 

and it is not subject to diurnal fluctuations or adverse weather changes like hydropower, wind or 

solar.9–11 Bio-power obtained from biofuels (bioethanol, biodiesel), is another renewable source of 

energy.12 These biofuel products, obtained from biomass, are chemically non-toxic in nature and 

biodegradable, in addition to insignificant contribution to CO2 and other particulate matter 

emissions because atmospheric CO2 is required to grow the biomass.13,14  

 The Sun is an enormous source of solar energy. It provides approximately 100,000 

terawatts (TW) to the Earth which is about 10,000 times more than the present rate of the world's 

present energy consumption.15 To put this into perspective, in 90 minutes, enough sunlight strikes 

the earth to provide the entire planet's energy needs for one year. The solar resource is enormous 

compared to our energy needs (see Figure 1.2). The annual amount of energy received from the 

Sun far surpasses the total estimated fossil resources, including uranium fission. It also dwarfs the 

yearly potential of renewable energy deriving from solar energy: photosynthesis (i.e., biomass), 

hydro power and wind power. It can be captured and transformed into heat or electricity. It varies 

in quantity and quality in places but also in time, in ways that are not entirely predictable.16 The 

solar irradiance, i.e. amount of power that the Sun deposits per unit area that is directly exposed to 

sunlight and perpendicular to it, is 1,368 watts per square meter (W/m2) at that distance. This 

measure is called the solar constant. However, sunlight on the surface of our planet is attenuated 

by the earth's atmosphere so less power arrives at the surface – about 1,000 W/m2 in clear 



 4 

conditions when the Sun is near the zenith.16 Solar radiation from the Sun can also be viewed as a 

flux of electromagnetic particles or photons. 

 
Figure 1.2 Total energy resources depicting solar energy as the largest resource on earth. 
 

Solar irradiative energy is easily transformed into heat through absorption by gaseous, 

liquid or solid materials. This is referred to as a solar-thermal process.17–19 This heat can then be 

used in space heating, in sanitary water heating or pool water heating, for evaporating water and 

drying things (notably crops and food). The heat can also be transformed into mechanical work or 

electricity via thermoelectric or thermoelectronic process.20–22 Thermoelectric materials, which 

require no moving parts to convert thermal gradients directly into electricity, are an attractive 

possibility for reliable and inexpensive electricity production. Although, the thermoelectric effect 

has been known for nearly 200 years, materials that can potentially convert heat to electricity 

efficiently enough for widespread use have emerged only since the 1990s.23 The most promising 

materials are nanostructured composites. Quantum-dot or nanowire substructures introduce spikes 

in the density of states to tune the thermopower, and interfaces between the composite materials 

block thermal transport but allow electrical transport.24,25 Future ongoing challenges are to achieve 
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the same performance in nanostructured bulk materials that can handle large amounts of power 

and to use nanodot or nanowire inclusions to control the thermopower.26–28 Finally, the heat can 

also facilitate chemical or physical transformations suitable for industrial processes or the 

manufacture of various energy vectors or fuels, notably hydrogen.29–31 

Solar photons can also be directly transformed into chemical fuel. An estimated 100 TW 

of solar energy go into photosynthesis, the production of sugars and starches from water and carbon 

dioxide via various endothermic reactions.32–34 In nature, there are many examples of metabolic 

systems that convert sunlight and chemicals into high-energy fuels (natural photosynthesis). Green 

plants use an elaborate complex of chlorophyll molecules coupled to a reaction center to split water 

into protons, electrons, and oxygen.35–37 Artificial photosynthesis takes the ultimate step of using 

inanimate components to convert sunlight into chemical fuel.38,39 Here, the antenna units harvest 

sunlight and the excitation energy is funneled to the reaction center where multistep electron-

transfer reactions occur to generate potential that can drive chemical reactions to produce chemical 

energy that can be used and stored by the organism.40–42  

Finally, solar photons can be captured to produce electricity. This is done with the use of 

solar cells or photovoltaic devices that capture photonic energy by exciting electrons across the 

bandgap of a semiconductor, creating electron-hole pairs that are then charge separated. Solar 

energy is one of the major sources of renewable power generation. Out of the 200 GW of new 

renewable power generating capacity installed in 2019 only, around 115 GW was from solar 

photovoltaics, cementing the technology’s status as the leader in new electricity generation 

capacity.3 This is depicted clearly in Figure 1.3. Photovoltaics is developing rapidly, and its costs 

are falling just as fast. Around the world, countries and companies are investing in solar generation 

capacity on an unprecedented scale, and, as a consequence, costs continue to fall, and technologies 
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improve. Solar cells can be used anywhere there is sunlight, on building rooftops, on building 

walls/windows, on roads, on cars. Solar energy holds a number of significant advantages over 

other alternative energy sources in that individuals can invest in their own power generation. Also, 

in solar cells, there are no moving parts, hence lower manufacturing cost and lower down time. 

 
Figure 1.3 Annual additions of renewable power capacity, by technology and total (Source: 
REN21, 2020).3  
 
1.2 Solar Cell History, Applications and Principles  
 

Solar cell or photovoltaic devices comprises of semiconductors used to generate useful 

electrical energy from sunlight. The photovoltaic effect i.e., light induced voltage, was first 

observed in 1839 by a French physicist Edmund Becquerel. The experimental physicist confirmed 

the generation of electrical current when AgCl and platinum electrode in an electrolyte solution 

was exposed to light.43 In 1873, Willoughby Smith discovered that conductivity of the selenium 

rods increased significantly when exposed to sunlight. This was process was later referred to as 

photoconductivity. Smith described the "Effect of light on selenium during the passage of an 

electric current" in an article published in the February 1873 issue of Nature.44 This discovery 
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eventually led to the invention of photoelectric cells. The first working solar module was built in 

1883 by Charles Edgar Fritts. The module was constructed by coating a wide plate of copper with 

selenium and then topped it with an extremely thin semi-transparent layer of gold leaf. In a 

semiconductor material like selenium, the photons from the light source carry enough energy to 

knock poorly held electrons from their atomic orbitals, and when wires are attached to the selenium 

bars, the liberated electrons flow through them in the form of electricity. His device yielded an 

efficiency of ~0.5 %.45 Albert Einstein provided photoelectricity with a scientific framework it had 

previously lacked. In 1905, Einstein postulated that light contains packets of energy which he 

called light quanta (now called photons) and suggested that the amount of power that light quanta 

carry varies according to the wavelength of light.46 This formed the basis of photoelectric effect, 

for which theory could now explain the phenomenon in terms understandable to science. The 

photoelectric effect (Figure 1.4a) describes the release of electrons, referred to as photoelectrons, 

from the surface of a substance in response to incident light, while the photovoltaic effect (Figure 

1.4b) describes the process in which two dissimilar materials in close contact produce an electrical 

voltage and current (photocurrent) when exposed to light. 

 
Figure 1.4 Schematic description of (a) photoelectric effect, (b) photovoltaic effect.  
 

The first US patent for the conversion of sunlight to electricity was received by William 

Coblentz in 1913, and it was titled “Thermal Generator”.47 In 1946, modern silicon solar cells were 
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patented in by Ohl and demonstrated in 1954 by Chapin, Fuller, and Pearson at Bell Laboratories.48 

Their cell employed a single-crystal Si (sc-Si) wafer for light absorption and a p-n junction for 

charge separation, and gave an efficiency of about 6%.49 Ever since, there has been a rise in the 

development of materials and the technology that absorb energy from the Sun and converts to 

electricity. The majority of today’s commercial solar cells still resemble the Bell Laboratories 

cell,49 i.e., they utilize a Si wafer in either single-crystal or polycrystalline form. As time 

progressed, solar technology started receiving the recognition as a possible replacement of fossil 

fuel for electricity generation, then the issue of cost started to factor into the development of an 

efficient solar cell. This will be discussed in a subsequent section of this thesis. 

A solar device functions as a junction diode, although its construction is slightly different 

from conventional p-n junction diodes. Before describing the operating principles of a photovoltaic 

cell, it is critical to discuss the source of light, and the standard used in the solar community to 

describe the solar source. During the process of nuclear fusion, the Sun produces energy in the 

form of electromagnetic waves or electromagnetic radiation (EMR). This radiation is referred to 

as the solar flux. As this EMR passes through the earth's atmosphere, some is reflected, absorbed 

and scattered, resulting in a reduction in the amount that reaches the surface. Light from the Sun 

can be distinguished according to their wavelengths, which determine visible light, infrared and 

ultraviolet radiation. See Figure 1.5 below. The visible light constitutes about 40% of the radiated 

energy, infrared (near infrared) 50% and ultraviolet the remaining 10%.16 The Ozone absorbs 

radiation at wavelengths below 300 nm. Depletion of ozone from the atmosphere allows more 

ultraviolet radiation to reach the Earth, which has harmful effects on earth’s biological systems. 

The intensity of the solar source is not constant. It varies considerably throughout the day, year 

and location. These fluctuations are based on the time of day, weather, latitude and the season, 
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resulting from the earth’s geography and its astronomical movements (its rotation towards the East, 

and its orbiting the Sun).  

 
Figure 1.5 Solar spectrum at the top of the atmosphere and at sea level (Source: IEA, 2011).16 
 

The sun (blackbody, BB) spectrum obtained at a temperature of 5250⁰C is shown in Figure 

1.5. It is called the AM0 spectrum because no atmosphere is traversed, and it matches with the 

“sunlight at top of the atmosphere” spectrum in the figure. The ratio of the actual path length of 

the sunlight to the minimal distance, which is obtained when the Sun is directly overhead (at its 

zenith), is known as the optical air mass. When the Sun is at its zenith, the optical air mass is unity 

and the spectrum is called the air mass 1 or AM1 spectrum.50 When the Sun is set at an angle θ 

with the zenith, the air mass is given by 

 𝐴𝑀 =
1

𝑐𝑜𝑠𝜃 Equation 1.1 

For example, when the Sun is 60⁰ from the zenith i.e., 30⁰ above the horizon, the Earth receives an 

AM2 spectrum and when the Sun is ~48⁰ from the zenith, the Earth receives an AM1.5 spectrum. 

Solar cells are produced by many different companies and laboratories; different solar cell 
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technologies are also investigated and sold. It is therefore paramount to the solar community to 

define conditions that allow a comparison of all the different solar cells and photovoltaic modules. 

These conditions are the standard test conditions (STC), characterized by an irradiance of 1,000 

Wm-2, an AM1.5 and a cell temperature of 25⁰C.50,51 The total irradiance of the AM1.5 spectrum 

is 1000 Wm-2 and is close to the maximum received at the surface of the maximum received at the 

surface of the Earth on a cloudless day. 

The working principle of solar cells is based on the photovoltaic effect. The photovoltaic 

effect can be divided into three processes: (i) The absorption of photons that lead to the generation 

of charge carriers, (ii) The separation of the photo-generated charge carriers, and (iii) The 

collection of the photo-generated charge carriers at the terminals.50 Solar cell device efficiency is 

used to characterize the performance of solar cells under illumination. The power conversion 

efficiency (PCE) is calculated as the ratio between the maximal generated power and the incident 

power and is limited by losses due to the material deficiencies, morphology deficiencies, and 

device deficiencies. Its main parameters are the peak power	𝑃!"#, the short circuit current 

density	𝐽$% , the open circuit voltage	𝑉&%  and the fill factor	𝐹𝐹,50 obtained from the current-voltage 

(J-V) characteristics (Figure 1.6), under standard test conditions (STC) i.e., 𝐼'( = 1000	𝑊/𝑚). 

 𝑃𝐶𝐸 = 	
𝑃!"#
𝐼'(

=	
𝐽*++ ∙ 𝑉*++

𝐼'(
=
𝐽$% ∙ 𝑉&% ∙ 𝐹𝐹

𝐼'(
 Equation 1.2 

The short circuit current density JSC is the current that flows through the external circuit 

when the electrodes of the solar cell are short circuited. It depends on the photon flux incident on 

the solar cell, which is determined by the spectrum of the incident light. In an ideal case, JSC is 

equal to the photo-generated current density Jph flowing an external circuit upon illumination. 

Following a detailed derivation according to Arno Smets et al,50 the photo-generated current 

density Jph of the p-n junction under a uniform photo-generation rate G, is given by: 
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 𝐽,- = 𝑞 ∙ 𝐺 9:
𝑘.𝑇
𝑞 𝜇(𝜏( +:

𝑘.𝑇
𝑞 𝜇,𝜏, +𝑊@ Equation 1.3 

In Equation 1.3, 𝑞 is the elementary charge (1.602 × 10-19 C); 𝐺 represents the photo-generation 

rate;	𝑘. is the Boltzmann’s constant (1.38 × 10-23 J/K); 𝑇 is the temperature; 𝜇( and 𝜇, represents 

the mobility of the electrons and holes, respectively; 𝜏( and 𝜏, represent the lifetime of the charge 

carriers; 𝑊 is the width of the depletion/space-charge region. The width of the depletion region	𝑊 

is not uniformly distributed in the n- and p- regions. It is determined by the doping concentrations 

in the n-type and p-type material.50 

The open circuit voltage VOC is the voltage at which no current flows through the external 

circuit. It is the maximum voltage that a solar cell can deliver when there is no net current through 

the device. It depends on the photo-generated current density Jph and can be calculated from: 

 𝑉&% =
𝑘.𝑇
𝑞 𝑙𝑛 C

𝐽,-
𝐽/
+ 1D Equation 1.4 

In Equation 1.4, 𝐽,- represents photo-generated current density; and 𝐽/ represent saturation 

current density. 𝐽/ depends on the recombination taking place in the solar cell.  

Finally, the fill factor FF is the ratio between the maximum power 𝑃!"# = 𝐽*++ × 𝑉*++ 

generated by the solar cell and the product of 𝑉&%  with	𝐽$%  (See Figure 1.6). 𝐽*++ and	𝑉*++ 

represent the current density and voltage at the “maximum power point”, respectively, which is 

the point on the J-V characteristic of the solar cell, at which the solar cell has the maximal power 

output. Also, in practice, 𝐹𝐹 is often lower due to the presence of resistive losses – series and shunt 

resistances. The fill factor can be expressed as a function of open circuit voltage 𝑉&%  and an ideality 

factor	𝑛 – a measure of the junction quality and the type of recombination in a solar cell.52  
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 𝐹𝐹 =
𝑉&% ∙

𝑞
𝒏𝑘.𝑇

− 𝑙𝑛 H𝑉&% ∙
𝑞

𝒏𝑘.𝑇
+ 0.72L

𝑉&% ∙
𝑞

𝒏𝑘.𝑇
+ 1

 Equation 1.5 

 
Figure 1.6 J-V characteristics of a p-n junction in the dark and under illumination.  
 
1.3 Inorganic Solar Cells and their Operations  
 

Inorganic photovoltaic cells, have dominated the photovoltaic solar energy converter 

space.15 Materials used in inorganic solar cell devices include silicon (Si), group III-V compounds 

such as gallium arsenide (GaAs), gallium antimony (GaSb), indium phosphide (InP) and metal 

chalcogenides such as cadmium telluride (CdTe), copper indium selenide or CIS (CuInSe2), copper 

indium gallium selenide or CIGS (CuInxGa1-xSe2), with silicon dominating over 90% of the market 

share.15,45,53 All of these semiconductors have energy bandgaps within the range 1.1 – 1.7 eV, that 

is, they are near to the optimum energy bandgap (1.5 eV) for solar energy conversion by a single-

junction solar cell.54 The inorganic photovoltaic technologies comprises of single-junction 

crystalline cells, multijunction cells, thin-film cells, and new emerging technologies such as carbon 

nanotubes, hybrid cells, with over 350 companies involved globally in manufacturing PV cells.55 
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The evolution of most of the principal photovoltaic cells, over the last four decades, is shown in 

Figure 1.7, and it suggests the materials and technology with the best solar cell efficiency. 

 
Figure 1.7 Evolution of the world-record lab solar cell efficiencies (Source: NREL, 2020). 
 
 An inorganic solar cell essentially functions as a p-n junction with a large surface area, for 

which electrons and holes are introduced into the junction following photoexcitation and are 

removed at the electrodes. The pure inorganic semiconductor material has to doped to introduce 

into its atomic unit, extra amounts of electrons or holes making it an n-type or p-type material, 

respectively. These two materials are then brought in contact with each other to form a p-n 

junction. See Figure 1.8. The electrical currents are generated in the PV device due to the transport 

of charge by electrons and holes. The two basic transport mechanisms are diffusion and drift.50 

Silicon solar cells are considered as first-generation solar cells. There are several technical 

and economic factors leading to the dominance of Si in the inorganic solar cell industry. Among 

them is the technical know-how developed by the semiconductor industry by the 1970s. Also, 

silicon is an indirect band gap semiconductor and, therefore, requires a relatively thick active layer 
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of up to 1.5 mm to absorb the full solar spectrum. Direct band gap semiconductors like CdTe, CIS, 

require only 1 mm of material to be effective.56 

 
Figure 1.8 Basic architecture of an inorganic solar cell.  
 
There are several variations of silicon that have been used in a silicon solar cell, and they include: 

single-crystal silicon (sc-Si), polycrystalline silicon (poly-Si), amorphous silicon (a-Si), 

microcrystalline silicon (µc-Si) and ribbon silicon (ribbon-Si).45,55 The device efficiency varies 

based on the kind of silicon wafer used (see Figure 1.7). The schematics for the fabrication of sc-

Si cell, given by Meng Tao45 is shown in Figure 1.9. 

 
Figure 1.9 Schematics of the fabrication process of single-crystal Si solar cell: (a) surface 
texturing, (b) n-emitter diffusion, (c) metallization, and (d) antireflection coating.45  
Reproduced with permission from ref 45. Copyright 2008 Electrochemical Society, Inc. 



 15 

 
 Gallium arsenide (GaAs) is the most commonly used cell among the single junction group 

III-V solar cells. It has a similar structure with silicon cells with an energy bandgap of 1.4 eV.55,57 

Advantages of GaAs are high optical absorption coefficients, high resistance to heat, and strong 

resistance to radiation damage. GaAs also has good values of minority carrier lifetimes and 

mobilities (in highly pure, single-crystalline material), making it an excellent material for high-

efficiency solar cells.58 Cadmium telluride (CdTe) is a polycrystalline semiconductor compound 

made of cadmium and tellurium. Its polycrystalline nature makes it show a high level of light 

absorptivity – only about a micrometer thick can absorb 90% of the solar spectrum.57 Another 

advantage is that it is relatively easy and cheaper to manufacture relative to GaAs. A major 

drawback of CdTe for PV cell is the instability of cell and module performance. Another drawback 

is that cadmium is a highly toxic substance, and this has slowed the introduction of this CdTe 

based technology.59,60 Other polycrystalline inorganic PVs are copper indium selenide (CIS) and 

the copper indium gallium selenide (CIGS). They are direct band gap semiconductors with a band 

gap of 1.04 eV at room temperature.60 CIS is one of the most light-absorbent semiconductors – 0.5 

micrometers can absorb 90% of the solar spectrum. One of the disadvantages of CIS is that it is a 

complex material. Its complexity makes it difficult to manufacture. Also, safety issues might be 

another concern in the manufacturing process as it involves hydrogen selenide, an extremely toxic 

gas. 

 
1.4 Organic Solar Cells 
 
1.4.1 History, advantages and disadvantages of organic solar cells 

 Organic semiconductors are a less expensive alternative to inorganic semiconductors like 

silicon, GaAs. Given the possibilities of tailoring the organic molecular structure to improve the 
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photocurrent and of producing low-cost photocells, researchers have been led to look afresh at 

solar cells based on organic semiconductors. Anthracene was the first organic compound in which 

photoconductivity was observed by Pochettino in 190661 and later confirmed by Volmer in 1913.62 

About 50 years later, photovoltaic effects were then observed in common dyes e.g. methylene blue, 

and biological molecules like carotene and chlorophylls. The first kind of organic solar cell device 

structure is the single layer OPV done using organic dyes – porphyrins and phthalocyanines. The 

single layer structure (Figure 1.10a) has an intrinsic limitation in achieving high efficiency 

because the organic layer, which is either p-type or n-type, between electrodes cannot properly 

generate individual charges (holes and electrons) owing to the extremely low charge separation 

yield originated from the nature of tightly-bound excitons in organic semiconductors.63 In 1958, 

Kearns and Calvin worked with magnesium phthalocyanines (MgPC) sandwiched between two 

electrodes of glass, and obtained a voltage of 200 mV.64,65 Polymers were first tested as an active 

layer by Karg et al in 1993,66 and by Marks et al in 1994.67 Poly(p-phenylene vinylene) was 

sandwiched between two electrodes – Indium Tin oxide (ITO) as anode and Al or Mg or Ca as 

cathode, power conversion efficiency (PCE) obtained was 0.1%. They discovered that in the 

presence of atmospheric oxygen, electron abstraction from the polymer increases conductance. 

This led to the inclusion of an electron acceptor component to aid electron separation, which 

became an important finding. Some years prior to this finding, C. W. Tang published a paper on 

the use of a bi-layer OPV cell, comprising of  copper phthalocyanine functioning as a donor 

molecule and perylene tetracarboxylic derivative functioning as an acceptor, to obtain PCE of 1% 

under AM2 solar illumination condition (76 mWcm-2).68 This work had a strong impact on the 

field, and schematic is shown in Figure 1.10b below. These developments and more led to the 

discovery of the bulk heterojunction cell, the future of higher efficiency OPVs (Figure 1.10c). 
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Figure 1.10 Basic schematic of (a) single layer, (b) bi-layer, (c) bulk heterojunction, OPV cell. 
 

Successful largescale commercialization of solar energy depends on three criteria in 

particular: efficiency, lifetime and cost. Organic materials for photovoltaic applications are 

relatively cheap, as they can be manufactured and sold by the kiloton.69 Organic molecules are 

relatively easier to handle than atoms of their inorganic counterpart. This makes the tunability of 

selective properties easier, as well as the need to come up with novel molecular designs to suit a 

particular application or market. Indeed, the number of molecules that could potentially be used in 

an organic solar cell is limited only by the imagination of the synthetic chemist. Organic materials 

(with thicknesses of 50 – 100 nm) have the advantage of being able to absorb light across the entire 

solar spectrum due to the presence of π-bonded electrons which are able to move along the 

delocalized π-orbitals arising from sp2-hybridization states of carbon atoms.70 Furthermore, 

because they are thin, these cells could be manufactured on a roll-to-roll process, transported easily 

and simply unrolled on the customer’s roof, window and/or wall. Other advantages include: low 

weight, semitransparency, easy integration into other products, new market opportunities (e.g. 

wearable PVs), short energy payback times and low environmental impact during manufacturing 

and operations.69 

Unlike in inorganic semiconductors with a 3D crystal lattice forming a CB (conduction 

band) and a VB (valence band) throughout the material, in organic semiconductors, the 

intermolecular forces are too weak to form 3D crystal lattices. This results in the formation of 
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HOMOs (highest occupied molecular orbitals) and LUMOs (lowest unoccupied molecular 

orbitals), instead. Thus charge transport proceeds by hopping between localized states, rather than 

transport within a band.64 This means that charge carrier mobility in organic semiconductors are 

generally low compared to inorganic semiconductors. Also, charge separation is more difficult in 

organic semiconductors due to the low dielectric constant. At room temperature, in many inorganic 

semiconductors, photon absorption produces a free electron and a hole (sometimes called charge 

carriers), whereas in organic semiconductors, the excited electron is bound to the hole commonly 

referred to as an exciton. Another disadvantage of organic solar cells compared to inorganic cells 

is that the exciton diffusion length is relatively small, due to large exciton binding energies.71–73 

Strong electric fields are required to dissociate them into free charge carriers that can contribute to 

the photovoltaic response. These excitons are more likely to become stuck (trapped) due to the 

amorphous nature of organic molecules or recombine and disappear. All these contribute to the 

limitation of the efficiency of organic solar cells. Another concerning disadvantage of organic solar 

cell is its operational lifetime. Overtime, the molecules might react with atmospheric oxygen, 

water, and may also degrade as a result of constant illumination.  

 
1.4.2 Operation of organic solar cells 

 Organic solar cells operate under similar principles as inorganic solar cell, with slight 

differences. A key feature of organic semiconductors that has impacted the design and geometry 

of organic photovoltaic devices is the excitonic character of their optical properties.74,75 While 

optical absorption in a conventional inorganic semiconductor results in the immediate creation of 

free charge carriers, in an organic semiconductor it leads to the formation of a spatially localized 

electron-hole pair, i.e., a Frenkel-type exciton, which is electrically neutral. The key steps in the 



 19 

optical-to-electrical conversion taking place in organic solar cells include optical light absorption 

(exciton formation), exciton diffusion, charge transfer (exciton dissociation) and charge collection. 

 
Figure 1.11 Steps in the photocurrent generation process of organic photovoltaics.  
 
 The first step in the optical-to-electrical conversion process is photon absorption, leading 

to the creation of excitons. An electron is excited from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO). The large extinction coefficients 

of organic semiconductors over a wide wavelength range can lead to a good match with a sizable 

portion of the solar spectrum and efficient light harvesting in layers that are relatively thin. In 

contrast to inorganic semiconductors, the absorption of a photon at room temperature in conjugated 

materials does not lead to free charge carriers but to neutral, bound electron-hole pairs. This is the 

reason why two components, an electron donor and an electron acceptor, are required to promote 

the generation of charge carriers. Knowledge of the light distribution in the solar cell is important 
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to model the steady-state exciton distribution and consequently the photocurrent produced in the 

solar cell.75 

 The generated excitons need to diffuse to the donor-acceptor interface in order to generate 

separated negative and positive charges. This has to occur prior to their decay back to the ground 

state. Hence, the thickness of the organic layers (or phases) has to be comparable to the exciton 

diffusion length	𝐿,	𝐿 = 	 (𝐷𝜏)0 )1 , where 𝐷 is the diffusion coefficient and 𝜏 is the lifetime of the 

exciton. Electric fields do not influence the random motion of excitons, since excitons are neutral 

species. Singlet excitons have been said to move more quickly relative to triplet excitons. The 

migration of singlet excitons has often been described via a Forster resonant energy-transfer 

(FRET) mechanism, which involves the long-range electrostatic coupling between the excitation 

transition dipoles at the initial and final sites; while in the case of triplet excitons, motions are 

considered to be restricted to adjacent sites, because they depend upon a short-range exchange 

(Dexter-type) mechanism relying on orbital overlap.74,75  

For the next step, at the donor/acceptor interface, the excitons can dissociate provided their 

energy is higher than that of charge-transfer or charge-separated states. The exciton binding energy 

is typically large, on the order of or larger than 0.4 eV.76–78 This high value is a reflection not only 

of the rather low dielectric constant of π-conjugated organic materials, but also of the significant 

electron correlation and geometry relaxation effects present in these materials.74,75 In most 

instances, the dissociation process is described as involving a transition from the exciton state 

down to the lowest CT state, which corresponds to the situation where the hole sits on the HOMO 

level of a donor molecule and the electron on the LUMO level of an adjacent acceptor molecule 

(see Figure 1.11). This step is the rate-limiting step in the OPV process. 
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Finally, following the separation of charges, they can diffuse and drift towards their 

respective electrodes with efficiency depending on their mobilities. The nature of the 

electrode/organic layer interfaces is complex. The efficiency of the charge collection process 

cannot be simply determined from the difference between the work-function of the isolated 

electrode and the donor ionization potential (IP) or acceptor electron affinity (EA). Surface 

modification of the electrodes via deposition of self-assembled monolayers is an efficient way to 

enhance the quality of the electrical contact as well as, in particular when dealing with conducting 

oxide electrodes.79 

The external quantum efficiency 𝜂232 is defined as the number of electrons flowing in the 

external circuit per photon incident on the PV cell.80,81 It is given as the product of the efficiencies 

of the four corresponding steps in the charge generation process: 

 𝜂232 = 𝜂4 ∙ 𝜂25 ∙ 𝜂%6 ∙ 𝜂%%  Equation 1.6 

Where 𝜂4 is the efficiency of light absorption within the active region of the solar cell; 𝜂25 is the 

exciton diffusion efficiency to a dissociation site; 𝜂%6 is the charge transfer efficiency, which is 

the efficiency for dissociation of an exciton into a free electron and hole pair at that site; and 𝜂%%  

is the charge collection efficiency. 

 
1.5 Bulk Heterojunction (BHJ) Organic Solar Cells 
 
1.5.1 Description and architecture of a bulk heterojunction (BHJ)  

 For a two-component system – with a polymer as donor (D) and a macromolecule as 

acceptor (A) – bulk heterojunction (BHJ) is referred to as a network of internal donor-acceptor 

(D-A) composites. It involves controlling the nanomorphology of the phase separated D-A 

interpenetrating network composites.82 Through control of the morphology of the phase separation, 

one can achieve a large interfacial area within a bulk material. Ideally, the microphase domains 
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should be no larger than the exciton diffusion length. Bilayers of semiconducting polymers with 

the acceptor compound (e.g. fullerene) show low power conversion efficiency,83 consequently 

interpenetrating phase separated D-A network composites (Figure 1.12) will appear to be the ideal 

photovoltaic material.84–86 This is because any point in the composite is within a few nanometers 

of a D-A interface (mimicking the bilayer in every few nm); such a composite is referred to as a 

BHJ.  

 
Figure 1.12 Different donor-acceptor morphologies of a bulk heterojunction.64  
Reproduced with permission from ref 64. Copyright 2004 Elsevier. 
 
 The bulk heterojunction is the most successful device architecture for polymeric 

photovoltaics because exciton harvesting is made near-perfect by creating a highly folded 

architecture such that all excitons are formed near a heterojunction.87 BHJs are formed by spin-

casting the electron donor polymer and an electron acceptor from a common solvent. The key to 

making efficient BHJ cells, is to ensure that the two materials are intermixed at a length scale less 

than the exciton diffusion length, so that every exciton formed in the electron donor polymer can 

reach an interface with the electron acceptor to undergo charge transfer. Most successful organic 

BHJ cells use transparent metal oxides, such as TiO2 or ZnO, as the electron transport layer, 

because of their high electron mobility, transparency and ease of processing.87 Indium tin oxide 
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(ITO)-coated glass is often used to enable electron transport, and function as the anode of the 

device. The device cathode used for electron collection include Aluminum (Al), Gold (Au). Also, 

the mixture between a conductive polymer, poly(3,4-ethylenedioxythiophene) and anions of 

poly(styrene sulfonate) referred to as PEDOT-PSS, is often used as a hole-transport layer in the 

BHJ architecture.70 

 
Figure 1.13 Device structures for a bulk heterojunction (BHJ) solar cell.63,88  
Left figure reprinted with permission from ref 88. Copyright 2007 American Chemical Society, 
Inc. Right figure reprinted with permission from ref 63. Copyright 2014 Springer Nature. 
 
 In the active layer of BHJs, the pioneer examples of conjugated polymers that have been 

used include MEH-PPV,82,89  MDMO-PPV,90,91 P3HT,92–94 with varying absorption spectrum 

width, HOMO energy level, altering the short-circuit current, open-circuit voltage and fill-factor. 

Common acceptors used in BHJs are fullerenes,95–98 n-type inorganic nanoparticles,99–102 

polymers,84,103–105 and n-type organic non-fullerene (e.g. perylene diimide, ITIC).106–111  The most 

common kind of donor/acceptor BHJ solar cells are the polymer /fullerene BHJs. Since the early 

conceptual works on polymer/fullerene BHJs by Sariciftci et al,89 and Yu et al,82 significant 

progress and breakthrough have been made with these kind of architecture. The science of 

annealing – thermal annealing and room temperature annealing (“solvent-annealing”), that alters 

the size of the phase segregation to reach an optimum phase-segregated morphology, was 
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introduced sometime later. Also, the degree of phase separation and domain size was found to 

depend on solvent choice, speed of evaporation, solubility, miscibility of the donor and acceptor. 

Electron donors and acceptors will be discussed in more detail in subsequent sections. 

 
1.5.2 Donor polymers and macromolecules in the bulk active layer of BHJs 

 Polymer is a high molecular weight substance usually organic, composed of long chains of 

repeating units, each relatively light and simple. The interesting electronic properties of organic 

molecules arise when they have a conjugated chemical structure. This means they are represented 

as having alternating double and single carbon-to-carbon bonds within their structure (see Figure 

1.14). The actual structure is more symmetrical with each carbon atom having three of its valence 

electrons in sp2 hybrid orbitals forming covalent bonds with its two carbon neighbors and with a 

hydrogen atom or other group. The fourth electron occupies a pz orbital, which can interact with 

one of its neighbors to form the second bond of the double bond representation of a conjugated 

molecule. However, collectively, the pz orbitals can overlap to form delocalized π-bonds which 

can extend the full length of the molecule.60 This electronic delocalization provides the “highway” 

for charge mobility along the backbone of the polymer chain. Conducting polymers are the most 

recent generation of polymers. They opened the way to progress in understanding the fundamental 

chemistry and physics of π-bonded macromolecules. They also provided an opportunity to address 

questions that had been of fundamental interest to quantum chemistry for decades: Is there bond 

alternation in long chain polyenes? What is the relative importance of the electron-electron and 

the electron-lattice interactions in π-bonded macromolecules? More importantly, conducting 

polymers offered the promise of achieving a new generation of polymers: materials that exhibit 

the electrical and optical properties of metals or semiconductors and that retain the attractive 

mechanical properties and processing advantages of polymers.112  
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Figure 1.14 The π-conjugated system of conducting polymers.  
 
 Conducting polymers tend to be insoluble and infusible because their interchain electron-

transfer interactions are relatively strong compared with the van der Waals and hydrogen bonding 

interchain interactions typical of saturated polymers.112 Thus, there were serious doubts about the 

processing techniques of π-conjugated polymers. Side chain functionalization – principally used 

for processing semiconducting polymers from solution in organic solvents or from water – became 

a crucial field of study. The side chains decrease the interchain coupling and increase entropy, 

making the processing of these π-conjugated polymer derivatives from solution to be possible. 

Solution processing resulted in materials with improved homogeneity and crystallinity, and with 

correspondingly improved electrical conductivities.112,113 Side-chain functionalization has also 

made it possible to fabricate optically viable thin films for electronic devices, by spin-casting from 

solution. An example is PEDOT-PSS, the important hole-transport layer in the architecture of BHJ 

solar cells, which can be prepared as a stable dispersion in water, and can be spin cast on a thin 

film.114 

In the active layer of BHJ systems, semiconducting π-conjugated polymers function as 

electron donors upon photoexcitation. One of the most important properties of conjugated 

polymers for the design of BHJ solar cells is the bandgap, as it controls their electrical and optical 

characteristics. The bandgap refers to the energy difference between the highest occupied 
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The two most 

investigated polymers for photovoltaic cell application are poly[3-alkyl-thiophenes] (P3ATs), and 

poly[p-phenylene vinylene] (PPV). They have both been considered as low-bandgap polymers. 

Karg et al was the first to investigate PPV for light-emitting and photovoltaic application.66,115 

They investigated the optical and electrical properties of PPV-based OPV devices using the 

ITO/PPV/Al architecture, and obtained VOC of 1 V and PCE of 0.1 %.115 Other well studied 

derivatives of PPV include poly[2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene vinylene] 

(MEH-PPV),116 and poly[2,5-diheptyloxy-p-phenylene vinylene] (HO-PPV).117 Upon the 

nanoscale mixing with acceptor compounds such as, fullerenes, efficiencies up to 2.5 % have been 

observed by employing ITO/PEDOT-PSS/MDMO-PPV:PCBM/LiF/Al device architecture.91 

Gebeyehu and Saricifti et al were the first to investigate P3ATs – specifically poly[3-

octylthiophene] (P3OT) and fullerene – for photovoltaic application.118 They achieved a PCE of 

1.5 % under 10 mW/cm2 monochromatic illumination. Following this, a myriad of studies on 

P3ATs – specifically poly[3-hexylthiophene] (P3HT), have been carried out. Between the year 

2002 and 2010, a total of 579 publications reported the PCE of P3HT:PCBM solar cells, and PCE 

as high as 6.5 % have been observed.81,119 

 
Figure 1.15 Schematics of π-conjugated polymers with D-A structural motif.  
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As the interest in P3HT:PCBM solar cells started to decline in 2015, the use of D-A 

polymers increased.120 Donor-Acceptor (D-A) polymers, depicted in Figure 1.15 are conjugated 

semiconducting polymers which contain a combination π-electron rich (donor) and π-electron 

deficient (acceptor) conjugated moieties arrayed along the polymer chain.121 Unlike in the case of 

compound semiconductors for which the bandgap is tuned via elemental composition, for D-A 

polymers the bandgap tuning is achieved through the choice of donor and acceptor moieties. The 

donor moiety typically determines the energetic positions of the highest occupied molecular orbital 

(HOMO), and the acceptor moiety determines the lowest unoccupied molecular orbital 

(LUMO).122–124 The electronic structure is manipulated because of the built-in intramolecular 

charge transfer (iCT). Using an ICT strategy, new polymers have been developed to better harvest 

the solar spectrum, especially in the 1.4 – 1.9 eV region.123 Among the myriad of electron-donating 

moieties, some common ones include thiophene, oligothiophenes (-TT-), benzodithiophene 

(BDT), benzodifuran (BDF), naphthodithiophene (NDT), naphthodifuran (NDF). Electron-

accepting moieties include diketopyrrolopyrrole (DPP), isoindigo, quinoline, anthrazoline, 

quinoxaline, 2,1,3-benzothiadiazole (BT), thieno[3,4-b]pyrazine (TPZ), benzobisazoles.121,125,126 

Among the myriad of D-A polymers, some common and promising polymers include PTB7, 

PTB7-Th, PDBT-T1, PBDTT-F-TT, P3TEA. Some of the highest PCE achieved for OPV BHJ 

systems have been with these D-A polymers. The approach of forming copolymers of alternating 

electron-rich and electron-poor conjugated moieties has enabled breakthroughs in various fields 

of applications for organic semiconductors and continue to be explored till this day. 

 
1.5.3 Acceptor macromolecules in the bulk active layer of BHJs 

 The basic underlying operational concept of a bulk heterojunction solar cell is that light is 

absorbed in either phase (donor and/or acceptor) of the active layer of the device by creating 
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excitons that diffuse to their interface. The acceptor is critical in a BHJ solar cell. A lot of focus 

has been on the photon absorbing materials that are responsible for donating an electron that is 

used in the generation of electricity, but the organic electron accepting material is equally 

important. The acceptor material accepts the excited electron from the LUMO of electron donor 

polymer, so the LUMO of the acceptor most be low-lying in order to successfully dissociate the 

electron from the exciton created.  The acceptor material can also be directly photoexcited, as is 

the case for efficient BHJ solar cells, in order to generate excitons that can migrate to the donor-

acceptor interface of the organic solar cell. This is represented as A-Ex (Acceptor-excitons) in the 

acceptor layer of the BHJ cell in Figure 1.16 below. Many organic compounds exhibit potential 

properties as electron acceptor material, but only a very few electron acceptor materials can be 

used in highly efficient OPV devices.  

 
Figure 1.16 Processes taking place in a BHJ solar cell. Acceptor material also absorbs a photon 
to create an exciton. 
 
 Fullerene and its derivatives are the most successful electron acceptor materials. The most 

used acceptors in heterojunction cells are the derivatives of fullerene C60, C70, C76, C78 and C84. 

They possess high electron affinity, high photoconductivities, ultrafast photoinduced charge 

separation, slow charge recombination.127–129 Figure 1.17 shows the structure of selected fullerene 

derivatives. One of the most used fullerene derivatives in heterojunction cells is the C60 
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molecule.128,129 It is referred to as the Buckminsterfullerene by Sariciftci et al, and it opened a 

number of new opportunities for semiconducting polymers via the discovery of photo-induced 

electron transfer.89,130 C60 is a redox-active chromophore. It behaves like an electronegative 

molecule which reversibly accepts up to six electrons in solution.131–133 One of the most remarkable 

properties of C60 fullerene in electron-transfer processes is that it efficiently gives rise to a rapid 

photoinduced charge separation and a further slow charge recombination in the dark.134 A problem 

that arises in the preparation of composite films of C60 with π-conjugated polymers is the intrinsic 

incompatibility of the two materials; at higher concentrations, C60 usually phase segregates from 

the conjugated polymer matrix due to a tendency to crystallize. To this regard, in BHJ solar cells, 

C60 derivatives with solubilizing side chains, PC60BM, are often used.135 Also, in order to tune 

some other properties such as absorption, dark conductivity, photoconductivity, higher fullerene 

C70, C76, C78, C84,129 and indene-fullerene have been used as electron acceptor materials in 

OPVs.125 

 
Figure 1.17 Molecular structures of selected fullerene derivative.  
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  Although fullerene acceptors have been utilized in many of the highest performing BHJ 

organic solar cells, they have some significant drawbacks. They are expensive, thermally unstable 

and have limited absorption in the longer wavelength region of the solar spectrum.136 Fullerenes 

also have limited energetics i.e. their energy levels are not tunable. A lot of research efforts have 

been made to develop new electron acceptors characterized by strong intramolecular electron 

push−pull effects to replace the fullerenes; they are generally categorized as non-fullerene 

acceptors (NFAs). Earlier on, due to the difficulties in morphological control, these NFAs showed 

low PCEs in BHJ solar cells. However, this situation have changed recently.137 The PCEs of NFA 

BHJ solar cells have increased dramatically since 2015, now reaching a high value of 18%.138–140 

At present, such a high value is better than the efficiency obtained in the best fullerene-based 

OSCs. The two major classic examples are the rylene diimides (which includes perylene diimides, 

terylene diimides, naphthalene diimides), and fused-ring electron acceptors (which includes ITIC, 

ITCC, IT-M, IT-4F, IDT, IEIC, IEICO-4F).137,141,142 The quick development of NFA BHJ solar 

cells during the past two years has benefited a lot from the synthetic methods, materials design 

strategies and device engineering protocols developed during the past two decades for fullerene-

based OSCs. From the device point of view, the fact that excitons can separate efficiently upon 

negligible driving energies contributes to high PCEs in NFA BHJ solar cells.143–145 As a result, 

they often show high photocurrent and low voltage losses at the same time. In contrast, charge 

separation in fullerene-based BHJ solar cells usually becomes problematic under low driving 

energies, presenting a trade-off between high photocurrent and high photovoltage.146 One of the 

key challenges for NFAs is their anisotropic structures, which unlike for fullerene derivatives 

(isotropic, ball-like structure), makes it more challenging to ensure efficient π–π interactions.147–

149 Therefore, in NFA BHJ organic solar cells, it is critically important to pair the donor polymers 
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with acceptors that have the right chemical structure, which must ensure optimal molecular 

orientation as well as fine-tuned phase separation. The use of NFAs implies new working 

photophysical processes, which could be fundamentally different from those in fullerene-based 

OSCs. Therefore, a major portion of this thesis seeks to uncover and elucidate some of these critical 

processes for varying structural systems of perylene diimide (PDI) – an important NFA. 

 
1.6 Perylene diimide (PDI) Macromolecules as a Non-Fullerene Acceptor (NFA) 
 
 In the class of rylene diimide non-fullerene acceptor, perylene diimide (PDI) or perylene 

bisimide (PBI) is the most widely studied NFA. PDIs exhibit electron affinities comparable with 

those of fullerenes, and in addition the show stronger absorption in the visible and NIR–region of 

the solar spectrum. They are cheaper and better chemical, thermal and photochemical stability in 

comparison to both fullerene and fused-ring non-fullerene acceptors.150 Indeed, the first bilayer 

OSC developed by Tang used a perylene-based acceptor.68 The solubility of PDIs in halogenated 

solvents (commonly used for the preparation of BHJ active layer), can be obtained by inserting 

long alkyl or aryl substituents at the N-positions or at the bay core positions.151 These molecules 

and their derivatives have been used not only as building blocks for electronic and optoelectronic 

devices such as organic light-emitting diodes,152 dye lasers,153 optical switches,92 and 

photodetectors,154 but also as electron acceptors for studying photoinduced energy- and electron-

transfer processes.  

 The parent PDI monomer exhibit flat π-systems as confirmed by X-ray diffraction of several 

single crystals, and in BHJ solar cells, they form 1D π stacks in their crystals. As much as electron 

transport is efficient within a stack, electron transport between stacks is greatly limited. This 

ultimately limits the electron-transport pathways from these domains to the electrodes in the 

organic solar cell device.155,156 Furthermore, the optically generated excitons in some 1D π-stacked 
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PDI aggregates are rapidly deactivated by excimer formation, which act as possible exciton 

traps.157 However, despite these problems, optimized BHJ solar cells consisting of certain 

polymeric donors in combination with the rather simple monomeric PDI have yielded PCEs 

ranging from 3% to 5%.158 It was only recently that the idea of introducing a molecular “twist” 

into the backbone of PDI systems in order to prohibit aggregation, became of great interest. This 

was achieved by using a dimeric system of PDIs connected at their ‘bay’ positions, and sometimes 

including a π-bridge between the two PDI units.159–161 These π-bridge compounds were either 

donor moieties like thiophenes or weak acceptor moieties like isoquinoline-dione, to form A-D-A 

or A-wA-A configurations, respectively. These all showed better BHJ device performance relative 

to monomeric systems. Rajaram et al162 proposed that the disruption of the crystallinity without 

adversely impacting the charge-transfer properties is an important design principle. However, a 

strongly twisted π-conjugation is likely to undermine the charge transport and diminish their 

potential as effective electron acceptors. Later on in the field, there were comparisons between 

twisted PDI dimers and planar PDI monomers, and they all stated how excessive aggregation 

obtained in planar systems limit the device perfomance.108,163 However, comparing a monomer to 

a dimer is not accurate in any regard. Thereafter, our group published a study that determines the 

critical balance between aggregation effect and charge transfer rate in PDI dimeric systems.136 We 

studied two analogous PDI dimeric isomers that each preferentially assumed a planar or twisted 

(by the introduction of steric hindrance) geometry, in order to isolate and study the core effect of 

molecular geometry on aggregation and charge transfer. The two PDI isomers had the exact same 

molecular compositions (same chemical formula), and molecular weight. The results from this 

study are detailed in Chapter 5 of this dissertation.  
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Figure 1.18 Molecular structures of PDI monomer, dimer and trimer with π-bridge connector.  
 
 Other impressive efforts to further improve the performance of PDIs in BHJ solar cells are 

by mimicking the 3D architecture of fullerene, which might enable isotropic charge transport. The 

PDI systems displayed 3D configurations, and indeed better device performance was obtained 

relative to 1D or in most cases 2D systems.106,164–169 PDI linear trimers, tetramers and oligomers 

have also been studied, and they showed high PCEs.170 There are also interests in annulated PDI 

dimers, which comprises of two polycyclic aromatic hydrocarbons tacked in the bay positions, at 

the extreme ends of the compound.171 These polycyclic aromatic hydrocarbons include thiophene, 

selenophene, or pyrrole heterorings, forming S-annulated,172 Se-annulated,173 or N-annulated174–

176 PDI dimers, respectively. These annulated PDI dimers are a novel class of compounds that 

haven’t received much attention, and the structure-function relationships of selected N-annulated 

dimers are clearly elucidated in Chapter 4 of this dissertation. 

 
1.7 Photophysics of the Active Layer (AL) Compounds in Bulk Heterojunctions 
 
1.7.1 Donor polymer photophysics 

 There have been a lot of interest in understanding the photophysics of conducting polymers. 

Illumination of a polymer sample with light past the absorption edge can result in excitation of a 

variety of entities or "particles", and an electron is raised to the LUMO and a hole is left behind in 
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the HOMO. The resulting fate of the electron-hole pair include the formation of polarons, 

bipolarons, singlet excitons, triplet excitons, excimers, aggregates, solitons.177 The formation of 

singlet excitons is the most likely fate for an electron-hole pair generated by optical excitation. 

The electron-hole pair remain on the same chain bound to each other by their electrostatic 

attraction and to a lesser extent by the (relatively small) chain deformation or relaxation they 

cause.177 These excitons are singlets because the electron and hole are created with opposite spin. 

The formation of a polaron requires that the electron and hole be separated sufficiently so that they 

do not interact to form an exciton; this happens if they reside on different polymeric chains in the 

ensemble. This have been studied in good details for poly[p-phenylene vinylene] (PPV) by Murata 

et al using light-induced ESR and theoretical modeling.178 An excimer is a complex between an 

excited state of a molecule and a molecule of the same species in the ground state. It follows that 

the molecules must be close enough for sufficient interaction but not so close that the ground states 

form a new stable molecule.179 Aggregates differ from excimers in that the electronic wave-

function is delocalized over two or more chains in the ground state as well as in the excited state. 

Thus, an aggregate should provide additional absorption, which should be detectable by 

comparison with absorption in the dissolved polymer, as well as the additional emission.177,180 

Photoinduced absorption and fluorescence measurements are used to identify the relevant electron-

hole pairs formed following photoexcitation by observing the photogeneration and recombination 

dynamics. 

 The photophysics of the active layer polymer is strongly affected by the degree of planarity 

of the polymeric backbone. In D-A conjugated polymers, the use of heterocyclic π-bridges (in 

connecting the D- moieties and the A- moieties) can greatly affect the polymeric backbone, in turn 

affecting the photophysical properties of the polymer. The polymeric sidechain on the polymer 
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backbone, to ensure good solubility and miscibility, is also crucial in predicting the optical and 

photopysical properties. The use of bulky or linear sidechains affects the fluorescence lifetime of 

polymers in solution relevant in predicting the excitonic lifetime.181 Quantum chemical 

calculations are often used to complement the photophysical measurements, although many 

assumptions (such as reduced polymer chain, truncated sidechains) are made with the theory, 

altering the accuracy of the theoretical results.177 

 
1.7.2 Donor-Acceptor photophysics and connection to device physics 

 The photophysical properties of the active layer comprising of both a donor and an acceptor 

in the right molecular ratio, garnered so much attention in the early 90s. Photophysical properties 

such as charge transfer (electron transfer), charge recombination, energy transfer, hot exciton 

dissociation, triplet production have been studied. Several optical techniques have been 

implemented. They include steady state absorption and photoluminescence measurements, 

transient absorption measurements, time-resolved fluorescence measurements, electron spin 

resonance (ESR) measurements. One of the pioneers photophysical approach to confirm the charge 

transfer (or ‘doping’) effect in a D-A active layer mixture, is the quenching or suppression of the 

photoluminescence. According to Morita et al,130 increasing the concentration of C60 in a poly(3-

alkylthiophene)-C60 mixture showed the suppression of the high energy peak in the absorption 

spectra (as a new absorption peak emerged in the infrared region) and the drastic quenching of the 

photoluminescence spectra (and a blue-shift). This was associated to electron transfer from the 

poly(3-alkylthiophene) chains to C60 molecule with the formation of P+ polarons. 

 The transient absorption or pump-probe measurement is a powerful tool for studying the 

fundamental photophysics in these materials on a molecular temporal scale.182 A lot of studies 

have been carried out to characterize the photoinduced charge transfer, culminating with a study 
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of the dynamics of electron transfer from semiconducting polymers to acceptors using time-

resolved photoinduced absorption measurements with both IR and visible probes. Polymer–C60 

studies demonstrated that the charge transfer occurs within 50 fs after photoexcitation. Since the 

charge-transfer rate is more than 1000 times faster than any competing process (the luminescence 

lifetime is greater than 300 ps), the quantum efficiency for charge separation approaches 

unity.135,183,184 Charge recombination back to the ground state or to some triplet state can also be 

identified and probed using longer timescale transient absorption spectroscopy.185  

 Understanding the optical and photophysical properties of active layer materials plays a key 

role in predicting the device performance of said materials (see Figure 1.11). The photophysical 

measurement of the molar absorptivity determines the light absorptivity or exciton creation 

capability of the solar device. Obtaining the photophysics of exciton energy transfer, 

photoluminescence quenching helps in predicting the exciton diffusion length of a D-A system. 

Electron transfer, hot exciton dissociation, photophysical studies help in predicting the rate 

determining charge transfer step in the device operation. Finally, charge recombination and even 

triplet production photophysical studies can be used to predict the charge collection time of the 

photovoltaic device. The charge carrier lifetime (or recombination time) should be longer than the 

charge collection time. For these studies, the nanoscale morphology of the D-A mixture strongly 

influences the measured photophysical properties, and in turn the power conversion efficiency in 

the corresponding device, so a careful design of the morphology is required. 

 
1.7.3 Perylene diimide (PDI) photophysics: Charge transfer and triplet production 

 With all the series of structural variations of PDIs, it evidently became important to seek to 

understand the structure–function relationship of these macromolecular systems and the critical 

mechanisms taking place following photoexcitation. One of the fundamental photophysical 
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process is intramolecular charge transfer (CT) and subsequent charge separation (CS). It is 

important to understand how the structure of multichromophoric PDI systems affect the 

intramolecular CT and CS process taking place, towards the effective conversion of solar light. In 

a donor-acceptor (D-A) system either covalently bound (intramolecular) or spatially separated 

(intermolecular), photoinduced electron- (or hole-) transfer process is described in the following 

steps,112 

Step 1: 𝐷 + 𝐴	 → 	𝐷∗ + 𝐴 (donor excitation) 

Step 2: 𝐷∗ + 𝐴	 → (𝐷 − −𝐴)∗ (excitation delocalized on D-A complex) 

Step 3: (𝐷 − −𝐴)∗ 	→ 	 (𝐷89 −−𝐴8:)∗ (charge transfer initiated) 

Step 4: (𝐷89 −−𝐴8:)∗ → (𝐷•9 −−𝐴•:) (ion radical pair formation) 

Step 5: (𝐷•9 −−𝐴•:) 	→ 	𝐷•9 + 𝐴•:  (charge separation) 

The loss mechanism, in which the oppositely charged species (𝐷•9 and	𝐴•:) are brought together 

and annihilate each other, is known as charge recombination. One important function of an 

efficient organic solar cell material is to understand how the initially delocalized charge density 

ultimately localizes in order to facilitate the generation of full charges and to hinder recombination 

to the neutral species. A powerful technique for understanding these transient processes is pump-

probe or transient absorption spectroscopy.182,186 The ultrafast pump pulse triggers an excited state 

reaction *P-P whose dynamics is subsequently probed by a second ultrafast pulse. Since all the 

transitions occur in the electronic band, visible light sources are used in this type of spectroscopy. 

A lot of studies have investigated the CT, CS and subsequent charge recombination processes of 

several structural variations of PDIs.187–191 The charge transfer species of a symmetric PDI 

monomer, P+ and P⁻, have been studied via electrochemistry, and their absorption spectra is shown 

in Figure 1.19a below. This helps in identifying these species as the form and decay when 
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employing transient absorption spectroscopy. Figure 1.19b also shows an easy kinetic scheme for 

photoinduced intramolecular electron transfer in PDIs resulting in the production of a CS state. 

 
Figure 1.19 (a) Absorption, emission spectra of a PDI dimer and the absorption spectra of the 
electrochemically generated cation and anion of a PDI monomer, (b) kinetic scheme for a 
photoinduced intramolecular CS process taking place in a PDI dimer.192  
Reprinted with permission from ref 192. Copyright 2005 American Chemical Society  
 
 Another fundamental photophysical process in PDI systems is triplet production. This could 

take place via conventional intersystem crossing (ISC) – spin orbit charge transfer ISC (SOCT-

ISC) and radical pair ISC (RPISC),193 or via an unconventional process known as singlet exciton 

fission (SEF) – intermolecular or intramolecular.194 Triplets for PDIs are important for 

understanding fundamental photophysics related to photovoltaic applications. There are 

conflicting reports as to the importance of triplets in photovoltaic devices. Zhenyi Yu et al reported 

that the access to the PDI triplet state clearly represents an attractive interest for solar energy 

conversion due to the prolonged exciton diffusion length.195 However, Veldman et al reported that 

triplet formation in PDIs reduces the lifetime of the charge transfer state that serves as a precursor 

for free charge carriers.196 A common fact in both viewpoints is that for PDI systems, the triplet 

formation mechanism occurs from the charge transfer state. Triplet formation via singlet exciton 

fission (SEF) is commonly accepted to be highly beneficial for organic photovoltaic devices. In 
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fact, it believed to allow photovoltaics obtain efficiencies beyond the Shockley–Queisser limit. 

SEF is the process that splits a singlet exciton into two triplet excitons, to be collected as 

independent electrons. A more detailed description of this important process is given in the next 

section, and more specifically, as they occur in PDIs.  

 
1.8 Singlet Exciton Fission 
 
1.8.1 Background of singlet exciton fission in OPV materials 

 Singlet exciton fission (SEF) is the generation of two triplet excitons from one excited singlet 

exciton. It is a multiexciton generation process to increase the yield of excitations per absorbed 

photon (see Figure 1.20a). In this process, a singlet excitation S1 of a molecular chromophore is 

converted into triplet excitations T1 on two molecular chromophores, both of which can then in 

principle generate electron-hole pairs. Singlet fission can therefore be viewed as a special case of 

internal conversion (radiationless transition between two electronic states of equal multiplicity). 

Like many other internal conversion processes, it can be very fast, particularly in molecular 

crystals. The SF process is the inverse of the long known and much studied triplet-triplet 

annihilation.197 Singlet fission was first observed by Siebrand, Schneider et al in crystalline 

anthracene.198 It was subsequently invoked to account for the thermally induced fluorescence 

quenching in crystalline tetracene,199 and confirmed beyond doubt by several studies of tetracene 

and pentacene crystals in rapid succession. A quantitative analysis of the possible contribution of 

SEF to excitonic solar cell efficiency was carried out by Hanna and Nozik.200 For single gap 

photovoltaic devices, the maximum efficiency increases from 33.7 % to 44.4 %. 
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Figure 1.20 (a) Energy level diagram for SEF, (b) extraction of triplet charges in SEF sensitized 
solar cells.  
 
 In the early 2000s, when SEF was applied to photovoltaics, SEF sensitizers were used 

(Figure 1.20b). A suitable sensitizer, based on the energetics of the system, has to be chosen. For 

the efficient operation of a SEF sensitizer, one has to make sure that electron injection from the 

originally excited singlet state S1 is slower than the rate of SEF, while electron injection from the 

triplet state T1 is faster than the decay of the T1 into the ground state S0. This appears feasible, 

given the huge difference between the usual lifetimes of the S1 and T1 states.197 Also limiting 

triplet-triplet annihilation is very important. Annihilation could be a very serious problem in 

dimers and oligomers, in which the triplet excitons cannot diffuse apart as they can in crystals. 

One of the initial design criteria proposed by Paci et al201 for SEF organic materials is the 

availability of two or more chromophoric subunits weakly interacting in the ground state (i.e. weak 

interchromophore coupling). To this regard, two fundamental molecular physics questions that 

may then arise are what are the desirable properties of the individual subunit chromophores? And 

what is the optimal structure for their coupling? Another initial design criterion is the satisfaction 

of the energetics for SEF, 𝐸(𝑆0) ≥ 2𝐸(𝑇0). This requirement, meant to ensure a high yield of SEF, 

is not easy to meet, since in most common chromophores the	𝐸(𝑆0) − 𝐸(𝑇0) gap is considerably 
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smaller than the	𝐸(𝑇0) − 𝐸(𝑆/) gap. Finally, it need not be easy to detect singlet fission even when 

it does take place. Unless the yield of the triplets exceeds 100%, it is natural to assume first that 

they were formed by ordinary spin-orbit induced intersystem crossing.202 This is another important 

criteria for SEF materials. Two mechanistic pathways have been proposed for the formation of 

triplet-pairs, (i) direct two-electron transfer, and (ii) mediated charge transfer (CT). These are 

represented in Figure 1.21. 

 
Figure 1.21 Two pathways from the photoexcitated S1, to the formation of triplet pairs. 
 
1.8.2  Intermolecular and intramolecular singlet exciton fission 

 Majority of the published SEF studies have been about intermolecular SEF i.e., solid state 

(single crystals, polycrystalline thin films) aggregates, wherein the absorption of one photon leads 

to the formation of two triplet excitons on adjacent molecules. Given the nature of this process, 

strong electronic coupling between nearest neighbors is required. In crystalline solids, the 

correlated triplet pairs (TT) rapidly dissociate at room temperature and diffuse apart, making it 

difficult to study their multiexciton states. A bulk of these intermolecular SEF studies involve 

tetracene and pentacene derivatives, and there have also been intermolecular studies in units of 

diketopyrrolopyrrole,203 diphenylisobenzofuran,204,205 polythiophenes,206 carotenoids.207  

In crystalline and solid-state media, the crystal packing and morphology has significant 

effect on SEF rates, and the packing and morphology is often difficult to control. Hence, for OPV 
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devices made with intermolecular SEF chromophores, where solid-state packing interactions are 

crucial, slight perturbations can have a drastic effect on the rate and yield of SEF. To this regards, 

a more suitable approach would be implementation of intramolecular SEF.194,208–210 Another 

benefit of intramolecular SEF is that it provides little insight into the short-range molecular 

interactions that govern singlet fission, which cannot be otherwise obtained from intermolecular 

SEF studies. The first intramolecular SEF study that was carried out was done by Walker et al,211 

and they used very concentrated solutions of TIPS pentacene (~10-2 M). Although excimer 

intermediates were produced, they were able to achieve a singlet-to-triplet yield of ~200%. The 

molecular design strategy for intramolecular SEF were founded on the CT-mediated pathway to 

the formation of triplet-pairs.209,212 However, another strategy involves the covalent coupling of 

two intermolecular SEF chromophores, and carefully tuning the conjugation and spatial dynamics 

within these chromophores.213–215 Some have used a combination of both strategies in the design 

of intramolecular SEF molecules.194,216 

 
Figure 1.22 Representation of intermolecular217 and intramolecular218 singlet exciton fission. 
Left figure reprinted with permission from ref 217. Copyright 2018 Royal Society of Chemistry. 
Right figure reprinted with permission from ref 218. Copyright 2020 Springer Nature. 
 
1.8.3 Singlet exciton fission in perylene diimides (PDIs) 

 Acene derivatives (anthracene, tetracene, pentacene) have been the focus of many 

experimental and theoretical studies as the primary chromophore that undergoes SEF with a high 

triplet quantum yield (up to 200%). There are ranging disadvantages that have hindered their 
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practical applications in actual OPV devices. These include poor solubility in common solvents, 

instability in the presence of oxygen and photo-instability. A few techniques have been tried to 

improve their solubility such as the arylation of tetracene,219 and to improve their stability by 

substitution with cyano groups.220 However, stability is improved for only a couple of months 

whereas for rubrene (phenyl-substituted), it decomposes after a few days on solution. Perylene 

diimide (PDI) and its derivatives have attracted great interest as visible chromophores for energy 

and charge transport studies, especially with regard to potential applications as visible light-

absorbing electron acceptors in organic photovoltaics. Not only are PDIs more thermally and 

photochemically stable than the acene derivatives been explored for SEF, they also exhibit a strong 

propensity to self-organize into ordered assemblies, both in solution and in the solid state via π−π 

stacking interactions, often aided by hydrogen-bonding and nano/microsegregation.221–223 Another 

distinct advantage that PDI derivatives have over SEF acene derivatives that absorb only at shorter 

wavelengths is that PDIs absorb light strongly in the middle of the visible spectrum, so the triplet 

energy is sufficiently high such that hole injection from the triplet manifold into semiconductor 

electrodes should be facile. 

The energetics for SEF 𝐸(𝑆0) ≥ 2𝐸(𝑇0) is satisfied with PDIs. Ford and Kamat reported 

that the lowest triplet-state energy 𝐸(𝑇0) and singlet-state energy 𝐸(𝑆0) of PDI are approximately 

1.19 eV and 2.34 eV, respectively.224 This makes PDIs a potential SEF material. The first SEF 

study on perylene crystals was reported by Albrecht et al in 1979.225 For the first time, SEF 

behavior was investigated in the excimer-forming crystals in trying to obtain information on the 

dynamics of excimer formation from fission experiments. A very detailed study about SEF in 

vapor-deposited polycrystalline thin films of PDI was carried out by Eaton et al in 2013. They 

were able to obtain the crystal structure of the film by X-ray diffraction, which revealed segregated, 
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slip-stacked columns that are π−π stacked at a 3.5 Å interplanar distance.226 More importantly, 

they were able to demonstrate the formation of triplet species via SEF pathway by employing 

femtosecond transient absorption and emission spectroscopy. They obtained a triplet yield of 140% 

and an ultrafast triplet formation time of 180 ps. Subsequently, SEF has also been observed in α-

perylene single crystals,227 and in thin films of terrylenes (a rylene dye) with similar rapid triplet 

formation time and ~200% triplet yield.228,229 These were all done in solid state – intermolecular 

SEF. 

Prior to the study published by our group (Chapter 3), unlike with the intermolecular SEF 

studies, intramolecular SEF investigations of rylene-based compounds was carried out for just 

terrylene diimide (TDI) dimers.216,230 A triptycene or xanthene spacer is used to hold the two TDI 

molecules in a series of π-stacked geometries. The use of this spacer greatly minimizes any 

through-bond coupling between the TDI molecules, and thus mimics the coupling observed in non-

covalent solids. For the TDI compounds, Margulies et al216 discovered that in polar solvents, 

ultrafast CT states are formed that could compete with intramolecular SEF, but in non-polar 

solvents, rapid, high-yield singlet fission occurs. Intramolecular SEF in multichromophoric PDI 

systems, and the suitable molecular structure and coupling strength required to activate SEF, will 

be discussed in more detail in Chapter 3 of this dissertation. 

 
1.9 Big Picture of the Dissertation and Outline 
 
 In the ongoing discussion about solar energy technologies for electricity generation, 

organic solar cells play a vital role in achieving a cost-effective alternative relative to their 

inorganic counterpart. With the intensive research efforts, single-junction devices containing an 

electron donor polymer and an electron acceptor macromolecule in its active layer have been able 

to reach record power conversion efficiencies (PCE) of 18.2%.140 The efficiency-to-cost ratio for 
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organic solar cells has certainly improved and their commercialization are currently underway 

following lifetime (device stability) and scalability analyses.231 The clear pathway to arriving at 

these record efficiencies through organic material research and development, have been explained 

in detail throughout this chapter. There have been extensive improvements in organic synthetic 

procedures, improvement in active-layer nano-/microstructures, improvement in device 

architecture, and most importantly the open communication among material scientists, physical 

scientists, device physicists and synthetic chemists to direct a more targeted design. For the 

continuous improvement of the conversion efficiency of organic solar devices, a clear 

understanding of the fundamental molecular, optical and photophysical properties of the active 

layer materials, is required. 

 This thesis work seeks to elucidate the optical and photophysical properties of organic and 

hybrid materials for organic solar cell application. The structure-property–performance correlation 

of selected materials are investigated by employing state-of-the-art ultrafast laser spectroscopic 

techniques such as steady state absorption and fluorescence, time-resolved fluorescence, two-

photon absorption, pump-probe/transient absorption, to point out the underpinning optical 

processes that make these materials excellent solar cell alternatives. The steady state measurements 

provide molecular structural information and ground-state absorptivity of the materials. Time-

resolved fluorescence measurement is used to obtain information about the photogenerated exciton 

dynamics, used to quantify the exciton lifetime and estimate the mobility of the charge carriers. It 

functions by tracking the emissive species of the excited state after photoexcitation. The two-

photon absorption cross-section, a non-linear optical property, is related to the change in the static 

dipole moment and the transition dipole moment of the molecule. It provides information about 

the intramolecular charge transfer rate and character of the material. The transient absorption 



 46 

technique is able to track the dynamics of both the emissive and non-emissive species formed after 

photoexcitation. These species include singlets, triplets, charge transfer species, excimers, all 

pertinent to organic solar cell processes. The pump-probe techniques (both femtosecond and 

nanosecond) are highly versatile and are used to measure the formation time, the decay time and 

the yield of these photogenerated species.  

 In Chapter 2, more details about all the experimental techniques used will be provided. The 

setup schematics, theory and practical application(s) will be discussed in detail. 

 Chapter 3 presents a study on the physical science of intramolecular singlet exciton fission 

(SEF) in a perylene diimide (PDI) trimer electron acceptor system. The chapter discusses the 

distinct advantages of intramolecular SEF process taking place in A–D-π-bridge–A PDI systems, 

resulting in increased charge density and improved solar device efficiency. The compounds were 

synthesized by the Luping Yu group at the University of Chicago. The project in this chapter 

sought to identify the unique structural and optical properties of A–D-π-bridge–A PDI systems 

that suggest intramolecular SEF is taking place upon photoexcitation, by employing advanced laser 

spectroscopic measurements. This work was published in the Royal Society of Chemistry journal 

– Chemical Science. 

 In Chapter 4, the impact of ring-fusion on the photophysical properties and excited state 

decay pathways in N-annulated thiophene π-bridged PDI dimer systems, is investigated. The study 

was able to show that ring fusion led to an increased electronic coupling between the PDI units of 

the dimer, which in turn led to an increased charge transfer rate and in addition opened up the 

triplet excited-state deactivation pathway that was not present in the unfused dimer. The 

compounds used in this study was synthesized by the Welch group at the University of Calgary, 

and the manuscript for this work is ready to be submitted. 
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 In Chapter 5, two analogous positional isomers exhibiting twisted vs planar geometries 

were optically characterized in order to elucidate the core effects of intramolecular charge transfer 

(iCT) on molecular geometry alone, and the dominance of iCT over aggregation effects in thin 

film. The positional isomers, having the exact same molecular weight and composition, were 

synthesized by the Luping Yu group at the University of Chicago. The optical and electronic 

property characterization was done by employing steady-state and non-linear ultrafast laser 

spectroscopic measurements. This work was published in the journal of Chemistry of Materials. 

 In Chapter 6, the effect of using two different heterocyclic π-bridge compounds (furan vs 

thiophene) on the optical properties of donor–π-bridge–acceptor polymers for organic photovoltaic 

application, was investigated. The effect of linear vs bulky sidechains on the solution 

processability of these polymers, and hence the optical properties were also investigated. These 

polymers were synthesized by the Malika Jeffries-EL group at Boston University. This study was 

published in the Journal of Physical Chemistry C. 

 Chapter 7 encompasses three projects on several variations of silisesquioxane, a 3D-caged 

hybrid semiconductor molecule. These caged compounds were synthesized by the Laine group 

here at the University of Michigan. The ability of these cage compounds to function as electronic 

materials is probed by two-photon absorption measurements, time-resolved measurements and 

pump-probe absorption measurements. The results of this study have been published in the Journal 

of Physical Chemistry C and Macromolecules. 

 Chapter 8 briefly provides an overall summary of the research presented in this dissertation, 

set of guidelines for molecular geometry and future directions on the use of the ultrafast 

spectroscopic techniques as well as on the investigated organic macromolecules.     
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Chapter 2  
 

Experimental Techniques 
 
 
2.1 Overview 
 
 This chapter provides the theoretical background of the various experimental techniques 

and instrumentations used carry out the steady-state, non-linear and time-resolved measurements. 

All the relevant details of the respective techniques used throughout this thesis are provided here. 

Excerpts of these techniques are used in the publications presented in subsequent chapters. 

 
2.2 Steady-State Absorption and Emission Spectroscopy 
 
 The steady-state absorption technique is primarily used to provide background information 

about the ground-state (GS) absorptivity of the molecule. It investigates the linear response of the 

light-matter interactions taking place in a material. The measurement is done using a UV-Vis 

spectrophotometer, meaning that the spectroscopic properties are investigated using a UV (ultra-

violet) and visible light. Measurements are often carried out in solution phase using a cuvette.  

 In UV-Vis absorption spectroscopy, as the sample interacts and absorbs energy in the form 

of packets of light known as photons, there is a transition from the ground state to the excited 

state.1 This transition is what is reflected in what is known as the absorption spectrum, which is a 

measure of absorbed intensity of light as a function of the wavelength (or energy) of the light. The 

absorption process is based on two principal laws: Lambert’s law and Beer’s law, often combined 

as the Beer-Lambert law. Lambert’s law applies for only solvent in a cuvette for which 

concentration is zero.2 It relates the intensity of transmitting light to the path length the light travels. 



 61 

 −
𝑑𝐼(𝑧, 0)
𝑑𝑧 = 𝑎< ∙ 𝐼(𝑧, 0) Equation 2.1  

In Equation 2.1, 𝐼(𝑧, 0) represents the light intensity at path length 𝑧 and concentration of	0, and 

𝑎< is the absorptivity of the pure medium at a certain wavelength. Beer’s law accounts for the 

inclusion of an absorbing solute in the solvent with concentration	𝑐	𝑚𝑜𝑙 𝑙𝑖𝑡⁄ , where	𝑐 ≪ 1. For 

the situation where both Beer and Lambert law apply, the governing equations are, 

Lambert’s law: −
𝜕𝐼(𝑧, 𝑐)
𝜕𝑧 = 𝐼(𝑧, 𝑐)[𝑎< + 𝑔(𝑐)] Equation 2.2  

 
Beer’s law: −

𝜕𝐼(𝑧, 𝑐)
𝜕𝑧 = 𝑘(𝑧) ∙ 𝐼(𝑧, 𝑐) Equation 2.3  

Where 𝑔(𝑐) is a function of concentration only and 𝑘(𝑧) is a function of path length only. Solving 

these two partial differential equations, accounting for the reflectivity at the boundary conditions 

results in the well-known Beer-Lambert equation, given as: 

 𝐴 = −𝑙𝑜𝑔 C
𝐼
𝐼/
D = 𝜀 ∙ 𝑙 ∙ 𝑐 Equation 2.4  

In Equation 2.4, 𝐴 is the absorbance or optical density of the sample; 𝐼/ and 𝐼 represent the 

intensity of the light before and after passing through the sample, respectively (see Figure 2.1); 𝜀 

is the molar extinction coefficient or absorptivity with unit in	𝑀:0𝑐𝑚:0;	𝑙 is the path length of the 

light through the sample or often represented as the cuvette length (𝑐𝑚); 𝑐 is the molar 

concentration of the sample, with unit in 𝑚𝑜𝑙 𝑙⁄  or	𝑀. 

 

 
Figure 2.1 Schematics of the absorption process. 
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The strength of light absorption is reported in the form of molar extinction coefficient (𝜀), 

and in the literature this ranges from 103 to 106 M-1cm-1 for organic molecules. The molar 

extinction coefficient increases with the increasing strength of the organic molecules to absorb 

solar photons and hence could be used to provide an idea of the efficiency of light absorption 𝜂4=> 

(see Figure 1.12). For the projects in this dissertation, absorption measurements were carried out 

with an Agilent 8432 UV-Vis absorption spectrophotometer, and the absorption data was collected 

with the Agilent Chemstation software connected to the device. In the spectrophotometer, the light 

source is a combination of a deuterium-discharge lamp and a tungsten lamp, spanning the 

ultraviolet to the near-infrared range of the electromagnetic, 190 nm – 1100 nm. Optical lenses 

collect the light from the sources and collimate it to pass through the shutter or stray light filter 

into the sample. Starna Cells cuvettes (1 cm x 0.4 cm path length) made with quartz are used 

because unlike glass, quartz have minimum scattering and little to no absorption in the UV.3 

Transmitted light from the cuvette is then dispersed onto a photodetector. Prior to any 

measurement, the spectrophotometer is always blanked with air or the solvent to correct variation 

of the refractive index. 

The steady-state emission technique is used to investigate the fluorescence emission of a 

molecule following photoexcitation. Emission is one of the pathways a photoexcited compound 

can dissipate its excitation energy. Therefore, emission usually occurs at lower energy (higher 

wavelength) than the excitation, producing less photons than what is initially absorbed. Combining 

the fluorescence and absorption spectra can provide information about the molecular structure of 

the compound by quantifying what is known as the Stokes shift. This is the spectral shift to lower 

energy between the absorption light and emitted light after interaction with a sample.1,4 Also, the 

efficiency of photoemission or the amount of radiative species produced following light absorption 
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can estimated by what is referred to as the fluorescence quantum yield	𝜙?. Quantum yield is the 

number of emitted photons relative to the number of absorbed photons. The quantum yield of a 

sample is measured by a comparative method, which involves the use of reference compound with 

known quantum yield value.5 It is expressed mathematically as 

 𝜙?,>"!, = 𝜙?,ABC ∙ b
𝐴ABC
𝐴>"!,

cb
∫ 𝐼?,>"!,
∫ 𝐼?,ABC

cb
𝜂>"!,
𝜂ABC

c
)

 Equation 2.5  

In Equation 2.5, the subscripts 𝑠𝑎𝑚𝑝 and	𝑟𝑒𝑓 denote sample and reference, respectively; 𝐴 is the 

absorbance or optical density at the chosen excitation wavelength (excitation wavelength should 

be same for both sample and reference);	∫ 𝐼? represents the integrated fluorescence intensity cross 

the entire spectrum;	𝜂 is the refractive index. The reference compound is chosen such that it has 

some absorbance at the excitation wavelength of the sample, and its emission spectrum closely 

matches that of the sample. Also, to minimize re-absorption effects, the optical densities of the 

sample and the reference should not exceed 0.1.5 

 Fluorescence measurements were carried out with a Spex FluoroMax-2 and a PTI 

QuantaMaster™ 8000 Series spectrofluorometer, both from HORIBA. The light source in the 

spectrophotometer for excitation is a xenon arc lamp that is mounted vertically. The light beam 

from the arc lamp is focused on the adjustable entrance slit of an excitation monochromator. The 

excitation monochromator (coma-aberration corrected) contains diffraction gratings responsible 

for enabling single wavelength excitation of samples placed in the sample chamber. Standard 1 cm 

quartz Starna Cells cuvettes are used. Fluorescence is collected at 90⁰ relative to the excitation 

source to eliminate background signal and minimize noise due to stray light, using a 

photomultiplier tube (PMT) detector. The emission monochromater also contains gratings placed 

in front of the detector in order to ensure efficient collection at each emission wavelength. Owing 
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to the quantum efficiency of the detector, the computer-controlled spectrofluorometer is sensitive 

in the 185 nm to 900 nm spectral range. 

 
2.3 Transient Absorption Spectroscopy 
 
2.3.1 The science of pump-probe spectroscopy 

 Pump-probe or transient absorption spectroscopy is a very versatile and powerful technique 

for probing and characterizing photochemical and/or photophysical transient (fleeting/short-lived) 

species of molecules.6 Generally, transient absorption (or emission) provide information on the 

electronic properties of transient states, and high-quality kinetic profiles of formation and decay 

can be extracted through various stages of a photochemical or photophysical pathway. Historically, 

Norrish and Porter developed the flash photolysis technique around 1950 before the invention of 

the laser.7,8 Their pioneering study opened a new world of research in a microsecond time domain, 

which enables the detection of short-lived transient species directly. Subsequently, this technique 

has been further improved in temporal resolution with the emergence of short-pulsed lasers 

(femtosecond, picosecond). The combination of a pulsed laser and high-performance multichannel 

spectrometer or photomultiplier tube detector allows for the effective formation and detection of 

transient species respectively. This time-resolved technique can be assembled in various optical 

configurations and span a wide range of timescales from femtosecond to hundreds of nanoseconds. 

 
Figure 2.2 Relevant timescales of pump-probe time-resolved spectroscopy.  
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In photovoltaics, pump-probe is one of the most useful and powerful methods for observing 

transient species such as excitons, charge carriers (cations and anions), triplets, excimers generated 

upon photoexcitation.9 It tracks both the bright and dark state species created upon excitation, 

unlike time-resolved fluorescence measurements. In transient absorption spectroscopy, a fraction 

of the molecules is promoted to an electronically excited state by means of an excitation (or pump) 

pulse. A weak probe pulse (i.e., a pulse that has low intensity, to avoid multiphoton/multistep 

processes) is sent through the sample with a delay, 𝑡 with respect to the pump pulse. A difference 

absorption spectrum is then calculated, i.e., the absorption spectrum of the excited sample minus 

the absorption spectrum of the sample in the ground state (∆𝐴).6 The ∆𝐴 spectrum contains 

contribution from the ground-state bleach (GSB), stimulated emission (SE) and excited-state 

absorption (ESA). See Figure 2.3 below. GSB is observed because after the pump pulse has 

promoted some fraction of molecules to the excited state, the white light probe pulse comes in to 

further excite molecules from the ground-state or bleach the ground-state, resulting in a negative 

∆𝐴 signal that matches the steady-state absorption spectrum. SE occurs when spontaneous 

emission, resulting from the pump pulse action, is stimulated by the probe pulse (same direction 

and phase). This results in an increase of light intensity on the detector, corresponding to a negative 

∆𝐴 signal that matches the fluorescence spectrum. ESA is observed when higher excited states are 

populated with the probe beam following the initial excitation with the pump beam, resulting in a 

positive ∆𝐴 signal. ∆𝐴(𝜆, 𝑡)	contains information on the dynamic processes that occur in the 

photovoltaic system under study, such as vibrational or structural relaxation, excited-state energy 

transfer, electron/charge transfer processes, triplet production via intersystem crossing or singlet 

fission. In order to extract this information, single wavelength analysis in addition to global and/or 

target analysis procedures may be applied.10–12  
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Figure 2.3 Schematics of pump-probe spectroscopy and the ΔA spectrum contribution. 
 
2.3.2 Transient species analysis – single-wavelength, global and target analysis 

Transient species are generated upon photoexcitation and can be probed using laser pulses 

with widths much smaller than its lifetime. The species appear as GSB, SE and ESA signals. These 

species include singlet species (𝑆0 → 𝑆(;	𝑆/ → 𝑆0 and	𝑆0 → 𝑆/), charge transfer species (𝐷9 

and	𝐴:), triplet species (𝑇0 → 𝑇( and	𝑇0 → 𝑇/), etc. A confirmation of the exact nature of the 

species is required prior to any kind of analysis with exponential models. This is done by obtaining 

photophysical information (e.g., steady-state spectral information) about the compound of interest. 

𝑆/ → 𝑆0	and	𝑆0 → 𝑆/	species can be confirmed by matching the GSB and SE signals with the 

steady-state absorption and fluorescence spectra, respectively. In cases where the Stokes shift (i.e., 

the energy difference between the absorption and fluorescence) is small, the GSB and SE might 

appear overlapped. The steady-state absorption and emission can be modeled with two Gaussians 

and convoluted to try to match the obtained overlapped GSB and SE signal. The charge transfer 

species (𝐷9 and	𝐴:) can be confirmed by matching the ESA signal with the absorption spectra of 

electrochemically generated cation and anion, obtained via spectroelectrochemical measurements. 
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𝑇0 → 𝑇(	species can be confirmed by matching the ESA signal with previously reported signals or 

by carrying out oxygen purging measurements, because oxygen is known to quench triplet species.  

Single wavelength analysis provides photophysical information about the photovoltaic 

compound at the selected wavelength of interest. It involves carrying out exponential fittings at 

selected wavelengths to obtain dynamic and lifetime information about the prior-identified 

photogenerated species. The photogenerated species (appearing as band signals) can be identified 

by its absorption wavelength peak, and exponential fits carried out at the wavelength. The 

instrument response function (IRF) is usually accounted for in the exponential fitting. For example, 

carrying out single wavelength analysis at the ESA wavelength peak identified as the absorption 

of cationic species provides information regarding both the formation time (charge separation) and 

the decay time (charge recombination) of the charged species. 

Global analysis is the simultaneous analysis of all the transient species present upon 

photoexcitation. It extracts the relevant species (singlets, triplets, and charge transfer species), the 

evolution spectra and concentration/kinetic profiles. It is a well-known technique for complex data 

analysis to obtain quantitative values for physical constants of interest.10,11 In global analysis, 

∆𝐴(𝜆, 𝑡) is viewed and operated upon as a matrix with vector components in	𝜆 and	𝑡. In this thesis, 

global analysis was carried out via singular value decomposition (SVD) and simultaneous data 

fitting using Glotaran® – a Java-based graphical user interface to the R package TIMP (a problem-

solving environment for fitting superposition models to multi-dimensional data). The program was 

built to support time-resolved spectroscopy data. The model underlying the data matrix is a 

superposition of 𝑛DE!,F>. components given by the equation 

 ∆𝐴(𝜆, 𝑡) = k 𝜀'(𝜆)

(!"#$%&.

'H0

𝑐'(𝑡) Equation 2.6  
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Where 𝜀' and 𝑐' are the unknown spectrum and concentration dynamics of component 𝑖 

respectively. SVD is a matrix factorization technique used to explore the number of spectrally and 

temporally independent components in the data matrix, which is an important aspect of defining 

an initial model.12 The singular values give an indication of the number of independent components 

in the data. The SVD of the data-matrix is  

 ∆𝐴(𝜆, 𝑡)$I5 = k [𝑢((𝜆)
(#().

(H0

∙ 𝑤((𝑡)]𝑆𝑉( Equation 2.7  

Where 𝑛!"#. represent the maximum number of rows and columns; 𝑆𝑉( represent the significant 

values;	𝑢( and 𝑤( are the singular independent vector components of 𝜆 and 𝑡 respectively. The 

singular independent vector components are then modeled sequentially and fitted via an iterative 

modeling technique detailed by Stokkum and Bal.13 The quality of the fit is determined by 

computing the sum of square of errors (SSE). The obtained results include the kinetic parameters, 

the decay associated spectra (DAS), the evolution associated spectra (EAS) (because a sequential 

or unbranched unidirectional model is used), and the concentration profiles. In Target analysis, a 

branched/compartmental model is used. Target analysis involves the combination of global 

analysis SVD approach with the testing of a specific compartmental photophysical model, where 

the ratios of branching are chosen by the user based on prior knowledge about the system under 

study. Similar results are obtained with the Target analysis, only that the EAS spectra is replaced 

with a species associated spectra (SAS). 

 
2.3.3 Femtosecond transient absorption (fsTA) 

It is an ultrafast measurement technique used for monitoring and tracking the ultrafast 

formation (~150 fs) and excited state dynamics of various transient species upon photoexcitation. 

The time-resolution, determined by the temporal overlap or cross-correlation of the pump and 
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probe pulses, is limited by the pulse width of the laser source used to generate the pump and probe 

light. Here, a tunable optical delay line is used to control the arrival time of the probe beam relative 

to the pump beam. Previously in the fsTA measurement, for each delay position, the probe light 

intensity before (𝐼/) and after (𝐼) passing through the sample under constant photoexcitation with 

the pump pulse, has to be known. From the intensity ratio, the change in absorbance is given as 

∆𝐴 = −𝑙𝑜𝑔(𝐼 𝐼/⁄ ).9 However, measuring	𝐼/ at every delay position is a difficult task. The 

invention and use of optical choppers remedy this problem as 𝐼/ doesn’t need to be known to 

obtain	∆𝐴. All that is needed is the intensity of the probe light when the pump light is blocked 

(𝐼,J!,&??) and unblocked (𝐼,J!,&K) by the chopper, whose frequency is synchronized with that 

of the excitation source. This is derived as, 

 ∆𝐴 = 𝐴,J!,&K − 𝐴,J!,&?? Equation 2.8  

 ∆𝐴 = −𝑙𝑜𝑔 b
𝐼,J!,&K
𝐼/,,J!,&K

c − −𝑙𝑜𝑔 b
𝐼,J!,&??
𝐼/,,J!,&??

c Equation 2.9  

Knowing that for the same laser source, the intensity of the white light before hitting the sample, 

whether the pump light is blocked or unblocked, is the same, i.e.	𝐼/,,J!,&K =	 𝐼/,,J!,&??, this 

results to 

 ∆𝐴 = −𝑙𝑜𝑔 b
𝐼,J!,&K
𝐼,J!,&??

c Equation 2.10  

The fsTA setup used for all the projects in this dissertation measures the above parameter at every 

delay position. The setup comprises of three key parts, all synchronized with each other: (a) The 

800 nm light source, (b) the optical parametric amplifier (for pump wavelength selection), and (c) 

the Helios® fsTA spectrometer (optical delay line + white-light generator + spectrometer). Single 

wavelength analysis is carried out using the Surface Xplorer® program developed by Ultrafast 

Systems. Global and Target analyses was carried out using   
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Figure 2.4 Schematics of the femtosecond transient absorption (fsTA) setup. 
 

The 800 nm light source can be split into two parts, (i) low energy, high repetition rate, and 

(ii) high energy (amplified), low repetition rate. The first part comprises of a Spectra Physics 

Millenia Pro® diode-pumped Nd:YVO4 CW laser (532 nm, 4.2 W), pumping a Spectra Physics 

Tsunami® Ti:sapphire oscillator, generating the low energy (3 nJ), high repetition rate (80 MHz), 

~100 fs seed pulses. These seed pulses gets amplified in the second part that comprises of a Spectra 

Physics Empower® Nd:YLF laser (527 nm, 7 W), pumping a Spectra Physics Spitfire® Ti:sapphire 

regenerative amplifier, generating the high energy (1 mJ), low repetition rate (1 kHz), ~130 fs seed 

pulses. In the regenerative amplifier, amplification takes place in three (3) stages. This idea won 

the 2018 Nobel Prize for physics (Gёrard Mourou and Donna Strickland). The seed pulses are first 

of all stretched using a multi-pass grating and mirror combination. Then the stretched pulses are 

selected by polarization using voltage-controlled pockel cells and amplified by passing the 

stretched pulses multiple times (> 20 passes) through the Ti:sapphire amplifier stage (pumped by 

the Empower®). A time-delay generator (TDG) is used to provide accurate timing needed to 
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synchronize the pockel cells to the passage of pulses into and out of the amplification stage. 

Finally, the amplified pulses are recompressed to their original duration using a second multi-pass 

grating and mirror combination. The pulse compression stage can be adjusted for temperature or 

environmental variations using a motion-controlled mirror combination on a translational track to 

set the compressor length for optimum compression. The resulting output pulse is 800 nm, ~130 

fs, 1 mJ, 1 kHz, 1 W (average power) and 7 mm beam diameter. A beam splitter splits the resulting 

output from the Spitfire®, with 15% of the pulse directed into the Helios box (for white probe beam 

generation), while 85% of the pulse is directed into the optical parametric amplifier (OPA) for 

pump wavelength generation. 

The OPA used in this study produces high energy fs pulses that are tunable over a broad 

wavelength (λ) region, 300 nm to 10 μm. An OPA derives gain from a non-linear frequency 

conversion process. In the parametric amplification process, a high intensity pump beam is used 

to amplify a low energy seed beam (white light or signal/idler beam). The Spectra Physics OPA-

800CF used comprises of three stages: (i) white light generation, (ii) pre-amplification (and delay-

stage 1), and (iii) power-amplification (and delay-stage 2). White light is generated by focusing a 

few μJ of the input pulse (~4%) onto a sapphire plate. This produces a 400 – 4400 nm light (limited 

by the optics range) that functions as a seed beam for the generation of a wider-tuning-range and 

more stable output. In the pre-amplification stage, 15% of the remaining input pulse acts as the 

pump beam and the white light as seed beam. The pump beam and seed beam are temporally 

overlapped (using the delay-stage 1) on a type II β-barium borate (BBO) crystal leading to the 1st 

stage amplification, producing a signal + idler beam based on the crystal tuning angle. In the 

power-amplification stage, the other 85% of the remaining input pulse acts as the pump beam and 

the signal + idler output beam acts as the seed beam. These two beams are temporally overlapped 
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(using the delay-stage 2) at the back of the BBO crystal while the signal + idler beam is returning 

after its generation. The resultant beam is a higher energy signal (1100 nm – 1600 nm) + idler 

(1600 – 3100 nm), and a residual 800 nm pump. To obtain further coverage in the visible and mid-

IR spectral region, the following are integrated in the OPA-800CF: (i) second and fourth harmonic 

generation (SHG and FHG) of the signal and idler. SHG = 580 – 1200 nm; FHG = 300 – 600 nm 

(ii) sum-frequency mixing (SFM) of the signal and idler with the residual 800 nm pump. SFM = 

480 – 600 nm (iii) difference frequency mixing (DFM) of the signal and idler with the residual 

800 nm pump. DFM (with an AgGaS2 crystal) = 480 – 600 nm. The selected pump wavelength for 

pump-probe measurement is then sent through an optical chopper that is synchronized with the 

Empower® light source and focused onto the 2 mm quartz cuvette containing the sample that is 

constantly stirred by a rotating magnetic stirrer to minimize sample degradation. 

 
Figure 2.5 Schematics of the femtosecond optical parametric amplifier.  
(Source: Spectra Physics OPA-800C user manual).   
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 The Helios® fsTA spectrometer by Ultrafast Systems comprises of an optical delay line 

(time-window = 1.5 ns; minimum step size = 7 fs), another sapphire plate white light generator 

and a fiber-coupled Ocean Optics® 2000 spectrometer. See Figure 2.4. The 15% of the Spitfire® 

pulse directed into the Helios box passes through the optical delay line, where it is delayed relative 

to the pump beam. The beam then passes through an iris (for controlling intensity), a half-wave 

plate and a polarizer (to set its polarization to magic angle, 54.7⁰). It is then focused onto a sapphire 

plate to generate white light. The white light is then overlapped with the excitation beam in the 

cuvette containing the sample. The white light from the sample is then filtered using a 750 nm 

short wave pass filter to remove the residual 800 nm following the white light generation process, 

and its intensity decreased using a neutral density filter. The filtered light is focused into a fiber-

coupled UV-Vis spectrometer, whose spectral range spans 500 nm (i.e., 350 – 850 nm). Data 

acquisition is controlled by the software from Ultrafast Systems – Helios.  

 
2.3.4 Nanosecond transient absorption (nsTA) 

 Transient absorption with nanosecond time resolution is used to measure transient 

absorption at longer timescales. The fsTA uses laser pulses derived from a single femtosecond 

laser source (see Section 2.3.3) and delayed relative to each other by varying the optical paths, but 

this technique reaches the time scale directly following the absorption of the excitation photon 

from a few nanoseconds up to milliseconds. It functions exactly like the laser flash photolysis 

technique that was birthed from the flash photolysis process in the 1950s.7,8 In laser flash 

photolysis, investigated molecules are excited by a short light flash, typically a laser pulse (pump), 

to populate an electronically excited state which then develops – possibly via several intermediate 

states – to the final state of the system. The dynamics of these states is probed by a second light 

source that records the photoinduced transmission changes.14,15 Nowadays, the excitation flash is 
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typically an excimer laser or the second or third harmonic of a Nd:YAG (yttrium aluminum garnet) 

laser, or an Nd:YAG – pumped optical parametric oscillator (OPO) for pump wavelength 

tunability.15–18 

 The nsTA setup (Figure 2.6) used for some projects in this dissertation comprises of three 

key parts: (a) the Nd:YAG laser light source, (b) the optical parametric oscillator, and (c) the 

spectrometer system. The laser head comprises of a Spectra Physics QuantaRay® flash lamp-

pumped Nd:YAG Q-switched laser (producing 1064 nm), and a two-stage harmonic generator for 

producing high energy 532 nm and 355 nm pulsed light. High energy (~220 mJ) 355 nm light, 

produced by frequency mixing 1064 nm and 532 nm in one stage of the harmonic generator, is 

used to pump the GWU optical parametric oscillator (OPO). The OPO contains a β-barium borate 

(BBO) crystal in its resonator and is able to produce signal + idler tunable from 410 nm – 2600 

nm, and a sum frequency mixing crystal to combine the signal and idler to produce UV light in the 

range 206 nm – 410 nm. For the studies in this thesis, excitation/pump wavelengths were used 

from only the signal range, i.e., 410 – 709 nm. The selected pump was sent into the Edinburgh 

LP980 spectrometer system that comprises of a probe source, an electronics chamber, a 

monochromator and a photomultiplier tube (PMT). The probe source is a 150 W ozone-free xenon 

arc lamp that produces 6 ms pulses and span the 190 – 2600 nm spectral range. It creates the 

background for the time-dependent absorption measurements. The probe pulse excites the sample 

perpendicular to the pump pulse which maximizes the change in absorbance (ΔA), while 

minimizing scattering and fluorescence. After passing through the sample at a right angle to the 

pump pulse, the light is directed to a monochromator for wavelength selection. The transient signal 

of the selected wavelength is then detected using a Hamamatsu R928 PMT with sensitivity 

between the spectral range 185 – 870 nm. The probe light transmission signal from the sample 
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before, during, and after the arrival of the pump pulse is converted into electrical signals in the 

electronics chamber. The electric signals are detected by a TDS3052B Model oscilloscope and the 

Edinburgh supplied software converts the electric signal into change in absorbance. Most of the 

kinetic and spectral analysis were carried out using the Origin 8® software. 

 
Figure 2.6 Schematics of the nanosecond transient absorption (nsTA) setup. 
 
2.4 Two-photon Absorption Spectroscopy 
 

Two-photon absorption (TPA) is a non-linear optical process that involves the 

simultaneous absorption of two photons by the same molecule. The two photons can have the same 

or different energies (or frequencies), but the sum of the energy of the two photons need to match 

the ground-to-excited state transition energy. TPA was first analyzed theoretically in the 1930s by 

Gӧppert-Mayer,19 and was first demonstrated experimentally in 1961.20 TPA became easier to 

investigate as the sub-picosecond lasers became more readily available in 1990s, particularly the 

solid-state Ti:sapphire laser.  
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Figure 2.7 Energy level diagram for the two-photon absorption (TPA) process. 
 

The main difference between one-photon absorption (1PA) and two-photon absorption 

(TPA) is that TPA involves the simultaneous interaction of two photons, and so it increases with 

the square of the light intensity, whereas 1PA depends linearly on the intensity.21 Similar to 

Lambert law of the 1PA process (Equation 2.2), the attenuation of a beam light from TPA is given 

as, 

 −
𝑑𝐼
𝑑𝑧 = 𝛿6+4 ∙ 𝐼) Equation 2.11  

Just as in the 1PA process (characterized by the absorptivity), TPA materials are characterized by 

the TPA cross-section (𝛿6+4). It is reported in Gӧppert-Mayer units (GM = 10-50 cm4 s photons-1 

molecule-1), following her amazing discovery of this process. Theoretically, for a plane-polarized 

light, the 𝛿6+4 at the maximum TPA band with a Lorentzian line shape is given as,22–24 

 𝛿6+4 =
2𝜋ℎ𝜈)[(𝜂) + 2) 3⁄ ]L
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In Equation 2.12, the subscripts	𝑔, 𝑓 and 𝑖 represent the ground, final and intermediate state, 

respectively (see Figure 2.7); ℎ𝜈 is photon energy; 𝜂 is the refractive index; 𝜀/ is the vacuum 

permittivity; 𝑐 is the speed of light; 𝛤 is the half-width at half-maximum of the 2PA band; ∆𝜇MC is 

the change in the static dipole moment from ground state (g) to the final state (f); 𝜇"= represent 
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the transition dipole moment from state a to b. The	𝛿6+4 of a molecule is directly correlated to the 

molecular electronic delocalization, the degree of molecular planarity and the intramolecular 

charge transfer character of the molecule. Direct measurement of the	𝛿6+4 is usually difficult 

because only a small fraction of photons is absorbed in the two-photon process.25 A very sensitive 

technique referred to as two photon excited fluorescence (TPEF) is often used to obtain the	𝛿6+4, 

provided that the material is fluorescent and its fluorescence quantum yield (𝜙?) is known. 

 The TPEF technique was explored in this thesis work. In this technique, a laser beam of 

ultrashort pulses (far from one-photon resonances) is focused on the sample while the upconverted 

fluorescence signal (excited by two-photon) is monitored using an efficient photons collection 

system. The first setup consist of a Kapteyn-Murnane Lab. Inc® mode-locked Ti:sapphire laser 

pumped by a Millennia® diode-pumped Nd:YVO4 laser delivering ~110 fs output pulses at a 

repetition rate of 80 MHz. In this laser setup, only 780 – 820 nm excitation beam are obtainable. 

A second laser setup is available for obtaining 750 – 890 nm excitation using a MaiTai® laser 

delivering 100fs pulses at a repetition rate of 80MHz, and 1100 – 2250 nm excitation using a 

MaiTai®-pumped (with 775 nm) OPAL optical parametric oscillator (OPO). The beam parameters 

such as bandwidth, beam divergence, beam diameter, polarization come as specified by the laser 

supplier – Spectra Physics now MKS. Other wavelengths can also be obtained through frequency 

doubling of the OPAL output using BBO crystals. The mode-lock quality and laser beam 

wavelength selection is monitored a fiber optic spectrometer from Ocean Optics. The excitation 

beam is then directed to the TPEF set up (schematics in Figure 2.8). The excitation beam power 

is varied from 40 mW to 110 mW (increments of 10 mW), using a variable neutral density (ND) 

wheel and a power sensor & meter. Following the ND filter, a beam splitter divides the incident 

beam into two unequal portions. The less intense beam (~10%) is directed into a high-speed silicon 
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photodiode connected to a multimeter which gives feedback to the computer interface so that the 

varying intensity can be recorded as a function of voltage (which can be calibrated to power in 

mW). The more intense incident beam is directed and focused unto the sample cell (1 cm, quartz 

cuvette) using a lens of 11.5 cm focal length. The resulting fluorescence was collected 

perpendicular to the excitation beam, to avoid the excitation beam finding its way into the 

photomultiplier tube (PMT). Another lens (plano-convex) with focal length of 2.54 cm was used 

to direct the fluorescence into a monochromator whose output is coupled to the PMT.  

 
Figure 2.8 Optical set-up for the two-photon excited fluorescence (TPEF) technique. 
 

Experimentally, the	𝛿6+4 of a sample is determined using the comparative technique, 

derived from first principles from Equation 2.11. The comparative technique uses a reference 

compound (commercial dyes e.g. Rhodamine B or 6G, Coumarin 153 or 485, Styryl 9M) of 

known	𝛿6+4 at a selected excitation wavelength.25,26 The technique assumes that the same 

excitation wavelength, laser condition (pulse width, shape factor), and detection system (quantum 

collection efficiency) are used for both sample and reference measurements. During each 

excitation power scan, for both the sample and reference compounds, the monochromator is set to 

the maximum emission wavelength (where max. photons are generated), and the photons are 
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converted into counts by a photon-counting unit. A logarithmic plot of the fluorescence count 

signal versus the excitation power intensity was performed to confirm if the signal to power 

intensity relationship is indeed quadratic. The equation used is given as, 

 𝛿6+4,>"!, ∙ 𝜙?,>"!, = 𝛿6+4,ABC ∙ 𝜙?,ABC ∙
[𝑐]ABC ∙ 𝜂ABC ∙ 10=&(#$

[𝑐]>"!, ∙ 𝜂>"!, ∙ 10=*+,
 Equation 2.13  

Where the subscripts 𝑠𝑎𝑚𝑝 and	𝑟𝑒𝑓 denote sample and reference, respectively; 𝛿 is the TPA cross-

section; 𝜙? is the fluorescence quantum yield (see Equation 2.5); [𝑐] is the molar concentration; 

𝜂 is the refractive index; 𝑏 is the intercept of the log-log plot of the fluorescence count signal 

versus the excitation power intensity, the plot for which its slope is 2. 

 
2.5 Time-Resolved Fluorescence Spectroscopy 
 
2.5.1 Background  

 Time-resolved fluorescence measurements provide more information about the excited 

state of a compound in comparison to just the steady-state fluorescence measurement. The photons 

are emitted randomly (spontaneous emission) with no specific phase or direction. For an 

exponentially-fitted decay profile, the fluorescence lifetime is the time it takes for 63% (1 − 1 𝑒⁄ ) 

of the population of the excited electrons to return to the ground state.1 Analysis of lifetime 

measurements can provide better insights into the energy transfer, charge transfer, triplet 

production processes taking place in organic molecules. The lifetime of a fluorophore in the 

absence of non-radiative processes is called the intrinsic or natural lifetime, and is given by, 

 𝜏( =
1
𝑘A

 Equation 2.14  

Where 𝑘A is the emissive rate of the fluorescent compound. In principle, the intrinsic fluorescence 

lifetime can be obtained by only steady state measurements – absorption spectra, emission spectra 

and the extinction coefficient. The radiative decay rate 𝑘A can be calculated using,27 
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 𝑘A = 2.88 × 10O𝜂) < 𝜈̅:P >:0 |
𝜀(𝜈̅)𝑑𝜈̅
𝜈̅  Equation 2.15  

In Equation 2.15, 𝜀(𝜈̅) is the absorption spectrum; 𝜂 is the refractive index of the medium;	𝜈̅ is 

the wavenumber. The integrals are calculated over the 	𝑆/ ↔ 𝑆0 absorption and emission spectra. 

In very few cases (with fluorescence quantum yield,	𝜙? ≈ 1), this expression works rather well. 

However, in majority of organic compounds, especially those used for organic photovoltaic 

applications, this equation doesn’t apply and thus their fluorescence lifetime has to be obtained via 

time-resolved fluorescence measurements. 

Depending on the desired time resolution for the lifetime measurement, two different 

techniques were used during this research study: time-correlated single photon counting (TCSPC) 

and fluorescence upconversion (FUC). TCSPC is generally used for measurements in the 

nanosecond to microsecond time scales, while the FUC is suitable for lifetime measurements in 

the femtosecond to picosecond timescales. For any lifetime measurement to be significant, it has 

to be outside the instrument response function (IRF) of the experimental setup. The IRF is the 

response of the instrumentation to scattered excitation pulse. The IRF was measured by using a 

dilute scattering sample such as water and detecting the response with the emission 

monochromator set at the excitation wavelength. For lifetime measurements in the scale of the 

IRF, the instrument response should be measured and subtracted from the experimental data. This 

is done through a process known as deconvolution. If the measured instrument response function 

is I(t) and the sample response to a pulse excitation is f(t), then the experimentally measured signal 

is given by the convolution integral: 

 𝐹(𝑡) = | 𝐼(𝑡) ∙ 𝑓(𝑡 − 𝜏)𝑑𝜏
F

/

 Equation 2.16  
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A MATLAB-based deconvolution program developed in the Goodson’s laboratory was used to 

obtain the sample response that corresponds to the experimentally measured signal shown the 

equation above. 

 
2.5.2 Time correlated single photon counting (TCSPC) 

 Time correlated single photon counting (TCSPC) is a time-resolved fluorescence technique 

that measures the excited state fluorescence lifetime of a fluorophore following photoexcitation in 

the timescale of nanoseconds to microseconds. The resolution of this technique is around 350 ps. 

The TCSPC set-up (Figure 2.9) consists of a home-built mode-locked Ti:sapphire laser with cavity 

dumper, pumped by a Spectra Physics Millenia® CW laser. The repetition rate of the laser can be 

set as 765 kHz or 383 kHz. The 30fs, 800 nm output beam is frequency-doubled to 400 nm by 

employing a β-barium borate (BBO) crystal. For polarization studies, the beam is passed through 

a polarizer in order to set its polarization before hitting the sample. In studies where the 

polarization effects are not desired, the polarizer can be set at the magic angle of 54.7⁰. At this 

angle, the total fluorescence detected is measured without reference to the polarization. The 400 

nm beam is then split using a beam splitter. The first part is focused onto a silicon-based fast trigger 

photodiode connected to the TimeHarp 200 processor chipset in the computer CPU, and the second 

part is focused onto the sample cell (quartz cuvette, 1 cm path length) using a lens of focal length 

11.5 cm. This portion of the 400 nm beam photoexcites the samples leading to fluorescence 

emission. The fluorescence of the sample is collected at a direction perpendicular to the excitation 

beam and is passed through a monochromator which is used to spectrally resolve the fluorescence 

beam, letting only one wavelength through. The photomultiplier tube detects the fluorescence, and 

the result is transmitted to the computer through the TimeHarp 200 interface card. 
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Figure 2.9 Set-up of the time correlated single photon counting (TCSPC) technique.  
Lenses are indicated as ‘L’; non-linear BBO crystal, ‘BBO’; focusing elements, ‘F’; beam splitter, 
‘BS’; polarizer, ‘P’; photodiode, ‘PD’; photomultiplier tube, ‘PMT’. 
 

The time-resolved fluorescence measurement using the TCSPC setup is unique because of 

its method of collecting the fluorescence – by single photons. It creates a histogram by detecting 

and resolving the arrival time of single photons with respect to a trigger signal, which is the 

excitation source hitting the fast photodiode. Therefore, the TCSPC setup requires a high repetitive 

light source to accumulate enough photonic events for the creation of a high precision histogram. 

The fluorescence signal is passed through a constant function discriminator (CFD), which 

accurately correlate the arrival time of the fluorescence signal with that of the trigger signal. Then, 

the fluorescence signal is passed to a time-to-amplitude converter (TAC) which converts the signal 

to a voltage ramp. The voltage ramp continues to increase until the emission pulse arrives at the 

detector and stops the ramp-up process. Therefore, this technique is considered an electrical 

technique. The voltage signal is amplified by a programmable gain amplifier and converted to a 

numerical value by an analog-to-digital converter (ADC). The computer displays the histogram of 
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the different time bins using a specialized software, PicoQuant. The IRF is measured via the 

Rayleigh scattering technique. PicoQuant Fluofit software and Origin 8® are used to analyze the 

result and fit the lifetime distribution models into exponential decay function, also accounting for 

the IRF. Sample degradation is checked by noting the absorbance before and after each 

measurement. 

 
2.5.3 Time-resolved fluorescence upconversion (FUC) 

 The fluorescence upconversion (FUC) technique is used to measure the fluorescence 

lifetime in the ultrafast timescale – femtosecond to a few picoseconds. Some electronic processes 

such as excitation delocalization, energy transfer occur in these very fast timescales, hence this 

technique is the most suitable for tracking their dynamics. The FUC set-up (in Figure 2.10) 

consists of a Spectra Physics Tsunami® mode-locked Ti:sapphire laser pumped by a Millennia V® 

diode-pumped Nd:YVO4 laser, delivering ~100 fs, 800 nm output pulses at a repetition rate of 82 

MHz. The 800 nm beam is passed through a series of focusing elements on to a β–barium borate 

(BBO) crystal to generate 400 nm beam by second harmonic generation. The output from the BBO 

is sent to a dichroic mirror that reflects the 400 nm light and transmits the residual 800 nm light. 

The residual 800 nm is sent to an optical delay line (step-size = 6.25 fs) and will later function as 

the fundamental gate pulse. The 400 nm beam (for sample excitation) is sent to a berek 

compensator, which is used to control the polarization of the beam so that the beam entering the 

sample is plane-polarized. This is then focused onto the 1 mm rotating cell. The cell is constantly 

rotating to eliminate the effect of localized excitation of the sample which can result photo-

degradation and damage of the sample. The excitation beam used for the study is kept between 20 

– 30 mW.  
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Figure 2.10 Optical set-up of the fluorescence upconversion (FUC) technique.  
Lenses are indicated as ‘L’; BBO crystals, ‘BBO’; focusing elements, ‘F’; berek compensator, 
‘BC’; mirror, ‘M’; two mirror polarization rotator, ‘PR’; photomultiplier tube, ‘PMT. 
 

Fluorescence from the sample is collected by an achromatic lens and directed through 

several focusing elements and mirrors into a nonlinear sum-frequency generator crystal made of 

β–barium borate, where it is recombined with the fundamental gate pulse. The fluorescence and 

the gate pulse must be spatially and temporally overlapped for efficient sum-frequency generation. 

For most of the studied organic photovoltaic samples, the sum-frequency generated or upconverted 

beam is usually in the wavelength range of 300 – 400 nm. The sum-frequency generated or 

upconverted beam is passed through a focusing lens and into the monochromator which picks out 

the desired detection wavelength and send it into the Hamamatsu R152P photomultiplier tube, for 

detection. Standard dyes such as coumarin 30 and coumarin 153 were used in the alignment of the 

FUC system. The choice of which standard dye to use for alignment depends on the fluorescence 

wavelength to be detected. Sample degradation is checked by noting the absorbance before and 

after each measurement, especially for long experimental scans. The instrument response function 

(IRF) has been determined from the Raman signal of water to have a width of 110 fs.  
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Chapter 3  
 

Activating Intramolecular Singlet Exciton Fission by Altering π−Bridge Flexibility in 
Perylene Diimide Trimers for Organic Solar Cells 

 
 

3.1 Original Publication Information 
 

The work in this chapter was published in the journal of Chemical Science as:  

“Activating Intramolecular Singlet Exciton Fission by Altering π−Bridge Flexibility in Perylene 

Diimide Trimers for Organic Solar Cells” Ifeanyi K. Madu, Benedetta Carlotti, Hyungjun Kim, 

Zhengxu. Cai, Hanjie Jiang, Angelar K. Muthike, Luping Yu, Paul M. Zimmerman, and Theodore 

Goodson III. Chem. Sci., 2020, 11, 8757–8770 

 
Ifeanyi Madu and Benedetta Carlotti contributed equally to this work as first authors. 

Synthesis of the compounds was carried out by the Luping group at the University of Chicago and 

quantum calculations by the Zimmerman group at the University of Michigan. Modifications were 

made to the original publication to adapt it to the style of the content of this dissertation. References 

and supporting information of the original manuscript are included in this chapter.  
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3.2 Abstract 
 

In this study, two analogous perylene diimide (PDI) trimers, whose structures show 

rotatable single bond π−bridge connection (twisted) vs. rigid/fused π−bridge connection (planar), 

were synthesized and investigated. We show via time resolved spectroscopic measurements how 

the π−bridge connections in A−π−D−π−A−π−D−π−A multichromophoric PDI systems strongly 

affect the triplet yield and triplet formation rate. In the planar compound, with stronger 

intramolecular charge transfer (ICT) character, triplet formation occurs via conventional 

intersystem crossing. However, clear evidence of efficient and fast intramolecular singlet exciton 

fission (iSEF) is observed in the twisted trimer compound with weaker ICT character. Multiexciton 

triplet generation and separation occur in the twisted (flexible−bridged) PDI trimer, where weak 

coupling among the units is observed as a result of the degenerate double triplet and quintet states, 

obtained by quantum chemical calculations. The high triplet yield and fast iSEF observed in the 

twisted compound are due not only to enthalpic viability but also to the significant entropic gain 

allowed by its trimeric structure. Our results represent a significant step forward in 

structure−property understanding and may direct the design of new efficient iSEF materials. 
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3.3 Introduction 
 

The scientific benefits and applications of understanding the dynamics of multiexciton 

triplet generation in organic chromophores cannot be overemphasized. One benefit is evaluating 

the actual potential impact singlet exciton fission (SEF) has on improving the power conversion 

efficiency (PCE) of organic solar cells.1 The effect of SEF on the device photocurrent has been 

demonstrated by means of magnetic field dependent measurements in literature reports.2–4 Another 

benefit is to account for the excess absorption energy used to generate singlet electron−hole pairs 

often lost as heat.5 Finally, understanding the dynamics of multiexciton generation aids in the 

careful design and synthesis of selective organic chromophores with high SEF yields, to be used 

in photovoltaic devices or photocatalytic cells, for the generation of more photocurrent.6–8 The 

ability to advance our insight is limited by the number of materials capable of undergoing SEF.9,10 

A lot of focus has been placed on acenes (mostly tetracene, pentacene) since the discovery of SEF 

in anthracene crystals.7,11–17 There are relatively fewer SEF studies on perylene diimides 

(PDIs),18,19 which are mostly used as electron acceptors in non−fullerene photovoltaic devices, in 

comparison to acenes. Understanding the science and mechanism by which PDI acceptors 

themselves exhibit SEF can be beneficial in avoiding the extra layer to be taken up by a “SEF 

sensitizer” in an actual photovoltaic device, reducing the complexity, cell thickness, and greatly 

improving the absorption of solar photons. 

Intermolecular SEF (xSEF) has been observed in solid state aggregates of PDI 

derivatives.18–22 High rate of xSEF has often been associated to highly–ordered crystalline systems 

in comparison to their amorphous counterpart. This has been associated with a SEF assisted 

process – crystal lattice vibration.23 The ordered chromophores have to be in close proximity and 

achieve a slip–stacked or herringbone dimeric structure. This leads to them having weaker 
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interchromophore (excitonic) interactions.24 In these solid state films, triplet formation is 

significantly influenced by the morphology and crystal packing, which are usually difficult to 

control. Hence, for devices made with xSEF chromophores where solid–state packing interactions 

are crucial, slight perturbations can have a drastic effect on the rate and yield of xSEF. This limits 

the understanding of the underlying key factors affecting the rate and efficiency of singlet fission 

in xSEF materials. To this regards, a more suitable approach would be intramolecular singlet 

exciton fission (iSEF).13,25–29 Materials capable of iSEF can overcome these challenges because 

each molecule undergoes SEF via through–bond interactions in multichromophoric systems – that 

is, not depending on intermolecular orientation, intermolecular coupling, or through–space 

interactions. 

Donor–Acceptor configuration, which induces an intramolecular charge transfer character, 

is a molecular design strategy for iSEF molecules.10 Another strategy involves the covalent 

coupling of two xSEF chromophores where the triplet yield has been reported to be affected by 

the conjugation between the two chromophores.14,15,30–32 There are also reports about the effects 

of through–bond proximity between the chromophores on the triplet production. Campos et al13 

gave a very detailed account for pentacene dimers where the proximity of the pentacene moieties 

and the extent of conjugation was varied using (oligo) phenylene spacers. It was suggested that the 

rate of singlet fission (rate of triplet production) and the rate of recombination of the two triplets 

could be controlled by using spacers of varying length. In another study, Thompson et al17 looked 

at how connecting two SEF chromophores to a bridge moiety at its ortho, meta or para position 

influences the through–bond and through–space contributions to the coupling of the compound. 

Intramolecular SEF was observed only in the ortho and para systems, not in the meta; and this 

was associated to the lack of effective conjugation, hence very weak coupling, causing 
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predominantly radiative decay of the excited state. However, all these studies were reported for 

acene dimers for the end purpose of sandwiching them with organic photovoltaic (OPV) active 

layer materials. There are little to no studies about the effects of the π−bridge in multichromophoric 

OPV active layer materials themselves, e.g. PDIs, in tuning the iSEF rate or in 

activating/deactivating iSEF.  

The aim of this study is to investigate the unique role of the π−bridge in allowing or 

inhibiting triplet production (rate and yield) in oligomeric multichromophoric PDI systems. In few 

recent literature reports,15–17 structural flexibility of the covalently linked units has been proposed 

to be crucial in activating SEF. However, these studies lack a direct comparison with rigidly 

bridged units of the same chromophore in order to isolate the effects of π−bridge flexibility. This 

is what our current investigation seeks to illuminate − the impact of the π−bridge rotation vs. 

rigidity on the dynamics of triplet exciton formation, and the triplet production efficiency. Most 

literature studies involve dimers. Investigations about oligomeric structures, with more than two 

chromophores attached linearly, are very few. In the development of iSEF−OPV materials using 

a strong Acceptor−strong Donor configuration,10 the role of the flexibility/rigidity of the π−bridge 

in influencing the triplet production rate and efficiency, has not been investigated. 

In this work, two PDI trimers with push−pull character were synthetized (see Scheme 3.1). 

For each molecule, the unit PDI electron acceptor moieties are bridged at the beta (β) position(s) 

with benzodithiophene (BDT) electron donor moieties, forming an A−D−A−D−A assembly. The 

connections between the donor and the acceptor moieties were realized via single bonds in the β 

compound, and through ring cyclization in the βC compound (color coded in the structures in 

Scheme 3.1). This results in the single−bond−bridged β compound having a twisted 

PDI−BDT−PDI structure (dihedral angles ∼ 55°), and the cyclized βC compound achieving a 
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planar PDI−BDT−PDI structure (dihedral angles ∼ 0°). These two compounds show different 

triplet production dynamics owing to their respective degree of electronic coupling. The 

photoinduced dynamics of triplet production – via iSEF or regular intersystem crossing (ISC) – 

was thoroughly investigated with a variety of time resolved spectroscopic techniques, employing 

both femtosecond and nanosecond time resolution while probing both excited state absorption and 

emission. The experimental spectroscopic study was carried out in a joint effort with theoretical 

calculations to further elucidate the excited state deactivation mechanism of the two compounds. 

 

 

 
β  
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βC 

Scheme 3.1 Molecular structures of the investigated trimers. 
 
3.4 Results 
 
3.4.1 Steady–State and Two–Photon Absorption Measurements 

The steady-state absorption and emission spectra of the investigated trimers are shown in 

Figure 3.1. These electron acceptor compounds are excellent light absorbers with sizable molar 

extinction coefficients, ca. 60000−70000 M−1 cm−1 (Table 3.1). Their broad absorption spectra 

extend in a region complementary to that of electron donors employed in OPV devices. Both the 

absorption and emission spectra of β appear to be less structured in comparison to those of βC. 

The structured spectra and small Stokes shift (Figure 3.1/Table 3.1) of the βC compound reflect 

its molecular rigidity. The emission spectrum of β is extremely broad and its peak is significantly 

red shifted in comparison to the emission peak of βC. The extremely broad emission spectrum and 

the large Stokes shift suggest a drastic rearrangement of this flexible molecule in the excited 

state.33,34 The theoretical calculations indeed reveal that the β compound has a twisted 

PDI−BDT−PDI structure (dihedral angles ∼ 55°), and the βC compound has a planar 

PDI−BDT−PDI structure (dihedral angles ∼ 0°). In both cases, the hole transition orbitals are 

localized on the electron-rich BDT units, and electron transition orbitals show more localization 
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on the PDI acceptor unit(s) (Figure 3.2). Also, the theoretical calculations reveal electron 

localization on only one PDI unit for the twisted β compound, but complete delocalization across 

all trimer units for the planar βC compound. This indicates minimal ground state interaction or 

excitonic coupling among the chromophores35 in β – hence its similar absorption peak (λmax) to 

that of the parent PDI monomer (Figure 3.1). However, the spectral behavior of βC is indicative 

of a much stronger coupling among the PDIs, and with the BDT core. 

 
Figure 3.1 Normalized absorption and emission spectra of the trimers in chloroform. 
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Figure 3.2 Natural transition orbitals for the S0 geometry (S0→S1 transition) of the trimers. 
(isodensity = 0.05. Color scheme; Hydrogen–white, carbon–black, nitrogen–blue, oxygen–red, 
sulfur–yellow). 
 

No concentration effect on the absorption spectral shape was observed in the range of 

concentrations employed in this investigation (see Figure 3.11), which are similar to, or lower 

than the ‘low concentration’/dilute limit employed in other literature studies about xSEF 

compounds in solution.27 Therefore, it is possible to rule out the occurrence of any intermolecular 

interactions due to aggregation which may affect our experimental results. Hence, the optical 

properties exhibited by the compounds investigated here are due to isolated molecules in solution. 

The fluorescence quantum yield of the investigated compounds is low (0.3% and 9%, see 

Table 3.1) in comparison to that of the parent PDI monomer (88%).36 The fluorescence efficiency 

is 30 times lower in the case of compound β relative to βC. This behavior parallels the observed 

trend of the Stokes shift in the two trimers and agrees with the increased molecular rigidity of βC 

relative to β. More rigid molecular structures are indeed known to exhibit enhanced fluorescence 

capability.33,37 This result suggests that the excited state deactivation of these trimer compounds 

takes place mainly through non−radiative pathways − possibly triplet production/decay, in 

competition with the fluorescence decay pathway. This non−radiative deactivation is more 

efficient for the twisted β compound, whose fluorescence quantum yield is almost negligible. 

Previous studies have observed the relationship between molecular planarity and 

two−photon absorption.34,38,39 Here, the two−photon absorption cross section (δTPA) is enhanced 

by over one order of magnitude for the planar βC (ca. 300 GM) relative to the twisted β compound 

(ca. 10 GM). The increased two−photon absorption cross section of the planar, rigid, fused ring 

connected molecule, as expected, indicate its higher intramolecular charge transfer character in the 

excited state relative to the twisted, flexible, single bond bridged analogue. The degree of charge 
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transfer for the β and βC excited state was further analyzed in detail with the help of quantum 

chemical simulations. These compounds were divided into 5 subunits/moieties, considering their 

acceptor(1)−donor(2)−acceptor(3)−donor(4)−acceptor(5) structure where the acceptors and the 

donors are the PDI the BDT fragments, respectively. The amount of charge transferred during 

emission is reported in Table 3.3. The charge transfer degree for the excited state of βC (0.80 e−) 

is indeed higher than that of β (0.74 e−). 

 
Table 3.1 Absorption and fluorescence properties, and two–photon absorption cross sections for 
the Trimers in chloroform. 

Comp.nd λabs / nm λem / nm Δυa /cm−1 εb / M−1cm−1 ϕF / % δTPA / GM  
λexc=875 nm 

β 526, 630(sh) 790 3215 71100 0.3  11.5 

βC 510, 605 613, 665(sh) 215 58500 9  318 

aΔυ is the Stokes shift; bat the underlined wavelength 
 
3.4.2 Femtosecond Transient Absorption 

The excited state dynamics was investigated by femtosecond transient absorption. The time 

resolved spectra (Figures 3.3 & 3.13) show positive excited state absorption (ESA) and negative 

Ground State Bleaching (GSB) signals. The ESA at 740 nm has been previously associated with 

the PDI anion, whereas signals between 550 and 600 nm have been assigned to the PDI cation.40–

46 The transient spectra of the investigated trimers at short delays following photoexcitation 

suggest the occurrence of intramolecular charge transfer (ICT), and no significant spectral shift 

was observed. It is possible that a singlet excited state with ICT character is formed very fast 

(within solvation).46 At longer delays this signal decays, resulting in the simultaneous formation 

of an ESA at 514 nm and 543 nm for β and βC, respectively. The kinetics at these wavelengths 

exhibit a rise (Figure 3.3). This rise occurs very fast for the twisted β compound (344 ps), but 

clearly slower for the rigid−bridged βC compound (1800 ps). Global analysis, via singular value 
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decomposition (SVD), of the transient absorption data revealed the presence of four exponential 

components (Figure 3.13B & Table 3.4). The first two fast components can be associated to 

solvation and vibrational cooling/structural relaxation. The third component, assigned to the 

relaxed S1, shows a lifetime of 320 ps for the β compound and 1300 ps for the βC compound. The 

fourth component represents the Rest species formed upon S1 decay and peaked around 510−550 

nm. This long−lived species are triplets, as demonstrated by their spectral similarity to the species 

detected by nanosecond transient absorption (see next section). Therefore, the ultrafast absorption 

measurements allow us to follow the triplet formation dynamics in these molecules. The triplet 

formation occurs fast for β (~340 ps) and much slower for βC pointing to a different mechanisms 

for triplet production in the two molecules−SEF for β and ISC for βC, respectively. Additionally, 

triplet fomation takes place slower in a less polar solvent relative to chloroform (e. g. for β in 

toluene triplet rise occurs in ca. 690 ps). 

Triplet quantum yields were also computed following the SVD analysis of the femtosecond 

transient absorption results.47–50 Quantitatively related singlet and triplet ESA spectra were 

obtained by matching their GSB and then the temporal population dynamics of these states were 

determined. The population data (Figures 3.18 & 3.23) indicate a triplet quantum yield of 189 % 

for β and higher than 46 % for βC. Although this analysis contains some approximations, our result 

thus show that triplet production takes place via iSEF for the twisted β compound (φT close to 200 

%) and via conventional ISC for the planar/rigid−bridged βC system (φT << 100 %). 
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Figure 3.3 Time−resolved spectra obtained by femtosecond TA for the trimers in chloroform. 
Singlet decay and triplet rise kinetics for the trimers in chloroform. 
 
3.4.3 Nanosecond Transient Absorption 

To investigate the long−lived excited state dynamics, nanosecond transient absorption 

measurements were carried out (Figure 3.4). No pump wavelength dependence was observed. The 

transient spectra show negative signals due to GSB, and a positive ESA peak centered at 490 nm 

and 540 nm for β and βC, respectively. It is worthy to note that signals of triplet absorption have 

been reported for other PDI derivatives between 500 and 600 nm.18,36,51,52 This signal can be 

quenched by oxygen (either via energy transfer or electron transfer).53 The transient lifetimes 

change from hundreds of nanoseconds in air equilibrated solution to tens of microseconds in 

deaerated/nitrogen purged solution (Figure 3.25 & Table 3.2). Quenching by molecular oxygen 
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thus occurs at an almost diffusional rate (1.2×1010 M-1s-1 in chloroform). Also, these transient 

species can be sensitized by higher−triplet energy donors, or are able to sensitize lower−triplet 

energy acceptors, such as tetracene as shown in Figure 3.5. These results allow us to undoubtedly 

assign these long−lived transients revealed by nanosecond transient absorption experiments to the 

Tn←T1 transition of the trimers. As shown in Table 3.2, for β, the triplets produced upon 

photoexcitation decay much faster i.e. shorter lifetimes (6.0 µs), in comparison to the triplets 

produced in βC (40 µs). This is an evidence leaning to a SEF−induced mechanism of triplet 

production in the twisted β. It has indeed been observed in many SEF literature studies17,54–56 that 

a molecule hosting two triplet excitons usually exhibits a much faster triplet decay than one hosting 

a single triplet, due to the increased probability of triplet−triplet annihilation.  

 
Figure 3.4 Time−resolved spectra obtained by nanosecond TA measurements for the Trimers in 
air-equilibrated chloroform upon 415 nm laser excitation. 
 
Table 3.2 Triplet properties for the trimers in chloroform from nanosecond transient experiments. 

Comp. λT / nm τT,air / µs [a] τT,N2 / µs [b] 𝜙- ∙ 𝜀-/ M-1 cm-1 𝜀-/ M-1 cm-1[c] 𝜙- 

β 490 0.39 6.0[d] 2785 1637 1.70 

βC 540 0.50 40 7460 52800 0.16 
[a]in air-saturated chloroform; [b]in N2-saturated chloroform; [c]in cyclohexane; [d] ~7μs lifetime was obtained by 

triplet sensitization in cyclohexane, see Figure 3.29.  
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Sensitization experiments were performed via nanosecond transient absorption 

measurements. These experiments give important information about the triplet energy of the 

compounds (see Figure 3.5). Tetracene (ET = 1.27 eV) was successfully employed as an energy 

donor to sensitize the triplet of β, but relatively acted as a triplet energy acceptor to βC. This result 

proves that the triplet energy of the twisted β trimer is significantly lower than the triplet energy 

of the planar βC trimer. Our experimental results thus support the feasibility of SEF in the β 

compound which requires a low triplet energy for the SEF energetic condition to be fulfilled (ET 

= 0.55 eV; obtained from theoretical calculations). The sensitization experiments also allowed for 

the accurate evaluation of triplet extinction coefficients (see Table 3.2), useful for evaluating the 

singlet → triplet quantum yield. A very detailed step-by-step triplet extinction calculation for the 

two compounds is given in the Supporting Information. A lower extinction coefficient was 

observed for the twisted relative to the planar, rigid system. These experiments, together with the 

relative actinometry measurements described in the Supporting Information, allowed for the 

accurate computation of the singlet → triplet quantum yields. A triplet quantum yield of 16 % was 

obtained for the planar βC compound, suggesting that conventional intersystem crossing occurs in 

this chromophore. Triplet yield significantly higher than 100 % was obtained in the case of the 

twisted β compound (fT =170 %), thus suggesting that iSEF indeed takes place in this molecule.
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Figure 3.5 Decay and rise dynamics of trimers (extreme left for β; and extreme right for βC) in 
cyclohexane obtained by nanosecond TA for triplet sensitization measurements. Middle graph 
shows the triplet energy for samples and sensitizers. 
 
3.4.4 Two–Color Transmission Measurements of Triplet Yield 

To selectively probe the ESA without contribution from the GSB, the trimer compounds 

were investigated using two-color transmission spectroscopy.28 This was performed by probing 

the samples at 850 nm, where linear absorption is negligible, under excitation with femtosecond 

pulses at 425 nm. Attenuation of the probe beam was observed for both samples: 29.7 % 

attenuation for β at OD = 0.116 and 34.6 % attenuation for βC at OD = 0.885, both under an 

average pump power of 4.25 mW (Figure 3.6). This demonstrates the accumulation of triplets 

upon irradiation of the trimers, observed to be more in the case of β. Indeed, the theoretical 

calculations predicted significant absorption by T1 species around 850 nm: transition	𝑇0 → 𝑇Q at 

898 nm and 𝑇0 → 𝑇0/ at 826 nm for β; transition 𝑇0 → 𝑇0R at 849 nm for βC.  

   
Figure 3.6 Transmission of β (left) and βC (right) in CHCl3 for the probe light at 850 nm as a 
function of the pump power at 425 nm. 
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density using the 850 nm probe beam attenuation (as shown in Figure 3.6) and the singlet 

excitation number density from the ground state OD and 425 nm pump beam parameters. The 

triplet extinction coefficients at 850 nm used for this calculation were obtained via nanosecond 

transient absorption measurements, by taking the ratio of the ΔA signal at 850 nm with that at the 

triplet peak for which the extinction coefficient is known (see Table 3.2). This was accurately 

done for β which had a distinct triplet ESA signal ~850 nm . However, for βC the triplet ESA 

signal was convoluted with the phosphorescence around 850 nm. Therefore, the same ratio of the 

ΔA signal between the triplet peak and that at 850 nm for β was assumed for the βC molecule. 

From the calculation, the triplet number density was evaluated to be 2.32×1010 cm-3 for β and 

8.61×108 cm-3 for βC; the singlet number density 1.24×1010 cm-3 for β and 3.14×1011 cm-3 for βC. 

Therefore, a much higher triplet quantum yield was indeed obtained for the twisted β trimer (∼187 

%) relative to the planar βC (∼0.3 %). It has to be noted that for the case of the βC compound, the 

estimated triplet yield value is not accurate because of the observed phosphorescence interference 

at 850 nm. This analysis contains some approximations, however the result obtained for the β 

trimer is consistent with the triplet quantum yield accurately measured by the nanosecond transient 

absorption sensitization experiments. This once again confirms that the β compound thus undergo 

singlet exciton fission in solution, owing to its triplet yield also obtained by two–color transmission 

measurements to be >> 100%. 

 
3.4.5 Time Resolved Fluorescence 

Time resolved fluorescence measurements, both with femtosecond and nanosecond time 

resolution, have been extremely valuable in providing information about the rate constants of the 

ultrafast intramolecular charge transfer process and about the decay of the double triplet species, 

respectively. Fluorescence kinetics were acquired by femtosecond fluorescence up conversion 
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(FUC). Their fitting revealed the presence of exponential components (Table 3.7), whose lifetimes 

agree with those obtained via femtosecond transient absorption measurements. The much smaller 

time window of the FUC allows for a more accurate evaluation of the lifetime of the ultrafast 

components, as 1.0 ps for β and 0.2 ps for βC. Our FUC results show that the ICT is indeed faster 

in the rigid relative to the twisted trimer. Also, that SEF could be a CT−mediated process in the 

twisted trimer.10,22 However, when ICT is extremely fast it becomes competitive with SEF, as 

observed in the planar trimer.49  

 
Figure 3.7 Fluorescence kinetics obtained by nanosecond TCSPC in air equilibrated chloroform. 
 

Fluorescence kinetics were also acquired by single photon counting (SPC) with 

nanosecond resolution (Figure 3.7). For the rigid βC, these experiments revealed a lifetime of 1.33 

ns, in agreement with the femtosecond TA measurement – 1.3 ns (Figure 3.6 & Table 3.6). For 

β, the SPC fluorescence decay is surprisingly slower, and the fitting revealed a lifetime of 4.66 ns. 

This fluorescent component exhibits a lifetime quite different from that estimated by the 

femtosecond transient absorption for S1 – 320 ps, and by the high resolution FUC. Therefore, the 

4.66 ns component may be due to a precursor of T1, possibly a double triplet excited state 1(TT)*. 

This component could be either a result of direct 1(TT)* emission,57–59  or delayed S1 fluorescence 

from the 1(TT)* state.1,19,23,52 Time resolved emission and/or temperature-dependent spectra 
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obtained by photoluminescence measurements with broadband detection would be required to 

identify the specific mechanism of the double triplet emission. A 4.66 ns lifetime is not unusual 

for double triplet states as observed in the literature for perylene diimide chromophores. 

Wasielewski et al18 reported a lifetime of 2.8 ns for polycrystalline thin films of slip stacked PDI, 

attributed to a small amount of delayed fluorescence resulting from triplet-triplet annihilation. Sean 

Roberts et al52 also reported lifetime of ~10 ns associated to the non-radiative decay of the triplet 

(or double triplet) excitons to the ground state. 

 
3.4.6 Quantum Chemical Simulations: Intersystem Crossing and Singlet Fission 

Quantum chemical simulations were performed to give an insight into triplet formation 

mechanisms. Triplet formation via ISC was predicted to be much faster for the planar βC than for 

its twisted analogue due to large cancellation between ΔEST and reorganization energies for β (i.e. 

8.44×105 s−1/1185 ns for β and 1.35×107 s−1/74.1 ns for βC). However, experimentally, the 

long−lived triplet species appear much faster (340 ps) for the twisted β. This implies the existence 

of another pathway of triplet generation: iSEF. Similar timescales of triplet formation via SEF in 

other PDI derivatives have been reported.18,52 TD−DFT was used to illustrate the SEF relevant 

energetics and to check if the energetic requirement or thermodynamic feasibility,	𝐸(𝑆0) ≥

2 × 𝐸(𝑇0) is met. Energies of the relaxed S1 state were predicted to be 1.30 eV and 1.89 eV for β 

and βC, respectively. T1 state energies at its minimum structures were 0.55 eV and 1.24 eV for β 

and βC, respectively. This energetics indicates that SEF in the twisted β is thermodynamically 

favorable by 0.20 eV (2×0.55 − 1.30 = −0.20), but not in the planar βC for which it is energetically 

uphill by 0.59 eV (2×1.24 − 1.89 = 0.59).  

A recent perspective pointed out that the accessibility of double triplet state of singlet 

character (1TT), that is the kinetic feasibility, is more instrumental to judge the potentiality of SEF 
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taking place than just the simple singlet−triplet energy gap.60 Though TD–DFT calculations were 

conducted to obtain the energetics of singly excited states, it is clearly stated by theorists that TD–

DFT is not an ideal method for calculation of the multi–excitonic (ME) states, i.e., double-triplet 

states. The RAS–SF method, on the other hand, has shown to be capable of correctly describing 

the characters of multi–excitonic states and providing a more in–depth picture of the interactions 

between the locally excited singlet and multi–exciton states. Importantly for trimers like β and βC, 

RAS–SF is also able to compute all possible multi–exciton states, obtaining their spatial as well 

as their spin components (Figures 3.8, 3.9 and 3.10). RAS–SF can provide the relative energies 

of all the double–triplet states, and identify behavior discrimination between these states in each 

trimer. However, RAS-SF overestimates the excitation energies because of an incomplete account 

of dynamic correlation.21,61 Even though the absolute energies are not accurate (and this explains 

the poor agreement with the DFT energies), the trends and the relative energy values can still be 

discussed. The TT states from the RAS–SF trimer models are qualitatively described in Figure 

3.8.  

 
Figure 3.8 Possible electronic configurations of active space orbitals for both β and βC 
compounds. 

 
Krylov has shown that it is not uncommon for perylene diimide compounds to have their 

lowest 1TT state above their lowest excited singlet exciton state.21 In β and βC, the lowest 1TT 

state is placed 0.49 eV and 1.10 eV above their respective S1 stat. This 1TT state becomes nearly 
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inaccessible in the βC compound due to an additional energy of more than twice that of the β 

compound (0.61 eV), required to reach the multiexcitonic state from the S1 state. As shown in 

Figure 3.9, the multi-excitonic state with lowest excitation energy for the β compound is 

Configuration 3. More specifically, the RAS–SF calculation shows that excitons in the lowest 

multi–exciton state are localized on adjacent PDI units. The two higher energy configurations 

(Configuration 1 and 2) are within 0.02 eV of Configuration 3, indicating that all TT states of β 

compound are easily energetically accessible. In the case of the βC compound, the lowest multi–

exciton state is Configuration 2 of Figure 3.8, where the triplet excitons reside on the left−most 

and right−most PDI units. The energy of this state is about 0.2 eV under that of the two other 

configurations (one order of magnitude higher in comparison to β), suggesting a nontrivial 

difference in energy to access Configurations 1 and 3. 

A photo–excited singlet state S1 can evolve into a triplet–paired state 1(TT) in singlet 

fission chromophores via state crossings when the S1 and TT states are close in 

energy.62 Throughout this non–adiabatic transition, it is true in some cases that the singlet exciton 

of S1 state resides over several adjacent chromophores. This phenomenon promotes the 1(TT) 

formation and thus increases the SF efficiency.60 Only the couplings of the singly excited state S1 

with the ME state on adjacent chromophores will be playing significant roles throughout this non–

adiabatic transition. In this particular case of β compound, as suggested by the electronic 

configuration of its lowest TT state (Figure 3.9), the S1 exciton is located on two adjacent units, 

PDI2 and 3. This spatial characteristic explains why the TT formation is promoted in this β 

compound. Nevertheless, this S1 exciton is spread out on the two isolated units in βC. As discussed 

above, since the S1 excitons are less likely to reside across PDI1 and PDI3, it is therefore not 

surprising to conclude that forming the TT state is more difficult in βC than it is in β compound. 
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Additionally, performing analysis on energy differences between 1TT state and quintet state 

energies allows us to judge the feasibility of separation of the double triplet into two independent 

triplets. This energy difference, sometimes called inter–triplet interaction energy, is also known as 

the energy penalty for separating two triplets. This inter–triplet interaction energy accounts for the 

unmixing of charge transfer contributions in the singlet TT state by comparing the 1TT state to the 

corresponding quintet state, which always is a pure diabatic TT state.21 For the twisted β 

compound, the 1TT states are nearly degenerate with their corresponding quintet states, giving 

inter–triplet interaction energies of 0.006 eV for the two lower multi–exciton states (Figure 3.9). 

This result suggests that the interaction between two triplets in β is quite small, and two entangled 

triplets can thus easily be separated into two independent triplets. In βC compound, however, the 

inter–triplet interaction energies increase by an order of magnitude, up to 0.066 eV, for the two 

higher multi–exciton states (Figure 3.10). This result entails that the formation of double triplets 

and the subsequent separation of entangled triplets require much less energy for β than for βC.  

Another notable fact is that the lowest ME state in the planar βC compound, which is the same 

case as the highest ME state in the twisted β compound, has no other but only the pure ME 

contributions toward the states. This fact also makes sense since the two triplet excitons are located 

on the two isolated chromophores so that it is apparently harder for charge transfer contribution to 

play a role in this particular situation.  

Overall, quantum chemical simulations support that iSEF is the dominant pathway to generate 

independent triplets only in β but not in βC, based on the thermodynamic viability (ΔES-2×T), 

kinetic accessibility, and feasibility of separation of the double triplets. 



 108 

 

Figure 3.9 Energy level diagram illustrating the relative energies of all the double–triplet states 
found in β compound, with the colored PDI chromophores indicating where the triplet excitons 
are located. 
 

 

Figure 3.10 Energy level diagram illustrating the relative energies of all the double–triplet states 
found in βC compound, with the colored PDI chromophores indicating where the triplet excitons 
are located. 
 
3.5 Discussion 
 

 In the literature, it has been proposed for multichromophoric systems that using a rotatable 

linker is crucial in obtaining iSEF.15–17 Those studies, however, do not report the direct comparison 

between rigid−bridged and flexible−bridged units of the same chromophore in order to isolate the 

effect of the π−bridge. In this work, we point out the key differences between planar 
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(rigid−bridged) and twisted (flexible−bridged) systems as they relate to the efficiency and rate of 

triplet production upon singlet photoexcitation. The systems investigated are newly synthesized 

oligomeric PDI trimers. Typically, the fluorescence quantum yield of PDI monomers is around 90 

%, indicating that the radiative decay pathway is the most preferred. However, for these PDI 

trimers, especially for the flexible−bridged β trimer, the fluorescence efficiency is found to be very 

low suggesting a prevalent non−radiative deactivation − triplet production.  

For the planar βC trimer, we obtain a triplet yield of 16 % via triplet sensitization 

experiments employing a nanosecond transient absorption technique. The femtosecond transient 

absorption results show ultrafast intramolecular charge transfer and slow triplet formation 

occurring in few nanoseconds for this molecule. This rate agrees with the intersystem crossing rate 

predicted by quantum chemical simulations. Our experimental and computational results thus 

conclude that triplet production for the rigid βC trimer proceeds via regular intersystem crossing. 

Conversely, in the case of the flexible−bridged β trimer we clearly show that the mechanism of 

triplet production is different and involves iSEF, based on the following evidence. (i) Triplet yield 

>> 100%, obtained via triplet sensitization as well as two–color transmission experiments. (ii) A 

fast triplet formation (~340	𝑝𝑠) observed via femtosecond transient absorption measurements. 

(iii) Distinct triplet species detected via transient absorption experiments – the correlated triplet 

pair and the independent triplets with lifetime of 6 μs.63–65 (iv) A decay lifetime different from that 

of the S1 species (4.7 ns), attributed to the double triplet species. (v) Thermodynamic viability − 

𝐸(𝑆0) ≥ 2 × 𝐸(𝑇0). (vi) Kinetic feasibility allowed by the energetic accessibility of the double 

triplet state from the S1 state − the rate is given as: 𝑟 ≈ 𝑒:DE(>F.(2$.:2.66).21 Our findings thus 

suggest that iSEF takes place in the flexible−bridged β trimer. As an important result of our study, 

we demonstrate that the rotational flexibility of the linker, as in the β trimer compound, is 
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necessary to activate multiexciton triplet generation in multichromophoric PDIs. Our findings 

constitute a significant progress in structure−property relationships and may drive future design of 

extremely efficient iSEF materials. 

 
 
 

 
Scheme 3.2 Sketch of the proposed excited state deactivations based on the excited state energies 
predicted via quantum simulations and the excited state dynamics observed via time resolved 
spectroscopic experiments. 
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To gain a deeper insight into the thermodynamics of multiexciton generation, we obtained 

all the relevant enthalpic and entropic quantities for the trimers following an approach proposed 

by Krylov et al.21,66 Multiexciton generation was considered to occur in two steps: a first step 

proceeding from the excited singlet to the double triplet state (from S1 to 1TT) and a second step 

leading to triplet separation (from 1TT to T1). The total enthalpy and entropy change were 

evaluated as the sum of the changes observed in the two steps. Detailed results are reported in 

Table 3.11. The SEF process is indeed exothermic for the β twisted compound (∆𝐻6&6 =

−0.20𝑒𝑉) and endothermic for the βC planar trimer(∆𝐻6&6 = +0.59𝑒𝑉). In the literature about 

iSEF in covalently linked dimers, only enthalpy has been considered in describing their 

thermodynamics. This is because covalently linked dimers can accommodate just one correlated 

triplet pair, hence no entropic contribution. However, for trimeric structures the role of entropy 

should be considered. In a covalently linked trimer, like those investigated here, the double triplet 

has three possible accommodations on two of its three PDIs; and in particular two equivalent 

accommodations on each pair of adjacent PDIs owing to molecular symmetry. In principle, the 

trimeric structure allows entropic gain to play a significant role in the SEF thermodynamics, as 

literature studies have reported for solid state films8,66 and very recently for oligomers.55 The 

quantum chemical simulations indeed showed the presence of three multiexcitonic states. For β, 

the two 1TT accommodated on adjacent PDIs of the structure, as well as that on the left−most and 

right−most PDI units, are energetically accessible from S1. The high triplet yield and fast iSEF 

rate observed in β is not only due to the enthalpic viability but also to the entropic gain (𝑇∆𝑆6&6 =

+0.028𝑒𝑉) allowed by its trimeric structure. This leads to a negative total change in Gibbs energy 

for β (∆𝐺6&6 = −0.228𝑒𝑉), confirming the iSEF thermodynamic feasibility. On the other hand, 

for βC, the lowest energy 1TT state is the one for which the triplet excitons reside on the left−most 
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and right−most PDI units whereas the two 1TT states allowing for an entropic gain are enthalpically 

inaccessible from S1. This leads to no entropic contribution, and since the total change in Gibbs 

energy is positive (∆𝐺6&6 = +0.59𝑒𝑉), iSEF is not thermodynamically feasible for the planar βC 

trimer. 

While strong coupling among the PDI chromophores can be inferred for the planar βC 

trimer, for the twisted β compound, weak coupling is observed because the singlet electron NTOs 

are localized on a single PDI unit. We suggest that the poor electronic communication among the 

PDI chromophores caused by the rotatable linker is crucial in permitting efficient iSEF. Our 

results demonstrate that the single−bond connections capable of weakening the coupling between 

the chromophores favor high iSEF yield. The fused ring connections induce strong coupling 

among the PDI units, as the singlet electron NTOs are delocalized over the planar trimer structure, 

and inhibit SEF completely. This is due to competition with other ultrafast processes in the planar 

system, such as intramolecular charge transfer.26 The two−photon absorption (TPA) cross section 

− a measure of intramolecular charge transfer character − is indeed enhanced by over one order of 

magnitude for the planar βC (ca. 300 GM) with respect to the twisted β compound (ca. 10 GM). 

Quantum chemical simulations confirm the higher degree of charge transfer in the excited state for 

βC (0.80 e−) relative to β (0.74 e−) by dividing their structure into 5 subunits of PDI acceptor and 

BDT donor fragments. Weak coupling among the PDI units is crucial not only for multiexciton 

generation but also for triplet separation. The rate of triplet separation is indeed given as: 𝑟 ≈

𝑒:DE(>F.(2/66:2.66) by Krylov et al.21 For the twisted β compound, the 1TT states are nearly 

degenerate with their corresponding 5TT states, giving inter–triplet interaction energies 

(E5TT−E1TT) as 0.006 eV. This result suggests that the interaction between two triplets in β is 

indeed small, and two entangled triplets can thus easily be separated into two independent triplets. 
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However, in βC, the inter–triplet interaction energies increase by one order of magnitude, up to 

0.066 eV. For the β trimer, the long−lived independent triplets are experimentally observed 

following their separation, and each of them is localized on a single PDI unit, as shown by the 

theoretical calculations. Compared to other SEF rylene derivatives reported in the literature,19,49,52 

the β trimer shows a much longer triplet lifetime. This is highly beneficial for its use in solar energy 

conversion devices, allowing efficient extraction of multiple charge carriers per incident photon.67 

 
3.6 Conclusions 
 

Here, we report a comparative study between rigid−bridged (planar) and flexible−bridged 

(twisted) perylene diimide trimer systems to highlight the role of the π−bridge linker in activating 

intramolecular singlet exciton fission. We show via time resolved spectroscopic measurements 

how a slight structural variation of the π−bridge of multichromophoric perylene diimide (PDI) 

systems strongly affects the triplet yield and triplet formation rate. Triplet formation proceeds via 

conventional intersystem crossing for the planar trimer as evidenced by its triplet yield of 16 % 

and triplet production in the nanosecond timescale. On the other hand, we find clear evidence of 

highly efficient (170 %) and fast (few hundred picoseconds) intramolecular singlet exciton fission 

taking place in the twisted trimer.  A fused ring connection induces strong coupling among the 

PDI units as in the planar system and this inhibits singlet exciton fission completely due to a strong 

competition with other ultrafast processes, such as intramolecular charge transfer. Our results 

demonstrate that a rotatable π−bridge, capable of lowering the coupling between the 

chromophores, is necessary to activate intramolecular singlet exciton fission in multichromophoric 

systems. The quantum chemical simulations prove that the entropic gain allowed by multiple 

possibilities of accommodating the correlated triplet pair on adjacent PDIs in the twisted trimer is 

a crucial determinant for multiexciton triplet generation. Successive multiexciton triplet separation 
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occurs in the flexible−bridged PDI due to weak coupling among the units, and degenerate double 

triplet and quintet states. 

 
3.7 Supporting Information 
 
3.7.1 Experimental Section 

Materials, Synthesis and Characterization. The trimer structures were synthesized according to 

the synthetic route described in Chart 1. All of the chemicals were purchased from Aldrich. All 

reagents purchased commercially were used without further purification except for toluene and 

tetrahydrofuran (THF), which were dried over sodium/benzophenone. 1H NMR and 13C NMR 

spectra were recorded on a Bruker DRX–500 spectrometer with tetramethylsilane as an internal 

reference. High Resolution MALDI–TOF spectra were recorded on Bruker Solarix 9.4T. 

Compounds β and βC were synthesized according to the procedures developed in our lab.68  

Synthesis of Compound β. To a round–bottom flask equipped with a condenser, 1 (311 mg, 0.37 

mmol), 2 (170 mg, 0.41 mmol), Pd2(dba)3 (34 mg, 0.04 mmol), and P(o-MePh)3 (45 mg, 0.14 

mmol) were added. The system was evacuated and refilled with N2 three times, then charged with 

toluene (50 mL). The reaction mixture was refluxed under N2 for 8 h. Then, compound 3 (102 mg, 

0.11 mmol), Pd2(dba)3 (8.5 mg, 0.01 mmol), and P(o-MePh)3 (12 mg, 0.04 mmol) were added. 

The reaction mixture was refluxed under N2 for another 8 h. After cooling to room temperature, 

the reaction mixture was concentrated under reduced pressure. The residue was purified by column 

chromatography with hexane and CH2Cl2 (1:1, v/v) as the eluent. Compound β was obtained as a 

red solid (292 mg, 25.4% yield). 1H NMR (CDCl3): δ 8.87 (m, 4H), 8.70-8.65 (m, 8H), 8.35 (s, 

4H), 8.23 (m, 4H), 7.77 (s, 2H), 7.68 (s. 2H) 5.19 (m, 6H), 3.14 (s, 4H), 3.02 (s, 4H), 2.25 (m, 

12H), 1.84 (m, 16H), 1.23 (m, 130H), 0.83 (m, 48H), 0.74 (m, 12H). 13C NMR (CDCl3): δ 144.4, 

144.1, 139.6, 139.5, 137.9, 137.6, 134.2, 133.9, 133.9, 133.6, 130.1, 130.0, 129.9, 129.2, 129.1, 
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128.4, 128.1, 127.5, 123.7, 123.0, 122.6, 122.0, 54.7, 40.3, 38.4, 32.4, 31.8, 31.7, 29.3, 29.2, 28.9, 

28.8, 27.0, 26.9, 23.0, 22.6, 22.6, 14.1, 14.1, 14.1, 14.0, 11.2, 11.1. MALDI-TOF: calcd. for 

[C202H256N6O12S3], 3085.9, found, 3085.018. 

Synthesis of Compound βC. A solution of FeCl3 (800 mg, 4.9 mmol) in 2 mL nitromethane was 

added dropwise to a stirred solution of compound β (170 mg, 0.55 mmol) in 10 mL CH2Cl2. The 

reaction was stirred with Ar. After stirring for 10 h at room temperature, 1 mL methanol was added 

to the solution. The solvent was evaporated under reduced pressure, and the crude product was 

filtered with silica gel with a large amount of CHCl3 to yield the solid product (158 mg, 93%).1H 

NMR (C2D2Cl4, ppm, 353 K): δ 10.54 (d, 2H), 10.39 (d, 2H), 9.99 (s, 2H), 9.93 (s, 2H), 9.35 (m, 

4H), 9.08 (m, 4H), 5.48-5.21 (m, 6H), 4.13 (Br, 8H), 2.31-1.98 (br, 28H), 1.37-1.20 (m, 130H), 

0.85-0.79 (m, 60H). 13C NMR cannot be measured due to the aggregation issue. MALDI-TOF: 

calcd. for [C202H248N6O12S3], 3077.8, found, 3077.9. 

 
Steady−State Measurements. All of the measurements were performed at room temperature. 

Concentrations ranging from 1.6×10−6 to 1.6×10−4 M were used for the spectroscopic 

investigations. Absorption spectra were measured using an Agilent 8432 UV−visible absorption 

spectrophotometer. The emission spectrum measurements were performed with a Fluoromax−2 

spectrofluorimeter. The fluorescence quantum yields of the samples were calculated using a known 

procedure69,70 and Rhodamine B in ethanol (ϕF = 0.68)71 was used as the standard. 

 
Two−Photon Excited Fluorescence Measurements. Two−photon excited fluorescence 

measurements were performed using a Kapteyn Murnane (KM) mode−locked Ti:Sapphire laser 

tunable from 700 to 900 nm, and delivering 110 fs output pulses at a repetition rate of 80 MHz as 

described previously.68,72,73 Emission scans were performed either at 820 or 875 nm excitation 
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while scanning the emission in the 400−850 nm range, but the exact emission detection wavelength 

during the power dependence scan was selected by the emission wavelength that produced the 

highest number of counts. Input power from the laser was varied using a variable neutral density 

filter. Two−photon power−dependent fluorescence intensity was utilized to determine the 

two−photon absorption cross section using the comparative method. Rhodamine B in ethanol was 

used as the standard (cross section 120 GM at 820 nm and 30 GM at 875 nm).74 

 
Femtosecond Transient Absorption. An amplified laser (Spectra Physics Spitfire) with pulse 

duration of ~100 fs, repetition rate of 1 kHz, and power of 1 W was directed at a beam splitter to 

generate the pump (85%) and the probe beams (15%). The pump beam (~66 mJ per pulse) was 

generated from the second harmonic of the amplifier’s output (~405 nm) using a BBO crystal in 

an optical parametric amplifier (Spectra Physics OPA-800CF) and was focused onto the sample 

cell (l = 2 mm) preceded by an optical chopper. The probe beam was passed through a 

computer−controlled delay line and focused onto a 2 mm sapphire plate to generate the white light 

continuum (Ultrafast Systems Inc.).33,34 The white light was focused onto the sample and 

overlapped with the pump beam. The absorption difference (ΔA) of the signal was collected by a 

CCD detector (Ocean Optics). Data acquisition was performed with the software Helios by 

Ultrafast Systems Inc. The IRF was measured by the Raman scattering of water at 466 nm and is 

found to be 110 fs. Data analysis was performed with Surface Xplorer Pro and Glotaran softwares. 

All the experiments were performed in dilute solutions, at concentrations below 1´10-4 M. 

 
Nanosecond Transient Absorption. The spectral properties and the lifetimes of long lived 

transient species were probed by transient absorption with nanosecond time resolution 

measurements.75 These experiments were performed in dilute deaerated solutions, where 
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photodegradation was checked by recording UV−vis absorption spectra before and after each 

experiment. All the experiments were performed in dilute solutions, at concentrations below 

7´10-5 M. An LP980 (Edinburgh) spectrometer system, with a monochromator and PMT for signal 

detection (PMT−LP), was coupled with a Spectra Physics QuantaRay Nd:YAG nanosecond pulsed 

laser and a GWU Optical Parametric Oscillator (OPO) tunable for the excitation source. Flash 

lamps excite the ND:YAG rod in the laser head containing a polarizer, pockel cell, and ¼ wave 

plate, producing Q-switched 1064 nm light. Two-stage harmonic generation then produces high 

energy 355 nm light used to pump the OPO. The OPO produces excitation source from 206 nm to 

2600 nm employing second harmonic generation and sum-frequency mixing nonlinear processes. 

For this investigation, 415 nm, 441 nm and 510 nm excitation wavelengths were used to pump the 

samples and a pulsed xenon lamp white light continuum was used to probe the absorption 

properties of the produced excited states. Relative actinometry measurement,76,77 using an 

optically matched solution of Tetracene (φT = 0.62 and εT = 31200 M−1 cm−1 at λT of 465 nm)78 in 

chlorobenzene as reference, was used to compute the product of the triplet yield and triplet−triplet 

extinction coefficient (φT·εT) of the samples. The same OD was maintained at 441 nm excitation 

λ for both reference and sample, hence generating equal concentration of singlets in both solutions. 

Then knowing that: [𝑠𝑖𝑛𝑔𝑙𝑒𝑡] = [𝑡𝑟𝑖𝑝𝑙𝑒𝑡] 𝜙6⁄  and using Beer-Lambert’s law: [𝑡𝑟𝑖𝑝𝑙𝑒𝑡] =

∆𝐴 𝑙 ∙ 𝜀6⁄  for both the sample and the reference, the product: φT·εT of the sample can be computed. 

To compute the triplet yield (φT), triplet–triplet absorption coefficients (εT) were determined by 

triplet energy transfer measurements79–81 to and from Tetracene in cyclohexane. Tetracene (ET = 

1.27 eV) was employed as a triplet energy donor for β, but as an acceptor for βC, giving a 

qualitative hint about their triplet energies i.e. ET < 1.27 eV for β, but ET > 1.27 eV for βC. For 

computing εT successfully, in the donor + acceptor mixture, at the donor λT there has to be a 
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decrease in the triplet lifetime (i.e. higher decay rate) in comparison to its lifetime with only the 

donor in solution. Also, at the acceptor λT, a triplet concentration rise has to be observed. These 

observations thus confirm triplet energy transfer from a donor to an acceptor. Using the decay rate 

of the donor only (kD) and the acceptor (kA) alongside the rate of energy transfer (kET), the ΔAA 

and ΔAD, the εT of donor or acceptor can be evaluated knowing the εT of the other.  

 
Two–Color Transmission Measurements of Triplet Yield. Femtosecond two-color 

transmission measurements were carried out using a tunable Mai Tai laser system (Spectra 

Physics) giving 130 fs pulses with a repetition rate of 80 MHz, tunable from 700 – 900 nm.28 The 

light with wavelength of 850 nm plays the role of probe beam, and second harmonic generated 

(425 nm) light using a BBO crystal was used as the pump beam. To obtain the transmission profile, 

the excited state absorption at 850 nm was investigated with pump irradiation at 425 nm.  The 

selected wavelength region is reasonable since there is negligible steady-state absorption at 850 

nm for the investigated samples. A variable neutral density filter is placed to modulate the 

excitation power. The position of focusing lens is adjusted to place the focusing point on the 

sample. Blank chloroform solvent gives a reference line. A calibrated photodiode was used to 

measure the pump power. The transmitted power has been measured with a wide aperture power 

meter which is free of any thermal lensing effect. 

 
Time−Resolved Fluorescence Measurements. Time−correlated single photon counting 

(TCSPC) technique, which has been described previously,33 was used to study the long decay 

component of the investigated samples. The laser used for the TCSPC measurements was a home-

built mode−locked Ti−sapphire laser with cavity dumper with repetition rate below 700 kHz. The 

output beam from the KM laser was at 800 nm wavelength, with a pulse duration of ca. 30 fs. The 
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output beam was frequency−doubled using a nonlinear barium borate crystal to obtain a 400 nm 

beam. A polarizer was used to vary the power of the 400 nm beam that excites the sample. Focus 

on the sample cell (quartz cuvette, 0.4 cm path length) was ensured using a lens of focal length 

11.5 cm. Collection of fluorescence was carried out in a direction perpendicular to the incident 

beam into a monochromator, and the output from the monochromator was coupled to a 

photomultiplier tube, which converted the photons into counts. 

The femtosecond−resolved fluorescence experiments were performed using an ultrafast 

fluorescence Up−Conversion setup that had previously been described.34,82–84 Mode−locked 

Ti−Sapphire femtosecond laser (Spectra Physics Tsunami) was used to generate 80 fs pulses at 

800 nm wavelength with a repetition rate of 82 MHz. This mode−locked laser was pumped by a 

532 nm continuous light output from another laser (Spectra Physics Millennia), which has a gain 

medium of neodymium−doped yttrium vanadate (Nd:YVO4). A 400 nm excitation pulse was 

generated by a second harmonic β−barium borate crystal, and the residual 800 nm beam was made 

to pass through a computer−controlled motorized optical delay line. The polarization of the 

excitation beam was controlled by a Berek compensator. The power of the excitation beam varied 

between 33 to 36 mW. The fluorescence emitted by the sample was up−converted by a nonlinear 

crystal of β−barium borate by using the residual 800 nm beam, which had been delayed by the 

optical delay line with a gate step of 6.25 fs. By this procedure, the fluorescence can be measured 

temporally. The monochromator is used to select the wavelength of the up−converted beam of 

interest, and the selected beam is detected by a photomultiplier tube (R152P, Hamamatsu, 

Hamamatsu City, Japan). The photomultiplier tube converts the detected beam into photon counts, 

which can be read from a computer. Coumarin 30 was used for calibrating the set up. The 

instrument response function (IRF) has been determined from the Raman signal of water to have 
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a width of 110 fs. Lifetimes of fluorescence decay were obtained by fitting the fluorescence decay 

profile to the most accurate fit. Mono and multi−exponential decay functions convoluted with IRF 

in MATLAB and Origin 8 were necessary for the data analysis.  

 
Quantum Chemical Simulations. Theoretical investigation has been performed on molecular 

structures where the long alkyl chains are replaced by short chains (octyl and hexyl groups [C6H13, 

C8H17] attached to the PDI moieties and the BDT linker are replaced by hydrogen atoms and 

methyl groups, respectively) to save computational time without significant effect on the electronic 

properties. The ground state geometry of each compound was obtained by density functional 

theory (DFT). The B3LYP functional and the 6−31G* basis sets have been employed. Excited 

state simulations using time−dependent DFT (TD-DFT) were performed. The same functional and 

basis sets used in the ground state calculations, were employed for the geometry optimization of 

the first singlet excited state (S1) and the first triplet excited state (T1) in the gas phase.  The 

geometries of S1 were obtained with TD-DFT simulations. T1 geometries could be obtained via 

two approaches: an unrestricted triplet calculation, and TD-DFT targeting a triplet state. In this 

study, TD-DFT triplet geometry optimization was conducted for consistency with the S1 

geometries. Single−point energy calculations to evaluate the electronic property were performed 

using the system−dependent, nonempirically tuned version of long−range corrected functional 

ωB97X−D85,86 which is known to significantly improve the charge delocalization problem in 

conventional DFT functionals and 6−31G* basis sets. The ω value is tuned to minimize the square 

sum of the difference between HOMO energy (𝜀HOMO) and ionization potential (IP), and LUMO 

energy (𝜀LUMO) and electron affinity (EA), (𝜀HOMO+𝐼𝑃)2+(𝜀LUMO+𝐸𝐴)2. The ω value is 

significantly affected by the environment,87 and inclusion of the solvent (chloroform) dielectric 

field induces a reduced ω value. The optimal ω values of β and βC are 0.004 and 0.003, 
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respectively. The medium effect was included using polarizable continuum model with the 

dielectric constant of 4.31 for chloroform. Characters of excitations were described with natural 

transition orbitals (NTOs). The driving force of singlet fission – the energy difference between 

E(S1) and 2×E(T1), ΔES-2×T – was estimated with the same computational details mentioned above. 

S1 and T1 energies should be calculated at the optimized states since the vibrational relaxation is 

much faster than SF process. Recently, Krylov et al. pointed out the importance of 1(TT) energy 

in predicting feasibility of SF and relevant kinetics.21 Restricted active space with double spin-flip 

(RAS-2SF) has successfully provided the energetics of SF-relevant states in a number of 

studies.12,61,66,88–92 While the RAS-2SF approach works well for dichromophoric systems, β and 

βC trimeric compounds require one additional spin-flip to locate all available multiexcitonic states 

distributed over three chromophores. In this study, we employed a high spin restricted open 

Hartree-Fock septet reference state. The orbital space of interest was divided into three parts: 

RAS1, RAS2 and RAS3. Two subspaces, RAS1 and RAS3, correspond to fully occupied, and 

virtual spaces, respectively. Six singly occupied orbitals were considered in the RAS2 active space. 

Core inactive occupied orbitals and 1200 virtual orbitals were kept frozen to enable RAS-3SF 

calculation for such large chromophores. The localized frontier orbitals were obtained using RAS-

3SF method via Pipek-Mezey localization scheme with Q-Chem 4.0.93 Energies of multiexciton 

state were estimated at the S1 geometries obtained by the TD-DFT calculation described above. 

Details on the procedure of intersystem crossing calculations are provided in Supporting 

Information. All the quantum chemical simulations were conducted using Q−Chem 5.0. 

 
Device fabrication and characterization. Polymer PTB7−Th was obtained from 1−Material. 

Chlorobenzene and 1,8−diiodooctane for active layer solution preparation were obtained from 

Sigma-Aldrich. For ZnO preparation using sol−gel approach, we used Zn(CH3COO)2·2H2O, 2-
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methoxyethanol and 2-aminoethanol, all purchased from Sigma−Aldrich. Chloroform and 

cyclohexane from Sigma−Aldrich were used as solvents for the spectral and photophysical 

characterization. All chemicals were used as obtained from the manufacturer without further 

purification. Devices were fabricated in inverted configuration consisting of ITO/ZnO/active 

layer/MoO3/Ag. ITO substrates, obtained from Thin Film Devices Inc., were ultrasonicated in 

chloroform, acetone and isopropanol for 15 min and then treated with UV−ozone for 30 min. 

Sol−gel solution of ZnO precursor, prepared following procedures described elsewhere, was added 

dropwise onto ITO substrates through PTFE syringe filter and spin coated at 4000 rpm for 40 

seconds. Immediately after spin coating, substrates were annealed at 2000C for 30 minutes in air. 

Active layer components were dissolved in chlorobenzene overnight at 700C and solution at room 

temperature was spin coated onto the substrates in a glovebox. Films were immediately transferred 

to a vacuum chamber and MoO3 (8 nm) and Ag (80 nm) were thermally evaporated under the 

pressure lower than 2 ∙ 10:R Torr. 

J−V curves of the devices were measured with Keithley 2420 source meter unit. Devices were 

tested under 1 sun conditions (AM1.5G, 100 mW/cm2) using xenon lamp (Oriel 69920) intensity 

of which was calibrated with a standard NREL certified Si cell (Newport, 91150V). Masks with a 

well−defined area of 3.14 mm2 were used to define an active area of the device. 
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3.7.2 Steady–State and Two–Photon Absorption Measurements [S.I.] 

 
Figure 3.11 Concentration effect on the absorption spectra of the Trimers in chloroform. 
 

    
Figure 3.12 Power dependence of the two−photon excited emission (left) and two−photon 
emission spectra (right) for the Trimers in chloroform upon 820 nm excitation. 
 
 
Table 3.3 Change in atomic charge from S0 to S1 on the subunits of compound β and βC.a 

 β βC 
 A D A D A A D A D A 

Absorptionb −0.07 +0.50 ̶ 0.66 +0.27 −0.03 −0.19 +0.32 ̶ 0.25 +0.32 −0.19 
Emissionc +0.07 +0.64 ̶ 0.74 +0.03 0.00 −0.79 +0.61 +0.10 +0.08 −0.01 

a Mulliken charge is given in e−; bCalculated at S0 geometry; cCalculated at S1 geometry 
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3.7.3 Femtosecond Transient Absorption (fsTA) [S.I.] 

Table 3.4 Lifetimes (τ) obtained by global fitting of the femtosecond Transient Absorption data 
in chloroform. 

Compound τ1 / ps τ2 / ps τ3 / ps τ4 / ps 
β 0.18 7.4 320 Rest 

βC 0.14 33 1300 Rest 
assignment Solv. / ICT VC/SR S1 T 

 

 
Figure 3.13 A) Time−resolved spectra and kinetics (inset) obtained by femtosecond TA for the 
Trimers in chloroform. B) Species Associated Spectra and lifetimes obtained by global fitting the 
TA data. C) Population dynamics of the excited singlet and triplet states. 
 
 
3.7.4 Triplet Yield Calculation from fsTA [S.I.] 

Triplet yield was evaluated from the temporal dynamics of the lowest excited singlet and 

triplet state populations, as obtained through analysis of the femtosecond transient absorption data, 

according to a procedure already described in the literature, and here detailed for the trimer 

samples.25,49 
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βC Trimer 

Global Fitting of the femtosecond transient absorption data was carried out using the 

Glotaran software which provided us with the Species Associated Spectra of the four exponential 

components (assignments and lifetimes described in Table 3.4) and their temporal composition 

(Figure 3.14). 

    
Figure 3.14 Species Associated Spectra (left) and composition in time (right) of the four 
exponential components resulting from global fitting of the femtosecond transient absorption data 
of βC in chloroform. 
 
To obtain the spectral shapes of the excited singlet and triplet states, the transient spectra at time 

delays of 129 and 1413 ps were selected, respectively (Figure 3.15). At these time delays, the 

singlet and triplet species were at the maximum in the fsTA data (Figure 3.14). 

 
Figure 3.15 Transient absorption spectra at 129 and 1413 ps delay recorded for βC in chloroform. 
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The spectra of the lowest singlet and triplet excited states must be related through the GSB they 

share in common. The ground state absorption spectrum was scaled and subtracted from the 

129/1413 ps transient spectra in order to remove the GSB contribution. The ground state absorption 

spectrum was normalized to the transient absorption spectrum at the peak of the ground state 

bleaching, and then subtracted. The resulting spectra only show the S1/T1 ESA relative to a known 

amount of GSB (Figure 3.16). 

 
Figure 3.16 Transient (black) and steady state (red) absorption spectra used to reconstruct the 
absorption spectra of the excited singlet (blue, left) and triplet (green, right) states. 
 
The S1 and T spectra are then normalized to the GSB they share, resulting in two spectra that are 

quantitatively related (Figure 3.17). 

 
Figure 3.17 Excited state absorption spectra, normalized to GSB, used to correct composition 
profile in Figure 3.14 and to obtain population dynamics in Figure 3.18. 
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The quantitatively related spectra of S1 and T were used to correct the composition profiles 

previously shown. The temporal composition of the components resulting from the global fitting 

reported in Figure 3.14 is indeed related to the differential absorbance measured during the 

ultrafast absorption experiments. Therefore, according to the Lambert−Beer law, it is dependent 

on both the absorption ability and the concentration of S1 and T. From the quantitatively related 

S1 and T spectra reported in Figure 3.17, it is clear that the ratio between the triplet excited state 

absorption at its peak (0.0454 at 540 nm) and the singlet excited state absorption at its peak (0.0292 

at 460 nm) is U0
U1
= 1.55. By scaling the S1 and T temporal compositions in Figure 3.21 for this 

factor (multiplying the singlet profile by 1.55), the correct concentration profiles were obtained: 

D1
D0
= ∆41

∆40
× U0

U1
. From the population profiles normalized at the singlet population peak (Figure 

3.18), a triplet quantum yield higher than 46% was estimated for βC. 

 
Figure 3.18 Population dynamics of the excited singlet and triplet states for βC in chloroform. 
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β Trimer 

A similar procedure was employed to evaluate the triplet yield for β. Global Fitting 

revealed the presence of four exponential components whose Species Associated Spectra and 

composition in time are shown below in Figure 3.19. 

   
Figure 3.19 Species Associated Spectra (left) and composition in time (right) of the four 
exponential components resulting from global fitting of the femtosecond transient absorption data 
of β in chloroform. 
 
Looking at the singlet and triplet composition profiles, transient spectra at time delays of 29 and 

1165 ps were selected to obtain spectral shapes associated to the excited singlet and triplet state, 

respectively (Figure 3.20). 

 
Figure 3.20 Transient absorption spectra at 29 and 1165 ps delay from excitation recorded for β 
in chloroform. 

500 600 700 800

-0.02

0.00

0.02

0.04

SA
S

l / nm

 Solv
 VC
 S1
 T

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

Co
m

po
sit

io
n

time / ps

 Solv
 VC
 S1
 T

500 600 700 800

0.00

0.01

0.02

0.03

DA

l /nm

 29 ps
 1165 ps



 129 

 
The ground state absorption spectrum was scaled and subtracted from the 29/1165 ps transient 

spectra in order to remove the GSB contribution (Figure 3.21). In this case the same amount of 

GSB was subtracted from both spectra because no clear negative band is exhibited by the transient 

spectrum at long delays. This is due to spectral overlap between the ground state and the triplet 

excited state absorption.  

 
Figure 3.21 Transient (black) and steady state (red) absorption spectra used to reconstruct the 
absorption spectra of the excited singlet (blue, left) and triplet (green, right) states. 
 

 
Figure 3.22 Excited state absorption spectra used to correct composition profile in Figure 3.19 
and to obtain population dynamics in Figure 3.23. 
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state absorption at its peak (0.0219 at 740 nm) is 0.571. The temporal population profiles for these 

excited states were thus obtained, by scaling the composition profiles in Figure 3.19 using this 

factor (multiplying the singlet profile by 0.571). Population dynamics normalized at the singlet 

peak (Figure 3.19) demonstrates the formation of 1.89 triplets per initially excited singlet. A triplet 

quantum yield of 189% was estimated for β. 

 
Figure 3.23 Population dynamics of the excited singlet and triplet states for β in chloroform. 
 
3.7.5 Nanosecond Transient Absorption (nsTA) [S.I.] 

 
Figure 3.24 Time−resolved spectra obtained by nanosecond TA measurements for the Trimers in 
air-equilibrated chloroform upon 500 nm (for b) and 600 nm (for bC) laser excitations. 
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Figure 3.25 Kinetics of triplet species in air-equilibrated (gray) vs. deaerated (black) chloroform. 
 
3.7.6 Triplet Sensitization Experiments by nsTA [S.I.] 

 
Figure 3.26 Transient absorption spectra of Tetracene in cyclohexane upon excitation at 441 nm. 
 

 
Figure 3.27 Transient absorption sensitization spectra of the Trimer compounds and Tetracene in 
cyclohexane, showing the triplet species decay of the donor and the rise of the acceptor (inset).  
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Triplet extinction coefficient of β was obtained by triplet energy transfer from Tetracene 

donor (ET = 1.27 eV) to the β triplet energy acceptor (ET << 1.27 eV). For βC, its triplet extinction 

coefficient was obtained by energy transfer to the Tetracene acceptor from βC acting as a triplet 

energy donor (ET > 1.27 eV).  Here, the employed procedures for the two trimer compounds are 

reported. 

1) Determination of the triplet extinction coefficient of β in cyclohexane (CH) at 520 nm by 
energy transfer from Tetracene (λexc = 441 nm)77,79–81 

  
Figure 3.28 Kinetics recorded during nanosecond transient absorption measurements of Tetracene 
(donor) in cyclohexane upon laser excitation at 441 nm. 
 

 
Figure 3.29 Kinetics recorded during nanosecond transient absorption measurements of β 
sensitized by Tetracene (quenched donor at 465 nm and sensitized acceptor at 520 nm) in 
cyclohexane upon laser excitation at 441 nm.  
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 𝜀4 = 𝜀5 ×
∆𝐴!"#,4
∆𝐴!"#,5

×
1

𝑓5 × 𝑝26 × 𝑤
 Equation 3.1  

𝜀4 = 31200	𝑀:0𝑐𝑚:0 ×
0.0043
0.254 ×

1
0.8514 × 0.5773 × 0.6446 = 1667	𝑀:0𝑐𝑚:0 

Where: 

𝑓5 =
42
4234

× H0:0/
54234

0:0/542
L = 0.8514  is the fraction of light absorbed by the donor 

𝑝26 =
W2
6 :W2
W2
6 = 0.5773 is the energy transfer probability 

𝑤 = 𝑒𝑥𝑝 u−
XY	[

72
6

74
\

72
6

74
:0
v = 0.6446 factor accounting for the quenched donor and acceptor lifetimes 

 
where,  

𝜀4 = triplet-triplet extinction coefficient of the acceptor (UNKNOWN) 

𝜀5 = triplet-triplet extinction coefficient of the donor/sensitizer (KNOWN) 

∆𝐴!"#,4 = maximum absorbance change of the Acceptor in the “Donor + Acceptor” mixture 

∆𝐴!"#,5 = maximum absorbance change of the Donor/sensitizer alone 

𝑓5 = fraction of light absorbed by the Donor/sensitizer in the “Donor + Acceptor” mixture w.r.t. 
the Donor alone 

𝑘5<  = rise rate constant of the Acceptor in the “Sensitizer + Acceptor” mixture (should be similar 
to the quenched Sensitizer decay rate constant) 

𝑘5 = decay rate constant of the Donor ONLY 

𝑘4 = decay rate constant of the Acceptor in the “Donor + Acceptor” mixture 
 
Note: In estimating 𝑘5< , ideally (in the absence of any spectral overlap) the decay rate constant of 
the quenched Donor (at 465 nm) should match the rise rate constant of the Acceptor (at 520 nm).80 
This was not the case here for the β compound as there is an overlap of its triplet spectrum and 
that of the tetracene Donor such that at 465 nm both the Donor and the Acceptor contribute to the 
decay rate constant (see Figures 3.4 and 3.26). For this reason, we decided to set 𝑘5<  as the rise 
rate constant of the Acceptor because at 520 nm only the β compound triplet shows an absorption. 
 
 
To Calculate the Triplet Quantum Yield.  

Relative Actinometry approach was used.76 This was done using the computed triplet 

extinction coefficient from the energy transfer measurement. Tetracene, with its known 𝜀6 and 𝜙6, 
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was used as a reference compound (ref.). In order to obtain the 𝛥𝐴 of both sample and reference, 

the ground state absorption (i.e. OD) of both sample and reference has to be the same at the 

excitation wavelength (441 nm). 

 
[𝜙6𝜀6]>"!,]B	(^)
[𝜙6𝜀6]ABC.

=	
[𝛥𝐴]>"!,]B	(^)
[𝛥𝐴]ABC.

	 Equation 3.2  

[𝜙6𝜀6]>"!,]B	(^) =	 [𝜙6𝜀6]ABC.´	
[𝛥𝐴]>"!,]B	(^)
[𝛥𝐴]ABC.

=	(0.62	 ∙ 31200𝑀:0𝑐𝑚:0)´	
0.0527
0.366

= 2785	𝑀:0𝑐𝑚:0 

where,  

𝜀6	>"!,]B	(^) = triplet-triplet extinction coefficient of the β sample (computed using energy 
transfer measurements) 

𝜙6	>"!,]B	(^) = triplet quantum yield of the sample β 

[𝛥𝐴]>"!,]B	(^) = change in absorption of the sample β (whose OD is similar to that of the reference 
at λexcitation) 
[𝛥𝐴]ABC = change in absorption of the reference compd. (whose OD is similar to that of the sample 
at λexcitation) 
 
Table 3.5 Summary of the parameters recorded for the two triplet energy transfer measurements 
performed for β in CH to ensure reproducibility. Tetracene used as a triplet energy donor. 

Parameters Measurement 1 Measurement 2 

𝜺𝑫(𝑫𝒐𝒏𝒐𝒓) 31200	𝑀9:𝑐𝑚9: 
(Tetracene) 

31200	𝑀9:𝑐𝑚9: 
(Tetracene) 

∆𝑨𝑨 0.0043 0.005 

∆𝑨𝑫 0.254 0.170 

𝒇𝑫 0.8514 0.746 

𝒌𝑫 0.273 μs-1 0.175 μs-1 

𝒌𝑫< = 	𝒌𝑫 + 𝒌𝑬𝑻[𝑨] 0.647 μs-1 1.919 μs-1 

𝒌𝑨 0.149 μs-1 0.109 μs-1 

𝜺𝑨 =	𝜺𝑻	𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷) 1667	𝑀9:𝑐𝑚9: 1607	𝑀9:𝑐𝑚9: 

[𝜺𝑻 ∙ 𝝓𝑻]𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷) 
(Rel. Actinom. meas.) 

2785	𝑀9:𝑐𝑚9: 2785	𝑀9:𝑐𝑚9: 

𝝓𝑻	𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷) 1.67 1.73 
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Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 1.70 
 
 
2) Determination of the triplet extinction coefficient of βC in cyclohexane (CH) at 540 nm 

by energy transfer to Tetracene (λexc=510 nm) 
 

 𝜀5 = 𝜀4 ×
∆𝐴!"#,5
∆𝐴!"#,4

× 𝑓5 × 𝑝26 × 𝑤 Equation 3.3  

𝜀5 = 31200	𝑀:0𝑐𝑚:0 ×
0.0814
0.0183 × 0.9985 × 0.5594 × 0.4652 = 36061	𝑀:0𝑐𝑚:0 

where: 

𝑓5 =
42
4234

× H0:0/
54234

0:0/542
L = 0.9985  is the fraction of light absorbed by the donor 

𝑝26 =
W2
6 :W2
W2
6 = 0.5594 is the energy transfer probability 

𝑤 = 𝑒𝑥𝑝 u−
XY	[

72
6

74
\

72
6

74
:0
v = 0.4652  accounts for the quenched donor and acceptor lifetimes 

 

  
Figure 3.30 Kinetics recorded during nanosecond transient absorption measurements of βC 
(donor) in cyclohexane upon laser excitation at 510 nm. 
It should be noted that the difference in the lifetime of βC in comparison to that reported in Table 
3.2 is due to the different solvent employed here and to the different nitrogen purging conditions 
(time, flow rate, etc). 
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Figure 3.31 Kinetics recorded during nanosecond transient absorption measurements of Tetracene 
sensitized by βC (quenched donor at 540 nm and sensitized acceptor at 465 nm) in cyclohexane 
upon laser excitation at 510 nm. 
The difference in the lifetime of Tetracene in comparison to that reported in Figure 3.26 is due to 
the non-consistent nitrogen purging conditions (time, flow rate, etc.). 
 
Note: Here, in estimating 𝑘5< , the decay rate constant of the quenched Donor (at 540 nm) matches 
the rise rate constant of the Acceptor (at 465 nm). This is because there is no overlap of the triplet 
absorption spectrum of the βC compound and that of the tetracene Acceptor (see Figures 3.4, 
3.24and 3.26), unlike in the case of the β compound. 
 

[𝜙6𝜀6]>"!,]B	(𝜷𝑪)
[𝜙6𝜀6]ABC.

=	
[𝛥𝐴]>"!,]B(𝜷𝑪)
[𝛥𝐴]ABC.

	 

[𝜙6𝜀6]>"!,]B	(𝜷𝑪) =	 [𝜙6𝜀6]ABC.´	
[𝛥𝐴]>"!,]B	(𝜷𝑪)
[𝛥𝐴]ABC.

=		 (0.62	 ∙ 31200𝑀:0𝑐𝑚:0)´	
0.125
0.324

= 7460𝑀:0𝑐𝑚:0 

 
Table 3.6 Summary of the parameters recorded for the two triplet energy transfer measurements 
performed for βC in CH to ensure reproducibility. Tetracene is the triplet energy acceptor. 

Parameters Measurement 1 Measurement 2 

𝜺𝑨	(𝑨𝒄𝒄𝒆𝒑𝒕𝒐𝒓) 31200	𝑀9:𝑐𝑚9: 
(Tetracene) 

31200	𝑀9:𝑐𝑚9: 
(Tetracene) 

∆𝑨𝑫 0.0814 0.086 

∆𝑨𝑨 0.0183 0.012 

𝒇𝑫 0.9985 1 

𝒌𝑫 0.4470 μs-1 0.2476 μs-1 
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𝒌𝑫< = 	𝒌𝑫 + 𝒌𝑬𝑻[𝑨] 1.0145 μs-1 0.7158 μs-1 

𝒌𝑨 0.6074 μs-1 0.4063 μs-1 

𝜺𝑫 =	𝜺𝑻		𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷𝑪) 36061	𝑀9:𝑐𝑚9: 69545	𝑀9:𝑐𝑚9: 

[𝜺𝑻 ∙ 𝝓𝑻]𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷𝑪) 
(Rel. Actinom. Meas.) 

7460	𝑀9:𝑐𝑚9: 7460	𝑀9:𝑐𝑚9: 

𝝓𝑻	𝒔𝒂𝒎𝒑𝒍𝒆	(𝜷𝑪) 0.21 0.11 

Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 0.16 
 
3.7.7 Fluorescence Upconversion [S.I.] 

   
Figure 3.32 Fluorescence decay kinetics recorded for compounds β and βC in chloroform by 
femtosecond resolved FUC, together with their poly-exponential fittings (black). 
 
Table 3.7 Lifetimes (τ) and pre-exponential factors (A) obtained by fitting the FUC kinetics. 

Compound AFUC,1 τFUC,1 / ps AFUC,2 
τFUC,2 / 

ps AFUC,3 τFUC,3 / ps 

β 0.60 1.0 0.46 6.0 − −b 
βC −0.20a 0.20a 0.11 110 0.90 1000c 

assignment  Solv. / ICT  VC / SR  S1 
aRise time obtained from fitting of the fluorescence kinetics acquired on a 3 ps time window (see Figure 3.33 left). 
bThe fact that the third component (τ3 in Table 3.7) is not revealed is likely due to acquisition at 670 nm, in the blue 
part of the emission spectrum, where time resolved red shift of the emission spectra accompanying relaxation is 
primarily detected. Acquisition at the emission maximum was indeed prevented by the extremely red shifted 
fluorescence of β. cCorresponds to the lifetime obtained with the single photon counting measurements (1.33 ns) with 
the latter being a better evaluation for the decay time of this long living component. 
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Figure 3.33 Fluorescence kinetics for β at 670 nm (left) and βC at 613 nm (right) in chloroform; 
best fit to a bi−exponential function is also shown. 
 
3.7.8 Quantum Chemical Simulations 

Details about intersystem crossing rate calculations. The first excited triplet state (T1) geometry 

of the compound β and βC was obtained with time−dependent density functional theory (TDDFT). 

The same functional and basis sets (B3LYP and 6−31G*) used to locate the ground state geometry 

were employed for the geometry optimization. Single−point energy was refined using the 

system−dependent, nonempirically tuned version of long−range corrected functional ωB97X−D 

with the optimal ω values. (You can find the optimal ω values in the main text.) The medium effect 

was included using polarizable continuum model with the dielectric constant of 4.31 for 

chloroform. The first excited singlet (S1) geometry was used to calculate the spin–orbit coupling. 

All the quantum chemical simulations were conducted using Q–Chem 5.0.  

The rate constant of intersystem crossing (ISC) was estimated via Fermi’s Golden rule.94,95 

 𝑘_`a =
2𝜋
ℏ 𝜌ba|〈S0|𝐻$&|T0〉|) Equation 3.4  

Where, 〈S0|𝐻$&|T0〉 is the spin−orbit coupling element between S1 and T1, ρFC denotes the 

Franck−Condon−weighted density of states, and ℏ is the reduced Planck constant of 6.582×10−16 

eVs. ρFC is evaluated with Marcus−Levich−Jortner theory.96,97 
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 𝜌ba =
1

�4𝜋𝜆c𝑘d𝑇
kexp(−𝑆)

𝑆(

𝑛! exp	[−
(Δ𝐸`e + 𝑛ℏ𝜔fgg + 𝜆c))

4𝜋𝜆c𝑘d𝑇
]

h

(H/

 Equation 3.5  

Where, λM is the Marcus reorganization energy associated with the intermolecular and 

intramolecular low−frequency vibrations, kB is for Boltzmann constant of 8.6173×10−5 eV/K, T is 

the temperature (in this study, 298.15 K), ℏωeff represents the effective energy of a mode 

representing the nonclassical high−frequency intramolecular vibrations, and ΔEST is the adiabatic 

energy difference between S1 and T1. Huang−Rhys factor associated with these modes are given 

as S.  

One recent computational study on thermally activated delayed fluorescence (TADF) 

mechanism discussed the rate of reverse ISC within the same framework used in this work.98 The 

researchers from the same group computed the contribution of nonclassical intramolecular 

vibrations, and estimated the Marcus reorganization energy due to low−frequency intramolecular 

vibrations and the medium−induced relaxation effects. In addition, they assumed the Huang−Rhys 

factors can be neglected without significant changes to the results for large molecules.97,99 The 

numerical values of each property to predict the rate of ISC are given in the table below. 

Table 3.8 Properties used to predict the rate of ISC in the trimers. 

 β βC 
𝜆 (eV) 0.244 0.424 
Spin–orbit coupling (cm−1) 2.704 0.257 
ΔEST (eV) −0.704 −0.595 
Rate of ISC (s−1) 8.44×105 1.35×107 
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Figure 3.34 Singlet fission energetics for β (left) and βC (right); energies are given in eV. 
 
Table 3.9 Calculated singlet and triplet energy values (in eV) from Figure 3.34. 

eV β βC 
Electronic state S0 S1 T1 S0 S1 T1 

S0 0.00 0.20 0.25 0.00 0.11 0.17 
S1 1.65 1.50 1.49 2.04 2.00 2.08 
T1 1.20 1.00 0.80 1.83 1.55 1.41 

 

 
Figure 3.35 Frontier orbitals considered in RAS-SF calculations for β compound. 
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Figure 3.36 Frontier orbitals considered in RAS-SF calculations for βC compound. 
 
Table 3.10 Energy levels estimated by 3SF-RAS based on the S1 geometries of each chromophore 
(S: Singlet, T: Triplet, Q: Quintet, ME: Multiexciton. Energies are given in eV). 

β βC 
State Energy State Energy 

S0 0.000 S0 0.000 
T1 1.960 T1 2.371 
T2 1.962 T2 2.371 
T3 1.967 T3 2.591 
S1 3.452 S1 3.683 
S2 3.568 S2 4.100 
S3 3.586 S3 4.106 

S4, ME (1TT) 3.940 T4 4.187 
T4 3.942 T5 4.335 

S5, ME (1TT) 3.946 T6 4.340 
Q1 3.946 S4 4.596 
T5 3.948 S5 4.604 
Q2 3.952 T7 4.721 

S6, ME (1TT) 3.955 T8 4.732 
T6 3.955 T9 4.785 
Q3 3.955 Q1 4.785 

  S6, ME (1TT)  4.785 
  S7 4.812 
  S8, ME (1TT) 4.916 
  T10 4.917 
  S9, ME (1TT) 4.919 
  T11 4.925 
  S10 4.962 
  Q2 4.982 
  Q3 4.982 
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Figure 3.37 SF relevant energetics for β and βC Trimers showing interaction energies. 
It should be noted that the LE (S1) and T1 energies are overestimated in SF-RAS calculations 
relative to TD-DFT calculations. 
 

ME1, S4 

 
ME2, S5 

 
ME3, S6 

 

Figure 3.38 Natural Orbitals for the Multiexcitonic States of β with their occupation numbers. 
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Figure 3.39 Natural Orbitals for the Multiexcitonic States of βC with their occupation numbers. 
 
 
Table 3.11 Relevant thermodynamic quantities (eV) for b and bC at 298 K computed following 
Krylov et al. 

 b bC 
𝐸>FF = 2 × 𝐸(𝑇0) − 𝐸(𝑆0)  –0.20 +0.59 
𝐸= = 𝐸(i𝑇𝑇) − 𝐸(0𝑇𝑇)  +0.006 +0.066 

𝐻0 = 𝐸>FF − 𝐸= –0.206 +0.524 
𝐻) = 𝐸>FF –0.20 +0.59 

𝑇𝑆0 = 𝑘.𝑇 lnW0 +0.028 0 
𝑇𝑆) = 𝑘.𝑇 lnW) +0.028 0 

𝐺0 = 𝐸>FF − 𝐸= − 𝑇𝑆0 –0.234 +0.524 
𝐺) = 𝐸>FF − 𝑇𝑆) –0.228 +0.59 

∆𝑯𝑻𝑶𝑻 = ∆𝑯𝟏 + ∆𝑯𝟐 = 𝑬𝒔𝒕𝒕 –0.20 +0.59 
𝑻∆𝑺𝑻𝑶𝑻 = 𝑻∆𝑺𝟏 + 𝑻∆𝑺𝟐 +0.028 0 
∆𝑮𝑻𝑶𝑻 = ∆𝑮𝟏 + ∆𝑮𝟐 –0.228 +0.59 

1 is the first step of singlet fission (from state 0, S1, to state 1, 1TT); 2 is the second step of triplet separation (from 
state 1, 1TT, to state 2, T1); for b, W1=W2=3, all the three double triplets are energetically close and accessible; for bC, 
W1=W2=1, only one double triplet state is energetically accessible; Dc1=c1–c0 and Dc2=c2–c1 where c is H, S or G; 
kBT=0.026 eV at 298 K. 
 
  

1.01 1.00 1.00 0.99 

1.76 1.45 1.28 0.84 0.51 0.25 

1.75 1.49 1.25 0.73 0.58 0.28 
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Chapter 4  
 

Impact of Ring-fusion on the Excited State Decay Pathways of N-annulated Perylene 
Diimides 

 
 
4.1 Original Publication Information 
 

The work in this chapter is ready to be submitted for publication as:  

“Impact of Ring-fusion on the Excited State Decay Pathways of N-annulated Perylene Diimides” 

Ifeanyi K. Madu, Hanjie Jiang, Audrey Laventure, Paul M. Zimmerman, Gregory C. Welch, and 

Theodore Goodson III. 

 
Synthesis of the compounds was carried out by the Welch group at the University of 

Calgary and quantum calculations by the Zimmerman group at the University of Michigan. 

Modifications were made to the original publication to adapt it to the style of the content of this 

dissertation. References and supporting information of the original manuscript are included in this 

chapter. 
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4.2 Abstract 
 

N-annulated perylene dimide (PDI) dimers offer added advantages over conventional (non-

annulated) dimers or S/Se-annulated dimers due to the two extra positions of functionalization they 

provide, which can be used to improve the solution-processability, impact the packing and self-

assembly of the molecules in thin film, and tune energetics. In this work about N-annulated 

thiophene π-bridged PDI dimers, we present a new strategy to use ring-fusion to highlight the 

different excited state decay pathways taking place in these bowed-shaped systems. Two 

analogous N-annulated PDI dimers were investigated, whose structures show a rotatable single-

bond thiophene π-bridge connection (M1) relative to a rigid fused π-bridge connection (M1F). We 

show that ring-fusion of this dimeric system yields ultrafast intramolecular charge transfer and 

charge separation, relative to the unfused dimer. For M1F – the fused N-annulated thiophene π-

bridged PDI dimer, charge separation rate increased by over one-order of magnitude compared to 

the charge separation rate of M1. Also, ring-fusion opened up the triplet excited state deactivation 

pathway that was not present in the unfused dimer. The rate of triplet production was shown to be 

dependent on the polarity of the solvent environment for the fused M1F dimer. Time-resolved 

spectroscopic measurements were used to carry out the detailed analysis of the excited state 

dynamics to elucidate the decay pathways of the unfused and fused N-annulated thiophene π-

bridged PDI dimers. We were able to track the respective excited state species (PDI*, PDI•+, PDI•⁻, 

PDI3*) generated upon photoexcitation, using both femtosecond and nanosecond time resolution 

to obtain a complete description of the entire activation and deactivation pathways. Non-linear 

two-photon absorption measurement was used to provide insights into the excited state charge 

transfer properties of the compounds. The results were able to show that ring fusion leads to 

increased electronic coupling between the PDI units of the dimer, which in turn leads to increased 
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charge separation rate and dictates the production mechanism of the long-lived triplet species. 

Also, this detailed study points out that ring fusion in N-annulated PDIs, with a slightly twisted 

backbone, can provide the bulk advantages of excellent π-conjugation, increased electronic 

delocalization, as well as the advantage of limiting the aggregation effects. 

 
4.3 Introduction 
 

Among the reported electron-deficient n-type materials, perylene diimide (PDI) or perylene 

bisimide based compounds are one of the most studied, and have found utility in electron-

transporting technologies.1–4 Such applications include organic field-effect transistors (OFETs),5–

7 imaging fluorescent probes,8,9 photosensitizers for photodynamic therapy,10,11 molecular 

switches and wires,12 organic solar cells (OSCs).13–19 For bulk heterojunction (BHJ) organic OSCs, 

non-fullerene acceptors still remain a critical component, and PDI acceptors are leading the pack 

in terms of usage for studies because of their outstanding chemical and physical properties. 

Specifically, the advantages of low cost, strong absorptivity, excellent electron mobility, 

remarkable thermal, chemical and photo stability, has made PDI excellent non-fullerene acceptor 

candidates for BHJ devices.13,20  

Several PDI oligomeric systems have been synthesized and studied, including trimers,21,22 

tetramers,15,23–26 and their structure-property-function relationships have been clearly elucidated. 

For PDI dimers, a novel class of compounds that have not received much attention are the 

annulated dimers. Sun et al27 reported efficient device properties (PCE ~7.1 %) using S-annulated 

PDI dimers which comprised of two thiophene heterorings tacked in the bay positions, at the 

extreme ends of the compound. This was the highest PCE value reported in the literature at the 

time for non-fullerene acceptors. Meng et al28 replaced the thiophene heterorings with selenophene 

heterorings given that selenium has a bigger and looser outmost electron cloud than that of sulfur, 
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which improves orbital overlap and increases charge carrier mobility. In addition, it was expected 

that this Se-annulated PDI dimer will show increased intramolecular interactions because the 

selenium atom is more easily polarized relative to the sulfur atom. An efficiency of ~8.4 %, also 

one of the highest reported at the time, was achieved. Their works highlighted the important fact 

that annulated PDI dimers show immense promise for application in OSCs. Inspired by this idea, 

the Welch research group synthesized pyrrole-ring (or “N-annulated”) PDI dimers in a bid to 

overcome the limitation in structural diversity of the S- and Se-annulated derivatives, stemming 

from their set molecular geometry (at ~80⁰) and from the fact that the bay position cannot be further 

functionalized.29–31 N-annulated PDI dimers show a higher device open-circuit voltages (VOC) 

relative to conventional (no annulation) and S-/Se-annulated PDI dimers, owing to higher LUMO 

energy.29 

Annulation, in the bay region, should impose some kind of curved bowl-shaped or bowed 

molecular geometry that have been said to significantly alter intermolecular interactions, chemical 

and physical properties of the PDI system.32 The bowed geometry is achieved by incorporating 

thiophene, selenophene or pyrrole heterorings into the bay regions of the PDI systems, inducing 

ring strain in the molecular backbone. However, as was previously reported by Qian et al,32 crystal 

structure study revealed that the S-annulated compound showed a rather planar perylene core 

probably because of the long length of the C–S bonds (~1.78 Å), which led to a weak ring strain. 

In similar view, given that the C–Se bond length is even longer (~1.98 Å),33 it should be expected 

that the Se-annulated ring strain will be weaker, also leading to a planar perylene core. In contrast, 

a deeply bowl-shaped configuration was observed by Qian et al32 and Hendsbee et al29 for the N-

annulated compound due to the stronger strain resulting from the short length of the C–N bonds 

(~1.41 Å). Another unique characteristic of the N-annulated PDI structure over the conventional 
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(non-annulated) and S-/Se-annulated PDI dimers is its ability to be functionalized in two more 

positions by alkyl groups. This greatly impacts the degree of solubility of these materials further 

increasing its flexibility for solution-based applications. Also, and more importantly, this opens up 

the opportunity for the reduction in the density of the alkyl sidechains attached to the imide position 

(only iso-C5H11 for N-annulated), which conventional and S/Se-annulated PDIs (contain iso-

C13H27 or -C11H23) do not have, greatly impacting the packing and self-assembly of these 

molecules in thin films. This also opens up the space, creating a potential avenue, for sidechain 

engineering and thin film studies. 

The introduction of a thiophene heterocyclic block into the molecular backbone as a π-

bridge, increases the electron density present in the molecule, leading to even higher lying LUMO 

level,30,31 and increased VOC.34–36 From a photophysical standpoint, there is also the increased 

probability of a non-radiative decay pathway which often denotes improved charge transfer 

(CT)/charge separation (CT). This is as a result of the improved donor-acceptor strength by the 

introduction of an electron-rich thiophene block into the molecular structure. Fusing the thiophene 

π-bridge alters the photopysical and optical properties, by inducing higher rigidity in the molecular 

geometry and increasing the coupling to the electron rich linker.37 It is important to note that ring 

fusion does not necessarily lead to the formation of a planar geometry, as is the case in this study 

where a molecular twist from sterics was observed following ring fusion. Ring fusion in π-bridged 

PDI systems is an effective approach that have been successfully employed to increase π-

conjugation, increase electronic delocalization, increase electron mobility and improve molecular 

packing. While some studies have reported ring fusion to limit PCE due to loss in structural 

flexibilty,38 most studies agree that fusion benefits the overall optical, electronic and device 

properties.24,36,37,39 For the N-annulated thiophene π-bridged dimers investigated in this study, 
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similar VOC were obtained for the fused and unfused structures, but the PCE was greater for the 

fused dimer by ~37 %.30,31 The reason for these differences is linked to the varying optical and 

electronic properties, imposed by their fused and unfused molecular geometry. 

Many OSC studies have explored the interfacial charge transfer between a donor polymer 

and an acceptor molecule, to study the conversion of singlet excitation into charge transfer 

species.40–44 Charge transfer (CT) and subsequent charge separation (CS) can be enhanced in a 

BHJ if the charge separation barrier can be reduced within one of the material (donor or acceptor), 

by increasing the charge transfer rate and degree of charge separation within that material. A 

popular way of doing this is by adapting the material to have a D-A configuration. Here, we explore 

two N-annulated thiophene π-bridged PDI dimers with A-D-A configuration – M1 and M1F 

(Figure 4.1), for which M1 has a thiophene π-bridge linking two bowl-shaped N-annulated PDIs30 

and M1F has the thiophene π-bridge fused with the two bowl-shaped N-annulated PDIs.31 M1F 

fused structure shows a slight molecular twist as a result of the steric repulsion imposed by two 

carbonyl oxygen atoms, each from the two PDI units. It also possesses a bowed shape geometry 

induced from ring deformation, following N-annulation. The motivation for this study stems from 

the fact that unlike conventional (non-annulated) PDI dimers, the optical and photophysical 

properties of N-annulated thiophene π-bridged systems have not been explored. In this study, the 

effects of ring fusion on the optical and electronic properties of N-annulated thiophene π-bridged 

dimers are investigated via steady-state, non-linear, and time-resolved spectroscopic 

measurements. We hypothesize that fusing the backbone of the N-annulated thiophene π-bridged 

dimer would induce ultrafast CT and charge separation CS, possibly leading to CT/CS-induced 

triplet production. Increased triplet production has been observed in PDIs with enhanced 

intramolecular CT character.45–48 This work seeks to confirm an important finding by Hartnett et 
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al37 and Jiang et al,18 where they demonstrate that ring fusion is a promising design principle for 

dimeric PDI acceptors so long as π-stacking is sufficiently disrupted to avoid excessive 

aggregation. We plan to confirm this finding specifically for N-annulated thiophene π-bridged PDI 

dimers, by spectroscopically probing the excited state dynamics of the fused and unfused 

compounds. The results of this study show that ring fusion induces strong intramolecular CT 

interactions that in turn leads to the formation of long-lived triplet species. This work is a 

productive route in the design of efficient solution-processable N-annulated acceptors, towards 

better performing non-fullerene solar cells. 

(a) 

     
(b) 

   

Figure 4.1 Chemical structures and optimized ground-state molecular geometry of (a) M1 and (b) 
M1F.  
 
4.4 Experimental Section 
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4.4.1 Steady State Measurements 

All of the measurements were performed at room temperature. Concentrations ranging 

from 3×10−7 to 1×10−6 M were used for the spectroscopic investigations. Absorption spectra were 

measured using an Agilent 8432 UV−visible absorption spectrophotometer. The molar extinction 

coefficient was obtained by varying the concentrations of a sample and noting the absorbance for 

each concentration. Then a linear plot of absorbance vs concentration is obtained whose slope is 

the product of the cuvette length (0.4 cm) and the molar extinction coefficient according to Beer 

and Lambert’s law. The emission measurements were performed with a PTI QuantaMaster™ 8000 

Series spectrofluorometer from HORIBA. The fluorescence quantum yields of the samples were 

calculated using a known procedure49,50 and Rhodamine B in ethanol (ϕF ≈ 0.7),51,52 excited at 510 

nm was used as the standard. 

 
4.4.2 Two−Photon Excited Fluorescence Measurements 

Two−photon excited fluorescence measurements were performed using a Kapteyn 

Murnane (KM) mode−locked Ti:Sapphire laser, pumped by a Millennia diode laser, tunable from 

700 to 900 nm, and delivering 110 fs output pulses at a repetition rate of 80 MHz as described 

previously.53–55 Two photon emission scans were performed under 800 nm excitation, scanning 

the emission in the 400−850 nm range. For the power dependence measurement, the emission 

wavelength that produced the highest number of counts was selected as the emission detection 

wavelength. Input power from the laser was varied using a variable neutral density filter and 

focused unto the sample cell (1 cm path, quartz cuvette) using a lens of 11.5 cm focal length and 

the resultant fluorescence was collected perpendicular to the excitation beam. Another lens (plano-

convex) with focal length of 2.54 cm was used to direct the fluorescence into a monochromator 

whose output was coupled to a photomultiplier tube. Two−photon power−dependent fluorescence 
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intensity was utilized to determine the two−photon absorption cross section using the comparative 

method. Rhodamine B in methanol (cross section 120 GM at 800 nm)56,57 was used as the standard. 

To confirm the experimental accuracy of this approach, another set of experiments were performed 

using a different reference compound – Rhodamine 6G in methanol (cross section 65 GM at 800 

nm).56 

 
4.4.3 Femtosecond Transient Absorption 

High repetition rate, seed pulses were generated from a Millenia Pro diode-pumped Spectra 

Physics Tsunami Ti:sapphire oscillator. The seed pulses were fed to an Nd:YLF (Empower®) – 

pumped Spectra Physics Spitfire® Ti:sapphire regenerative amplifier which generated low 

repetition rate (1kHz), high power (1 mJ), 800 nm pulses with pulse width of ~100 fs. The 

amplified light was directed a beam splitter to generate the pump (85%) and the probe beams 

(15%).13,21,58 The pump beam for excitation was generated in an optical parametric amplifier 

(Spectra Physics OPA−800CF®) producing a signal and idler using a β−barium borate (BBO) type 

II crystal. Excitation light of 528 nm and 540 nm were obtained via sum frequency mixing (SFM) 

of the 800 nm pump with the signal and idler beams respectively. The excitation light was then 

focused onto the sample cell (l = 2 mm) preceded by an optical chopper. The probe beam was 

passed through a computer−controlled delay line and focused onto a 2 mm sapphire plate to 

generate the white light continuum (Ultrafast Systems Inc.). The white light is then overlapped 

with the excitation beam in the 2 mm quartz cuvette containing the sample that is constantly stirred 

by a rotating magnetic stirrer to minimize sample degradation. The pump−on pump−off absorption 

difference (ΔA) of the signal was collected by a CCD detector (Ocean Optics). Data acquisition 

was carried out using the Helios software by Ultrafast Systems Inc. The IRF was measured by the 

Raman scattering of water at 466 nm and is found to be 110 fs. Data analysis was then performed 
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with Surface Xplorer and Glotaran softwares. All the experiments were performed in dilute 

solutions, at concentrations below 2´10-5 M. 

 
4.4.4 Nanosecond Transient Absorption 

The spectral properties and dynamics of long lived transient species were probed by 

transient absorption measurements with nanosecond time resolution. These experiments were 

performed in dilute aerated and deaerated solutions (below 1´10-5 M), where photodegradation 

was checked by recording UV−vis absorption spectra before and after each experiment. An 

Edinburgh LP980 spectrometer system, with a monochromator and PMT for signal detection 

(PMT−LP), was coupled with a Spectra Physics QuantaRay Nd:YAG nanosecond pulsed laser and 

a GWU Optical Parametric Oscillator (OPO) tunable for the excitation source. Flash lamps excite 

the ND:YAG rod in the laser head containing a polarizer, pockel cell, and ¼ wave plate, producing 

Q-switched 1064 nm light. Two-stage harmonic generation then produces high energy 355 nm 

light used to pump the OPO. The OPO produces excitation source from 206 nm to 2600 nm 

employing second harmonic generation and sum-frequency mixing nonlinear processes.21,59 For 

this investigation, 531 nm and 544 nm excitation wavelengths were used to pump the samples and 

a pulsed xenon lamp white light continuum was used to probe the absorption properties of the 

produced excited states. 

 
4.4.5 Time−Resolved Fluorescence Measurements 

Time−correlated single photon counting (TCSPC) technique, which has been described 

previously,13 was used to study the fluorescence decay dynamics of the investigated samples. A 

home-built mode−locked Ti−sapphire laser with cavity dumper was used in this measurement. The 

repetition rate was set at 765 kHz. The output beam from the KM laser was at 800 nm wavelength, 
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with a pulse duration of ca. 30 fs. The output beam was frequency−doubled using a nonlinear 

β−barium borate crystal to obtain a 400 nm beam. Some portion of the 400 nm beam was focused 

on the sample cell (quartz cuvette, 1 cm path length) using a lens of focal length 11.5 cm. To set 

the polarization and reduce the intensity of the 400 nm excitation beam, a polarizer was used right 

before the lens. The other portion of the 400 nm beam was focused onto a silicon-based fast trigger 

photodiode connected to the TimeHarp 200 processor chipset. Collection of fluorescence was 

carried out in a direction perpendicular to the excitation beam into a monochromator set at the 

maximum emission wavelength of the sample. The output from the monochromator was coupled 

to a photomultiplier tube, which converted the photons into counts. The TimeHarp software 

created time histograms by converting timing information from both the fast trigger photodiode 

and the photomultiplier. Data analysis was carried by fitting mono−exponential decay functions in 

Origin. 

 
4.4.6 Quantum Chemical Simulations 

Theoretical investigation has been performed on molecular structures where the long alkyl 

chains are replaced by short chains alkyl groups [C3H7, C6H13] attached to the PDI to save 

computational time without significant effect on the electronic properties. The ground state 

geometry of each compound was obtained by density functional theory (DFT), using the 

long−range corrected 𝜔B97X-D,60,61 and B3LYP functional, together with the 6−31G** basis set. 

Optimization of the lowest energy triplet state (T1) was performed using unrestricted DFT and the 

ground state (S0), first excited singlet state (S1) was performed using the restricted DFT. Excited 

state simulations were performed using time dependent DFT (TD-DFT). Single-point energy 

calculations were conducted using ωB97X-D,60,61 and B3LYP functional with the 6−31G** basis 

set. Polarizable continuum model (PCM)62 was used for solvation effect corrections, using the 
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dielectric constant of 4.81 for chloroform, 12.4 for pyridine and 2.38 for toluene. Characters of 

excitations were described with natural transition orbitals (NTOs). Spin-orbit coupling (SOC)63,64 

constants were also calculated with TD-DFT. The first excited singlet (S1) geometry was used to 

calculate these SOC constants. All the calculations were performed using Q-Chem 5.0 software 

package.65 Natural transition orbitals (NTOs) of TD-DFT calculations were visualized using 

IQMOL and Gabedit.66 

 
4.5 Results 
 
4.5.1 Steady State Absorption and Emission 

 The UV-Vis absorption spectra for the N-annulated thiophene π-bridged dimers in dilute 

chloroform solution are shown in Figure 4.2. The spectra for monomeric parent PDI is also 

included. Just like the parent PDI monomer, the absorption spectra of these dimers are strongly 

structured and are influenced, only to some extent, by solvent effects (see Figure 4.10). However, 

the absorption spectra of the dimer compounds are red-shifted relative to that of the parent PDI 

monomer, indicating some form of electron delocalization. The absorption spectrum of the unfused 

M1 dimer is similar in structure to that of the parent PDI monomer, indicating that excitation is 

localized on one PDI unit. It displays a strong 0-0 vibronic transition (λ/:/) at 534 nm, and a 

weaker peak for the 0-1 transition (λ/:0) at 498 nm. The 0-2 transition (λ/:)) appears less resolved, 

as a small shoulder, for the dimer compound at ~465 nm. These vibronic peaks correspond to 

transitions from the vibrationless electronic ground state (S0) to the first electronic excited state 

(S1) with 0, 1 and 2 vibrational quanta, represented by	λ/:/, λ/:0 and λ/:) respectively.67 Also, in 

comparing the absorption spectrum of unfused M1 dimer with that of the parent PDI monomer, 

there is a slight difference in their vibronic progression (i.e. between the peak positions of λ/:/ 

and	λ/:0), 46 nm/1354 cm-1 and 38 nm/1469 cm-1 for M1 and parent PDI monomer, respectively 
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The absorption spectrum of the fused M1F dimer is not structurally similar to that of the unfused 

M1 dimer and the parent PDI monomer. In addition to being more red-shifted, the respective 

vibronic transitions (λ/:/, λ/:0) are varying in intensity, relative to those of M1. This indicates 

pronounced excitonic coupling between adjacent PDI chromophores due to stronger 

intramolecular interactions.46,68–71 It originates from a complex interplay of excitonic and vibronic 

couplings (intermediate coupling regime).68,72 No spectral broadening in the 400 – 600 nm region 

is observed for the fused M1F relative to the unfused M1 dimer consistent with the rigid 

architecture of M1F due to ring fusion. There is a broad band at the lower wavelength spectral 

region (< 400 nm) that could be associated with the absorption of thiophene heterocycle.73,74 This 

band is more pronounced and red-shifted for the fused M1F dimer, which complies also with its 

rigid structure.68 The fused M1F dimer has a larger solvatochromic shift relative to the unfused 

M1 dimer, indicating a greater effect of solvent polarity on its photophysical properties (Figure 

4.10).  

Unlike in the case of the parent PDI monomer, for the thiophene π-bridged dimers, the 

emission spectra are not mirror images of the absorption spectra. This indicates that some form of 

PDI-PDI interactions do exist in these dimers.71 The emission spectrum of the unfused M1 dimer 

was more red-shifted relative to that of the fused M1F dimer. This resulted in a larger Stokes-shift 

for M1, by over one order of magnitude. This was expected given that M1 has a larger dihedral 

angle in comparison to M1F, and the unfused thiophene unit in M1 causes the N-annulated PDI 

units to become more spatially separated and less sterically encumbered. Hence the two PDI units 

can rotate more freely with respect to each other. Also, unlike the fluorescence spectra of the 

unfused M1 dimer, the striking resemblance of the spectrum of M1F with that of the parent 

monomeric PDI, is quite interesting. Its shows that emission is most likely taking place from one 
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PDI unit of the dimer compound. This has been observed for compounds for which the LUMO is 

largely localized on a single PDI, and said to be exhibiting intramolecular symmetry breaking 

charge separation upon photoexcitation.13,75 

The fluorescence quantum yields obtained (see Table 4.1) indicate that these dimers are 

good emitters. Fluorescence quantum yield was found to be 35 – 60% lower for these thiophene 

π-bridged dimers relative to the dimer not having any thiophene π-bridge – T-PDI2 (see Table 

4.6).29 In comparing the fluorescence quantum yield of the two N-annulated thiophene π-bridged 

dimers, the fused M1F showed a higher quantum yield relative to the unfused M1. As reported in 

the literature, increased molecular planarity is indeed associated with a higher fluorescence 

quantum yield.13,21 In a less polar solvent, their fluorescence quantum yield value increased; M1 

was 0.30 and M1F was 0.55. The increase in the quantum yield in going from a polar solvent 

(chloroform, relative polarity εA = 0.259) to a less polar solvent (toluene, εA = 0.099) was greater 

in the case of the fused M1F dimer. This is characteristic of an improved charge separation rate in 

this compound owing to ring fusion. 

  
Figure 4.2 Molar extinction spectra (left) and normalized photoluminescence spectra (right) of the 
N-annulated thiophene π-bridged PDI dimers and PDI monomer in chloroform (CHCl3) of ~3 x 
10-5 M, at room temperature. 
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Table 4.1 Optical steady state properties for the N-annulated thiophene π-bridged dimers in 
CHCl3. 

Comp.nd λabs a / nm λem / nm Δυ b /cm−1 ε c / M−1cm−1  ϕF 

M1 534, 499 620 2598 101300  0.28 

M1F 548, 516, 487 555, 600 230 66700 0.47 
a peak position of λJ9J, λJ9:, and λJ9K in this order; b using λJ9J and λLM; c at the underlined wavelength (λNOPMNQ) 
 
4.5.2 Quantum Chemical Simulations 

As expected, the excitation energies predicted by TD-DFT calculations, both using B3LYP 

and ωB97X-D functional, are blue-shifted when compared to the actual experimental data. Based 

on Farina et al,76 the discrepancies between the experimental data and simulation results could be 

due to the optimized geometry used and, in particular, to the dihedral angle between the perylene 

groups. Hence, a more systematic analysis on dihedral angles of the optimized structures should 

be conducted.  

Table 4.2 Ground state optimized geometry (top and lateral views) computed for M1 and M1F. 
 M1 M1F 
 B3LYP ωB97X-D B3LYP ωB97X-D 

Top structure 

  
 

 

Lateral structure 

 
  

 

Dihedral angle 
(PDI-PDI) 32.21° 33.91° 21.10° 19.14° 

Dihedral angle 
(PDI-thiophene) 86.55°, 58.25° 60.01°, 80.55° 1.82°, 1.82° 0.03°, 0.04° 

 
A desired structural analysis is shown in Table 4.2. The optimized geometries obtained 

from using B3LYP and ωB97X-D functional are quite similar. Both of the functionals predict that 
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M1F will have a smaller dihedral angle between the two PDI chromophores. This fact could be 

explained by the more constrained structure of M1F when comparing to M1. However, since the 

propyl chains attached at the end of chromophores are included in the calculations, the bent 

structure of M1F could be due to the repulsion force between the long chains. 

 
4.5.3 Two-Photon Absorption 

Two-photon excited fluorescence (TPEF) measurements were carried out in chloroform to 

obtain the two-photon absorption cross-section (TPA-δ) of the N-annulated thiophene π-bridged 

dimers using Rhodamine B in methanol as the reference. The quadratic dependence of the 

fluorescence signal on the laser excitation power was verified for the dimers upon 800 nm 

excitation. This is evident by the slope of 2 obtained from the fitted log(fluorescence) vs. 

log(excitation power) plot shown in Figure 4.3a. Using the intercept of the linear fit and some 

other parameters, the TPA-δ was computed and is presented in Table 4.3. Similar TPA-δ was 

obtained using a different reference compound (Rhodamine 6G in methanol) thus validating the 

accuracy of this measurement.  The two-photon excited emission spectra of the dimers given in 

Figure 4.3b is very similar to the one-photon/steady state emission spectra (Figure 4.2, right); 

this suggests that the achieved singlet S1 state responsible for the fluorescence is the similar for 

one-photon and two-photon excitation. The peak emission of M1F (555 nm) matches perfectly 

with that of its steady state spectra, but the 600 nm peak is a little less resolved. For M1, its peak 

emission is slightly blue-shifted relative to its steady state spectra. This could just be due to the 

poor sensitivity of the photomultiplier in this wavelength region. 
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Figure 4.3 (a) Fluorescence signal intensity dependence on average excitation power, (b) Two-
photon excited fluorescence spectra, for the N-annulated thiophene π-bridged dimers in CHCl3 
upon 800 nm pulsed excitation. 
 

Two-photon cross-section is strongly dependent on the π-conjugation length, the degree of 

conformational planarity (obtained from the dihedral angle, Table 4.3); and it directly correlates 

to the intramolecular charge transfer property of the molecule.13,21,77 The TPA-δ of the fused M1F 

dimer (18.4 GM) is three times larger than that of the unfused M1 dimer (6.0 GM). As stated, this 

observed trend directly correlates to the dihedral angle of the dimers, with the fused compound 

M1F, showing the highest TPA-δ. The TPA response and cross-section observed for the 

investigated dimers is in agreement with the rate of photoinduced intramolecular charge transfer 

revealed to take place in these structures evident by the femtosecond absorption study. It is also 

key to note that these dimers with a thiophene π-bridge separator show higher two-photon cross-

sections relative to the dimer with no thiophene π-bridge - T-PDI2 (see Table 4.6). This is due to 

the presence of the electron rich heterocycle at the center of the molecule, inducing a stronger 

donor-acceptor character, which enhances its static and transition dipole moments.77  

Table 4.3 Two-photon absorption cross-section (TPA-δ) and dihedral angle of the N-annulated 
thiophene π-bridged dimers. 
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M1 6.0 70⁰ 34⁰ 

M1-F 18.4 0⁰ 19⁰ 
a at 800 nm excitation; bangles obtained from using ωB97X-D 

 
4.5.4 Femtosecond Transient Absorption 

To provide further insights into the intramolecular charge transfer mechanisms which 

highlights the effect of ring fusion on charge transfer/charge separation and excited state dynamics 

in the N-annulated thiophene π-bridged dimers, femtosecond transient absorption (fsTA) 

measurements were carried out. Pulsed laser excitations of 540 nm and 528 nm were employed for 

the dimers in different solvents of varying polarity. Toluene (relative polarity, εA = 0.099), 

chlroform (εA = 0.259) and pyridine (εA = 0.302) were used. Figure 4.4 shows the fsTA spectra of 

the N-annulated thiophene π-bridged dimers in chloroform. The steady state absorption spectra 

were added for identifying the ground state bleach (GSB) signal. The fsTA spectra, at later times, 

show the maximum GSB signal at 536 nm/498 nm and 550 nm/516 nm for M1 and M1F 

respectively corresponding with their respective λ/://λ/:0 steady state transitions.  

For the unfused M1 dimer, the λ/:/ transition of the GSB signal show a blue-shift in time, 

following photoexcitation. However, the fused M1F dimer showed a slight red-shift instead. The 

blue-shift of the GSB signal in time of the unfused M1 dimer, confirms the high degree of 

structural changes taking place in solution following photoexcitation. This induces a slight 

perturbation from its lowest energy equilibrium state, causing its S0→S1 transition energy to 

change. Despite the quantifiable fluorescence quantum yield of the dimers in chloroform, 

stimulated emission band for all three compounds was not observed in the fsTA spectra; it was 

overshadowed by excited state absorption (ESA) species with peaks around 576 nm and 650 

nm/622 nm. The 576 nm transient species, to be discussed later in more detail, is the PDI cationic 

(PDI•+) charge transfer species.75,78–82 The ESA band associated with the excited singlet species, 
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Sn←S1 (PDI*), was observed between 622 nm and 650 nm for both compounds.75 At ~700 nm, 

PDI anionic (PDI•⁻) charge transfer species,75,78–83 was observed in the spectra of both dimers 

following photoexcitation (see broken line in Figure 4.4). This anionic band, PDI•⁻ of the fused 

M1F is relatively more intense and slightly more broadened relative to that of the unfused M1 

dimer. These features have been observed and elucidated by Hartnett et al, by carrying out electron 

paramagnetic resonance (EPR) and optical spectroscopic studies on chemically reduced PDI dimer 

species.37 The blue-shifted and more broadened anionic band of the fused M1F dimer is indicative 

of increased anionic delocalization due to stronger electronic coupling. 

For the unfused M1 dimer, the rapid decay of the excited state singlet species (PDI*) band 

at 650 nm led to the concomitant formation of the 576 nm species, attributed to the PDI•+ charge 

separated species (Figure 4.4). This is an indication that the decay of the PDI* species in M1, led 

to the formation of the PDI•+ charge separated species. The formation time of this PDI•+ species is 

~23.4 ps in chloroform (εA = 0.259). It formed at a slightly slower rate of 25 ps in toluene (εA = 

0.099) and relatively faster, 11 ps in pyridine (εA = 0.302), indeed confirming its charged nature. 

However, for the fused M1F dimer, the formation of the PDI•+ species, at ~576 nm, was as fast as 

the IRF (<120 fs) of the setup regardless of the solvent polarity and can be said to be of the same 

timescale as the formation of the PDI* species. This confirms that an ultrafast charge separation 

process is taking place in the fused M1F dimer, as hinted by its high TPA-δ. The early coexistence 

of both the PDI•+ (~576 nm) and PDI•⁻ (~700 nm) species in the fused M1F dimer, almost 

immediately following photoexcitation and of similar amplitudes, is a clear and distinctive 

confirmation of ultrafast charge formation and subsequent separation, which is most likely driven 

by symmetry breaking.13,81 
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Figure 4.4 Femtosecond transient absorption spectra (left) and their corresponding evolution-
associated spectra (right) of M1 and M1F in chloroform following excitation at 540 nm. Steady 
state absorption spectra (broken line) is included to identify the ground-state bleaching signals. 
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revealed the presence of the principal components, their evolution-associated spectra (EAS) and 

their kinetics.84,85 Two components were obtained for the N-annulated thiophene π-bridged dimers 

in chloroform (see Figure 4.4, right). For M1, the first relaxation component yielded a time 

constant of 13.8 ps, and for the fused M1F dimer, the first component time constant was 1.3 ps. 
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the dimers, given the similarity of these time constants to the formation time of the PDI•+ species 

observed at ~576 nm. Similar ultrafast charge separation lifetimes, as obtained for M1F, have been 

obtained by Lefler et al for π-π stacked PDI molecules attached to a Xanthene scaffold,47 and 

Margulies et al for a set of terrylene diimide dimers in chloroform.86 This component also includes 

in it, the sub-picosecond structural relaxation effect. It is again evident that the fused M1F dimer 

show a faster charge separation relative to the twisted dimers, by one order of magnitude. The 

result of the unfused M1 dimer is consistent with the result obtained by Guo et al,75 where the 

formation of the charge separation state for the para-substituted N-annulated PDI dimer was 

obtained to be 12.4 ps. It is also consistent with the charge separation lifetime obtained by 

Wasielewski et al for a cyclic perylene diimide trimer (12 ps),69 and for a donor-bridge-acceptor 

compound with a trans-stilbene bridge (14 ps).87 The second relaxation component appear to be 

much greater than the limited time measurement window of the femtosecond TA (1.7 ns), 

especially for the unfused M1 dimer and is assigned to charge recombination as given in Table 

4.4. A better resolution of this slowly decaying component is provided by the nanosecond transient 

absorption (see Figure 4.7 and Table 4.5). For M1F, the time constant for the second component 

was 3.7 ns, which is exactly the fluorescence lifetime obtained via time-resolved fluorescence 

measurement (3.63 ns) in Figure 4.8. This led to assigning this component as the convolution of 

the charge recombination process and the decay of the excited state singlet species PDI*, which 

are known to occur in similar timescales for PDI-containing compounds.46,69,75,80,83  

Table 4.4 GSB wavelength-shifts and lifetimes (τ) obtained using the fsTA technique for the N-
annulated thiophene π-bridged dimers in CHCl3. 

Comp.nd GSB λ-shift / nm  τCS a / ps τCR a / ns PDI•+ formation τ b / ps 
M1 541 → 536 13.8 98 23.40 

M1-F 548 → 550 1.3 3.7 < 0.12 
a obtained from global analysis; b obtained by mono-exponential fit at 576 nm (PDI•+)  
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Another interesting and important feature observed in the fsTA spectra of the fused M1F 

dimer is the formation of long-lived species ~528 nm. This long-lived species have been 

designated as PDI triplets (PDI3*), that have been reported to appear in this spectral region.21,46,47,79 

The rate of formation of the triplet species is also observed to be solvent dependent as given in 

Figure 4.5 and 4.6, regardless of the accelerated charge separation witnessed in both polar and 

nonpolar environment. It is faster in a less polar solvent like toluene (0.4 ns), but a lot slower in a 

more polar solvent like pyridine (~7 ns). The decrease in the rate of triplet formation in more polar 

environments is a consequence of a stabilization or lowering of the charge transfer (CT) transition 

state by polar solvents, which may serve as an experimentally observable trap state.86 The 

generation of triplet states from CT excited state, have been reported to be affected by CT 

interactions, even in the absence of heavy atom or paramagnetic species. To this regard, the 

mechanism of triplet formation in this fused M1F dimer is taking place either via spin-orbit charge 

transfer intersystem crossing (SOCT-ISC) and/or radical pair intersystem crossing (RP-ISC).46–

48,88,89 According to Veldman et al, RP-ISC [S1 → 1CT → 3CT → T1] is favored by weak electronic 

coupling between the donor and acceptor unit to allow a spin-flip in the CT state, while SOCT-

ISC [S1 → 1CT → T1] is favored by strong electronic coupling.48 The exact mechanism of triplet 

production in the fused M1F dimer is not apparent from this measurement, but it points more to 

SOCT-ISC given the strong electronic coupling present in M1F as a result of ring fusion. More 

detailed studies such as magnetic field effect (MFE) measurements and time-resolved electron 

paramagnetic resonance (TREPR) spectroscopic measurements are required. These measurements 

are able to obtain the exchange coupling (2J) between donor and acceptor charge species, which 

is related to the required energy difference (if any) between the 1CT and the 3CT states, to be able 

to point out the specific triplet formation mechanism.89–92  
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Figure 4.5 Femtosecond transient absorption spectra of M1F in pyridine (left) and toluene (right) 
following excitation at 540 nm and 530 nm, respectively. 
 

 
Figure 4.6 Triplet kinetics and bi-exponential fits for the fused M1F dimer in toluene, chloroform 
and pyridine. 
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similar to the GSB features obtained with the fsTA technique at later times. For M1F, these GSB 

features had a smaller width for both transitions, relative to the features of the fsTA. This is as a 

result of the persistent ESA species convoluted with the GSB features at 546 nm and 513 nm. 

These ESA species, to be confirmed later as triplets, show features at 501 nm, 524 nm and 556 

nm. In addition, for M1F, the broad band at the lower spectral region (300 – 400 nm) in the steady 

state absorption spectra was observed as a GSB signal, while in this region for M1, an ESA 

centered ~ 415 nm was observed.  

 
Figure 4.7 Nanosecond transient absorption spectra of M1 and M1F in toluene following 
excitation at 531 nm and 544 nm, respectively. 
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both the PDI•+ and PDI•⁻ species was able to be captured within the time window of the fsTA. 

None of the CT species was observed with the nsTA, as they decayed well beyond the IRF (~7 

ns), agreeing with the 3.7 ns lifetime observed with the fsTA technique (see Table 4.4). The only 

visible ESA feature is the long-lived broad band species, spanning 500 – 700 nm and peaked at 

524 nm. This species is observed in the same spectral region as the long-lived species that formed 

in the fsTA ~528 nm (Figure 4.4 and 4.5), indicating that it is the triplet excited state of PDI (i.e., 

PDI3*). This signal can be quenched by oxygen. The triplet lifetime changes from hundreds of 

nanoseconds in air equilibrated solution to a few microseconds in de-aerated/nitrogen-purged 

solution. These results allow us to undoubtedly assign these long−lived transients, revealed by the 

nanosecond transient absorption experiment, to the Tn←T1 transition of the fused M1F dimer. 

Once again, the fact that triplets, derived from the CT/CS state, were observed only in the fused 

M1F dimer speaks to the effect of ring fusion on the photophysical properties of N-annulated 

thiophene π-bridged dimers. 

Table 4.5 Nanosecond transient absorption species and their lifetimes (τ) for the N-annulated 
thiophene π-bridged dimers in toluene. 

Comp.nd Detecting species  Peak λ / nm τCR a / ns τtriplet b decay/ μs 
M1 PDI•+ 576 320 -- 

M1-F PDI3* 524 < 7 3.3 
a only M1 showed this persisting 576 nm species; b only M1F showed triplets at 524 nm 

 
4.5.6 Time-Resolved Fluorescence Measurement 

Fluorescence kinetic measurements were acquired by employing the time correlated single 

photon counting (TCSPC) technique with nanosecond time-resolution. The fluorescence kinetics 

in chloroform and toluene were acquired at the peak emission wavelength (λem) of the N-annulated 

dimers. Performing mono-exponential fits, as shown in Figure 4.8, yielded the fluorescence decay 

lifetime of the emitting component of the excited state. The lifetime for the unfused M1 and fused 
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M1F thiophene π-bridged dimers in chloroform are 4.75 ns and 3.63 ns, respectively. The 

thiophene π-bridged dimers, M1 and M1F, showed a much shorter fluorescence dynamics relative 

to the dimer with no thiophene π-bridge - T-PDI2 (see Figure 4.16). This result mirrors the smaller 

quantum yields obtained for the dimers containing thiophene in their molecular makeup, indicating 

once again their preference for a non-radiative relaxation pathway.  

The fluorescence lifetime of the unfused M1 dimer is slightly longer than that of the fused 

M1F dimer. This speaks to their relative degree of molecular rigidity, for which the more rigid 

compound showed a shorter-lived fluorescence component. The fluorescence lifetime of the fused 

M1F dimer (3.63 ns) is exactly similar to the second global fit component of the fsTA (3.7 ns) that 

was assigned to charge recombination. This shows that the charge transfer state is an emissive 

state. This was not the case for the unfused M1 dimer that showed a long charge recombination 

lifetime of 321 ns. Despite its strong electronic coupling due to ring fusion, the fluorescence 

lifetime of the fused M1F dimer (3.63 ns) is very similar to that of the PDI monomer in chloroform, 

reported as 3.7 ns.93 This is an interesting finding as it goes on to confirm that emission is indeed 

taking place from just one PDI unit of the dimeric structure. It supports the similar emission spectra 

observed for the fused M1F dimer and the parent PDI monomer in Figure 4.2.  

 
Figure 4.8 Fluorescence kinetics obtained by nanosecond TCSPC in air equilibrated chloroform. 
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4.6 Discussion 
 

Ring-fusion have been said to increase electronic delocalization, extend effective π-

conjugation, increase electron mobility, reduce the reorganization energy and improve molecular 

packing. Most ring-fusion studies on PDI systems in the literature only discuss the implications or 

benefits of ring-fusion on the photovoltaic device properties.18,24,36–39 The device properties and 

device efficiency information is crucial, but it does not provide adequate structure-function 

information necessary to advise the synthesis of a more targeted PDI system for a specific 

electronic application. There are not a lot of discussions about the optical and photophysical 

properties that may arise as a result of ring-fusion, specifically for annulated π-bridged PDI 

systems, this work seeks to initiate the discussion. In this study, we point out the key differences 

between unfused and fused N-annulated thiophene π-bridged dimer systems, as they relate to the 

degree of electronic coupling, the rate of charge separation and triplet production upon 

photoexcitation. The charge separation and triplet formation studies were carried out in solvents 

of varying polarity, with relative polarity (εA) values ranging between: 0.099	 ≤ 	 εA ≤ 0.302. Two 

analogous N-annulated thiophene π-bridged PDI dimers with A-D-A configuration were 

investigated, whose structures show a rotatable single-bond thiophene π-bridge connection (M1) 

relative to a rigid fused π-bridge connection (M1F). N-annulation of PDI dimers offer added 

advantages over conventional (no annulation) dimers or S/Se-annulated dimers owing to its ability 

to be functionalized in two more positions by alkyl groups. This could be used to improve 

solubility and guide in the use of shorter alkyl side chains (as used in present study) relative to 

those used in conventional or S/Se-annulated dimers, greatly impacting the packing and self-

assembly in thin films. 
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In addition to the computational results detailing the optimized ground and excited state 

molecular geometry, the steady-state absorption and emission experimental results provide some 

information about the molecular rigidity of the N-annulated thiophene π-bridged dimers. The 

absorption spectra of the unfused M1 dimer showed some structural similarity with that of the 

parent PDI monomer, indicating that excitation is localized on one PDI unit. This further indicates 

minimal ground state interaction or excitonic coupling among the PDI units.21,94 However, the 

absorption spectra for the fused M1F dimer showed more structure, and this have been associated 

to molecular rigidity indicating stronger electronic coupling. Surprisingly, despite the strong 

electronic coupling imposed due to ring-fusion, the emission spectra of the fused M1F was more 

similar to that of the parent PDI monomer. In the literature, this have been associated to excited 

state symmetry breaking, causing the LUMO to be largely localized on a single PDI unit.13 The 

Stokes-shift for the unfused M1 dimer is larger that of the fused M1F dimer by over one order of 

magnitude, indeed confirming the molecular rigidity of M1F due to ring-fusion.  

The femtosecond and nanosecond spectroscopic measurements provided valuable 

information about the excited state dynamics such as photoinduced intramolecular charge 

separation and triplet formation, taking place in the investigated N-annulated thiophene π-bridged 

dimers. The ground state bleach (GSB) signal showed a spectral blue-shift in time following 

photoexcitation for the unfused M1 dimer but showed only a slight red-shift for the fused M1F 

dimer. This shift towards higher energy for the unfused M1 dimer speaks to the higher degree of 

structural changes taking place upon photoexcitation. Spectral signatures of the PDI singlet 

(PDI*), radical anion (PDI•⁻) and cation (PDI•+) species were observed for both dimers. The PDI 

anionic species in the fused M1F dimer were blue-shifted and more broadened relative to that of 

the unfused M1 dimer, and this have been attributed to increased anionic delocalization due to 
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stronger electronic coupling.37 For the unfused M1 dimer, PDI singlets were formed almost 

immediately following photoexcitation, and the early decay of the PDI* led to the concomitant 

formation of the PDI•+ species. This process is solvent dependent and faster charge separation 

lifetime was observed in the more polar solvent (e.g. pyridine). However, for the fused M1F dimer, 

the PDI•+ species formed as fast as the IRF, which is over one order of magnitude faster charge 

separation relative to the unfused M1 dimer. The nonlinear two-photon absorption cross sections 

(TPA-δ) measured are in line with the charge separation observed upon light excitation, for which 

the fused M1F dimer show an order of magnitude larger TPA-δ relative to the unfused M1 dimer. 

This ultrafast charge separation owing to strong electronic coupling was followed by the formation 

of triplet species via spin-orbit coupling charge transfer intersystem crossing (SOCT-ISC), for 

which the rate of triplet formation is dependent on the polarity of the environment. In the least 

polar environment (toluene, εr = 0.099), the rate was the fastest. This could be due to the lowering 

or stabilization of the charge transfer state using a polar solvent, which may then serve as 

experimentally observable trap state. Ring-fusion can be said to have opened up an excited state 

deactivation pathway (triplets) that was not present in the unfused dimer.  

Time-resolved spectroscopic measurements were used to carry out the detailed analysis of 

the excited state dynamics in order to elucidate the varying decay pathways of the unfused and 

fused N-annulated thiophene π-bridged PDI dimers. The results obtained were able to show that 

ring-fusion leads to increased electronic coupling in these dimeric bowed-structure systems, 

leading to ultrafast intramolecular charge transfer and charge separation, also resulting in the 

formation of triplet species. These were not observed for the unfused M1 dimer. The results of this 

study can be used advice the design of efficient PDI dimers with an electron-rich π-bridge unit by 

seeking for a fused-ring A-D-A configuration with a slight twist in the molecular backbone. This 
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provides the all the advantages of ring-fusion as elucidated in this study such as excellent π-

conjugation, increased electronic delocalization, in addition to the advantage of limiting the 

aggregation effects by optimizing the micro-phase separation in bulk heterojunction systems.  

     
Figure 4.9 Sketch of the proposed excited state deactivations of M1 (left) and M1F (right) 
observed via time-resolved spectroscopic measurements. 
 
4.7 Conclusions 
 

In summary, we have experimentally observed the effect of ring-fusion on charge transfer 

and charge separation in N-annulated thiophene π-bridged dimers. The charge separation rate of 

the fused M1F dimer is more than two orders of magnitude faster than that of the unfused M1 

dimer, which means that ring-fusion is a suitable strategy for obtaining better π-conjugation and 

effective charge communication in N-annulated π-bridged dimers with an A-D-A configuration. 

We have also experimentally shown that upon ring-fusion in these dimeric systems, triplet excited 

state decay pathway opens up as a potential deactivation of the photo-generated singlet species. 

We verified that this triplet excited state pathway is highly dependent on the polarity of the 

environment or microenvironment (for the case of films) and was able to associate spin-orbit 

charge transfer intersystem crossing (SOCT-ISC) as the potential triplet generation mechanism 
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taking place owing to the strong electronic coupling induced by ring-fusion. For PDI dimers, this 

places the ring-fusion approach in a preferentially suitable position for applications requiring S1 

→T1 transitions and long-lived triplets. Introducing a slight molecular twist in the backbone of the 

fused PDI π-bridged dimer either via steric repulsion (as is the case in this study), varying the 

chalcogen atom (O < S < Se) of the electron-rich π-bridge,39 or using a cis- vs trans- electron-rich 

π-bridge,18 can provide the cumulative benefits of both ring-fusion and optimized morphology in 

bulk heterojunction devices. Following the detailed spectroscopic analysis carried out in this work, 

the results therein can be used to provide more clarity to the idea of ring-fusion enabling a novel 

class of efficient PDI non-fullerene acceptors for better performing organic solar cell devices. 

 
4.8 Supporting Information 
 
4.8.1 Steady-State and Two-photon Absorption Measurements [S.I.] 

    
Figure 4.10 Absorption spectra of M1 (left) and M1F (right) in solvents of varying polarity. 
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Figure 4.11 Emission spectra of M1 (left) and M1F (right) in solvents of varying polarity. 
 
 

 
Figure 4.12 Chemical structure of the N-annulated T-PDI2 dimer (no thiophene π-bridge).29 
 
 
Table 4.6 Linear and non-linear optical properties of the N-annulated T-PDI2 dimer (no thiophene 
π-bridge) in chloroform. 

Comp.nd λabs a / nm λem / nm Δυ b /cm−1 ε c / M−1cm−1  ϕF TPA-δ / GM 
d  

T-PDI2 534, 498 600 2060 114500 0.71  3.4 
a peak positions of λ0−0, λ0−1, and λ0−2 in this order; b using λ0−0 and λ𝑒𝑚; c at the underlined wavelength (λ𝑎𝑏𝑠𝑚𝑎𝑥); d at 

800 nm excitation 
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4.8.2 Steady-State Femtosecond transient Absorption (fsTA) [S.I.] 

 
Figure 4.13 Early rise kinetics of the PDI•+species of M1 and M1F in chloroform following 
excitation at 540 nm. 
 
 
4.8.3 Nanosecond transient Absorption (nsTA) [S.I.] 

 
Figure 4.14 Charge recombination at 576 nm obtained by nanosecond TA measurements for M1 
in toluene upon 531 nm laser excitation. 
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Figure 4.15 Triplet at 528 nm obtained by nanosecond TA measurements for M1F in purged 
toluene upon 544 nm laser excitation. 
 
 
4.8.4 Nanosecond Time-Resolved Fluorescence Measurement [S.I.] 

 
Figure 4.16 Fluorescence decay kinetics recorded for T-PDI2 in chloroform by the time correlated 
single photon counting TCSPC, together with its mono-exponential fit (black). 
 
  

0 1000 2000 3000 4000 5000 6000 7000 8000

0.000

0.005

0.010

0.015

DA
 / 

-

Time / ns

ttriplet = 3.2µs

0 10 20 30 40 50
0

1

2

3

4

5

6

In
te

ns
ity

 x
10

4  / 
-

Time / ns

 T-PDI2

 Exponential fit
 IRF

tF = 10.50 ns



 186 

4.8.5 Quantum Chemical Simulations [S.I.] 

Table 4.7 Excitation energies required for S0 → S1 transitions. Calculations performed with 6-
31G** basis sets and B3LYP functional for comparison with experimental and literature data. 

Units in eV Experiment Literature* 
(B3LYP) 

TD-DFT 
(B3LYP) 

TD-DFT 
(B3LYP) 

Phase Chloroform Gas Gas Chloroform 
M1 2.32 / 2.49 2.51 / 2.79 2.73 / 2.84 2.59 / 2.71 

M1F 2.26 / 2.40 / 2.55 N/A 2.50 / 2.65 / 2.79 2.41 / 2.48 / 2.60 
T-PDI2 2.32 / 2.49 2.52 / 2.54  –** –** 

*Values from Reference30; **The T-PDI2 structure obtained is highly twisted and does not lead to reasonable 
excited state energetics. 
 
 
Table 4.8 Excitation energies required for S0 → S1 transitions. Calculations performed with 6-
31G** basis sets and ωB97X-D functional. 

Units in eV Experiment TD-DFT 
(𝝎B97X-D) 

TD-DFT 
(𝝎B97X-D) 

𝜔 = 0.003 − 0.005 
Phase Chloroform Gas Chloroform 

M1 2.32 / 2.49 3.16 / 3.39 2.69 / 2.81** 
M1F 2.26 / 2.40 / 2.55 3.12 / 3.25 / 3.34 2.48 / 2.55 / 2.67*** 

T-PDI2 2.32 / 2.49 –* –* 
*The T-PDI2 structure obtained is highly twisted and does not lead to reasonable excited state energetics; 
**Calculations were conducted with ω = 0.005; ***Calculations were conducted with ω = 0.003. 
 
 
Table 4.9 Excitation energies required for S1 → S0 transitions. Calculations performed with 6-
31G** basis sets and ωB97X-D functional. 

Units in 
eV Experiment TD-DFT 

(B3LYP) 
TD-DFT 
(B3LYP) 

TD-DFT 
(𝝎B97X-D) 

TD-DFT 
(𝝎B97X-D) 

Phase Chloroform Gas Chloroform Gas Chloroform 
M1 2.00 1.75 1.74 2.10 2.01 

M1F 2.07, 2.23 2.15 2.08 2.87 - 
T-PDI2 2.07 –* –* –* –* 

*The T-PDI2 structure obtained is highly twisted and does not lead to reasonable excited state energetics.  
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Chapter 5  
 

Charge Transfer and Aggregation Effects on the Performance of Planar vs. Twisted Non-
Fullerene Acceptor Isomers for Organic Solar Cells 

 
 

5.1 Original Publication Information 
 

The work in this chapter was published in the journal of Chemistry of Materials as:  

“Charge Transfer and Aggregation Effects on the Performance of Planar vs. Twisted Non-

Fullerene Acceptor Isomers for Organic Solar Cells” Benedetta Carlotti, Zhengxu Cai, Hyungjun 

Kim, Valerii Sharapov, Ifeanyi K. Madu, Donglin Zhao, Wei Chen, Paul M. Zimmerman, Luping 

Yu, and Theodore Goodson III. Chem. Mater., 2018, 30, 4263–4276 

 
Ifeanyi Madu worked with Benedetta Carlotti (a visiting Research scholar) in carrying out 

the spectroscopic characterization studies – specifically femtosecond transient absorption, two-

photon absorption and time corelated single photon counting measurements, and the drafting of 

the manuscript. Synthesis of the compounds was carried out by the Zhengxu Cai and Valerii 

Sharapov in the Luping group at the University of Chicago. Density functional theory calculations 

were done by Hyungjun Kim in the Zimmerman group at the University of Michigan. Device 

fabrication, characterization and morphology studies was done by the Luping group as well. 

Modifications were made to the original publication to adapt it to the style of the content of this 

dissertation. References of the original manuscript are included in this chapter. 
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5.2 Abstract 
 

Newly synthetized perylene diimide (PDI) dimers were investigated as non ̶ fullerene 

electron acceptors for organic solar cells. In particular, two analogous positional isomers 

exhibiting twisted vs. planar geometries were prepared to make a direct comparison of their optical 

and electronic properties. These properties were investigated in order to provide information 

regarding the impact of the non ̶ fullerene acceptor geometry on the ultimate photovoltaic 

performance.  The two isomers exhibited strikingly different optical and photophysical properties 

in solution as well as in film. The ultrafast spectroscopic investigation in solution revealed the 

occurrence of charge transfer upon photoexcitation, which takes place more efficiently in the 

planar isomer.  This is also supported by theoretical simulations. The planar conformation exhibits 

higher aggregation in the neat film as well as in the blend. However, our results suggest that the 

dominance of intra ̶ molecular charge transfer in the planar isomer is the crucial factor in 

determining the improved power conversion efficiency (PCE) of organic solar cells. 
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5.3 Introduction 
 

The growing demand for renewable energy sources has caused a rapid development in 

photovoltaic technologies. Despite a large number of photovoltaic technologies exist, organic solar 

cells offer unique advantages.1−3 Organic solar cells are lightweight, semitransparent and flexible. 

They can be produced through low cost and easy preparation procedures, which employ 

environmentally friendly materials. Organic solar cells have demonstrated a short energy payback 

time, which is the time necessary to recover the energy used for fabrication of the device. Recently, 

owing to the introduction of bulk heterojunction structures, the development of organic solar cells 

has seen a significant rise in power−conversion efficiency (PCE) from less than 1% in the first 

reports to 14% in the latest publications.4,5 Record efficiencies generally resulted from the 

employment of new electron−donor materials that showed improved properties.6−8 Compared to 

the rapid design and synthesis of novel electron−donors, the development of new 

electron−acceptors has lagged far behind. Fullerenes and their derivatives have been the most 

widely employed electron acceptor materials in organic solar cells because of their high electron 

mobility, large electron affinity, low reorganization energy, isotropy of charge transport and ability 

to form favorable nanoscale blend films with donor materials.9,10 However, these fullerenes are 

expensive and exhibit limited absorption in the longer wavelength region of the solar spectrum, as 

well as thermal instability. Lately, research efforts have been addressed to develop new electron 

acceptors characterized by strong intramolecular electron push−pull effects to replace the 

fullerenes.11 ̶ 14 

PDI is a very promising motif to be included in non−fullerene electron acceptors for 

organic solar cells.15,16 It shows several appealing features including low−cost synthesis; easy 

functionalization; significant thermal, chemical and light stability; good electron accepting ability; 
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excellent electron mobility. Differently from fullerenes, PDIs show a strong absorption in the 

visible spectral region, which in some cases has proved to be complementary to that of the most 

effective electron donor materials. PDIs have been successfully employed as strongly 

electron−withdrawing monomers in new conjugated electron accepting polymers for All−Polymer 

solar cells.17−19 Although the parent PDI has proved to be a good building block for designing 

small molecular electron acceptor systems, it possesses high planarity and thus shows strong 

intermolecular interactions and tendency towards aggregation. Large scale phase separation 

observed in monomeric PDI films is discussed in the literature as the cause for reduced exciton 

dissociation efficiencies, and consequently PCEs decreased by one order of magnitude.20,21 

Dimeric PDIs have been good non−fullerene electron acceptors that have shown improved 

performances compared to monomeric PDI molecules.22,23 The strategy largely adopted to reduce 

aggregation between the PDI units is to break up the intermolecular π−π interactions by 

introducing twisting in the backbone of dimeric or oligomeric structures. The loss of planarity and 

tridimensional structure of the resulting molecular acceptors has been discussed in the literature to 

be crucial in developing efficient photovoltaic cells.22−24, 25−35 However, the many studies about 

twisted PDI derivatives do not report a direct comparison with the performance and behavior of 

an analogous planar derivative. This is what this work seeks to illuminate. We aim to investigate 

the effect of molecular structure (twisted vs. planar) on the photobehavior and photovoltaic 

performance of two isomeric PDI dimers. 

Most reported PDI dimers utilize electron donating bridges for the lateral PDI electron 

deficient domains (Acceptor−Donor−Acceptor structures). There have been just few reports of 

PDI dimers connected by electron deficient cores (Acceptor−weak Acceptor−Acceptor) which 

have recently shown pronounced positive effects on the performance of the corresponding organic 
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solar cells.36−38 Also, PDI derivatives characterized by fused rings as connection have proven to 

be highly performing electron acceptors.39−41 We intend to carry out a study about newly 

synthetized dimeric PDI derivatives (PDI ̶ core ̶ PDI) characterized by the Acceptor−weak 

Acceptor−Acceptor structure with the central thieno−pyrido−thieno−isoquinoline−dione rigidly 

connected through cyclization to the lateral PDIs (compounds 2 and 3 in Scheme 5.1). These 

compounds are two positional isomers and thus analogous in structure. However, switching the 

relative position of the alkyl amino and keto groups in the central core should induce steric 

hindrance and thus introduce torsion in the conjugated backbone of isomer 2 (twisted) which 

should be absent in the case of isomer 3 (planar). The twisted and planar isomers (2 and 3) have 

been studied in comparison with the simpler bis−thienyl analogue (compound 1 in Scheme 5.1), 

where the PDI−core−PDI is an Acceptor−Donor−Acceptor structure. The work has been carried 

out by employing state−of−the−art femtosecond time resolved spectroscopies and 

quantum−mechanical TD−DFT computations as well as electrochemical, photovoltaic and x−ray 

scattering techniques. 
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Scheme 5.1 Synthetic route for investigated structures. 
 
5.4 Experimental Section 
 
5.4.1 Materials 

Polymer PTB7−Th was obtained from 1−Material. The structures 1, 2 and 3 were 

synthesized according to the synthetic route described in Scheme 1 and detailed in the publication 

manuscript. Chlorobenzene and 1,8−diiodooctane for active layer solution preparation were 

obtained from Sigma−Aldrich. For ZnO preparation using sol−gel approach we used 

Zn(CH3COO)2·2H2O, 2−methoxyethanol and 2−aminoethanol all purchased from Sigma−Aldrich. 

Chloroform from Sigma−Aldrich was used as the solvent for the spectral and photophysical 

characterization. All chemicals were used as obtained from the manufacturer without further 

purification. 
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5.4.2 Steady−State Measurements 

All of the measurements were performed at room temperature. Concentrations ranging 

from 5×10−4 to 1×10−6 M were used for the spectroscopic investigation. Absorption spectra were 

measured using an Agilent 8432 UV−visible absorption spectrophotometer. The emission 

spectrum measurements were performed with a Fluoromax−2 spectrofluorometer. Absorption 

spectra were taken before and after each measurement to ensure that there was no appreciable 

photodegradation due to laser irradiation. The fluorescence quantum yields of the samples were 

calculated using a known procedure40,41 and Rhodamine B in ethanol (ϕF = 0.68) was used as the 

standard.42 

 
5.4.3 Density Functional Theory Simulations 

Molecular models of 1−3 were constructed with truncated alkyl chains (such as octyl, hexyl 

and butyl groups replaced by methyl groups) to save computational time without significant effect 

on the electronic properties. The ground state geometry of each compound was optimized by 

density functional theory (DFT), using the B3LYP functional and the 6−31G* basis set. Generally, 

time−dependent DFT (TD−DFT) gives more accurate excited state energetics than configuration 

interaction singles (CIS) since the latter lacks electronic correlation. Due to a close manifold of 

low−lying states, however, excited−state geometry optimization of compound 3 using TD−DFT 

did not easily lead to a symmetry broken state. On the other hand, this state was easily targeted 

using CIS geometry optimization. Therefore, the excited state geometries for the three compounds 

were optimized using CIS, and the excited energy levels refined using TD−DFT. These 

single−point energies were performed with a system−dependent, non−empirically tuned 

long−range corrected functional, ωB97X−D,43,44 which is known to significantly improve the 
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charge delocalization problem in conventional DFT functionals. The ω value is tuned to minimize 

the square sum of the difference between HOMO and ionization potential (IP), and LUMO and 

electron affinity (EA), (𝜀HOMO+𝐼𝑃)2+(𝜀LUMO+𝐸𝐴)2. The ω value is significantly affected by the 

environment, and inclusion of the solvent dielectric field induces a reduced ω value.45 The optimal 

ω values of each compound were found to be 0.004, 0.004, and 0.005 for compounds 1, 2, and 3, 

respectively, when solvent (chloroform, dielectric constant of 4.31) is included using a polarizable 

continuum model.46,47 Characters of excitations are described with natural transition orbitals 

(NTOs). All the ground and excited state calculations were conducted using Q−Chem 4.0.48 

 
5.4.4 Time−Resolved Fluorescence Measurements 

Time correlated single photon counting (TCSPC) technique, which has been described 

previously,49 was used to study the long decay component of the investigated samples. The laser 

used for the TCSPC measurement was a Kapteyn Murnane (KM) mode-locked Ti:sapphire laser. 

The output beam from the KM laser was at 800 nm wavelength, with pulse duration of ca. 30 fs. 

The output beam was frequency−doubled using a nonlinear barium borate crystal to obtain a 400 

nm beam. A polarizer was used to vary the power of the 400 nm beam that excites the sample. 

Focus on the sample cell (quartz cuvette, 0.4 cm path length) was ensured using a lens of focal 

length 11.5 cm. Collection of fluorescence was carried out in a direction perpendicular to the 

incident beam into a monochromator, and the output from the monochromator was coupled to a 

photomultiplier tube, which converted the photons into counts. 

The femtosecond−resolved fluorescence experiments were performed using an ultrafast 

fluorescence Upconversion setup that had previously been described.50 Mode-locked Ti:sapphire 

femtosecond laser (Spectra Physics Tsunami) was used to generate 80 fs pulses at 800 nm 

wavelength with a repetition rate of 82 MHz. This mode−locked laser was pumped by a 532 nm 
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continuous light output from another laser (Spectra Physics Millennia), which has a gain medium 

of neodymium−doped yttrium vanadate (Nd:YVO4). A 400 nm excitation pulse was generated by 

a second harmonic β−barium borate crystal, and the residual 800 nm beam was made to pass 

through a computer−controlled motorized optical delay line. The polarization of the excitation 

beam was controlled by a Berek compensator. The power of the excitation beam varied between 

33 to 36 mW. The fluorescence emitted by the sample was up−converted by a nonlinear crystal of 

β−barium borate by using the residual 800 nm beam, which had been delayed by the optical delay 

line with a gate step of 6.25 fs. By this procedure, the fluorescence can be measured temporally. 

The monochromator is used to select the wavelength of the up−converted beam of interest, and the 

selected beam is detected by a photomultiplier tube (R152P, Hamamatsu, Hamamatsu City, Japan). 

The photomultiplier tube converts the detected beam into photon counts, which can be read from 

a computer. Coumarin 30 was used for calibrating the laser. The instrument response function 

(IRF) has been determined from the Raman signal of water to have a width of 110 fs. Lifetimes of 

fluorescence decay were obtained by fitting the fluorescence decay profile to the most accurate fit. 

Mono and multi−exponential decay functions convoluted with IRF in MATLAB and Origin 8 were 

necessary for the data analysis. 

 
5.4.5 Femtosecond Transient Absorption  

An amplified laser (Spectra Physics Spitfire) with pulse duration of ~100 fs, repetition rate 

of 1 kHz, and pulse energy of 1 mJ was directed at a beam splitter to generate the pump (85%) and 

the probe beams (15%). The pump beam (~0.66 mJ per pulse) was generated from the second 

harmonic of the amplifier’s output (~800 nm) using a β−barium borate crystal and was focused 

onto the sample cell (l = 1 mm). The probe beam was passed through a computer−controlled delay 

line and focused onto a 2 mm quartz plate to generate the white light continuum (Helios by 
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Ultrafast Systems Inc.). The white light was focused onto the sample and the pump beam was 

overlapped with it. The absorption difference (ΔA) of the signal was collected by a CCD detector 

(Ocean Optics). Data acquisition was performed with the software Helios by Ultrafast Systems 

Inc. The IRF was measured by the Raman scattering of water at 466 nm and is found to be 110 fs. 

Data analysis was performed with the Surface Xplorer Pro software. 

 
5.4.6 Two−Photon Excited Fluorescence Measurements 

Two−photon excited fluorescence measurements were performed using a mode−locked 

Ti:Sapphire laser which is tunable from 700 to 900 nm delivering 110 fs output pulses at a 

repetition rate of 80 MHz. Emission scans were performed both at 820 nm and 870 nm excitation 

while scanning the emission in the 400−800 nm range, but the exact emission detection wavelength 

during the power dependence scan was selected by the emission wavelength that produced the 

highest number of counts. Input power from the laser was varied using a variable neutral density 

filter. Two−photon power−dependent fluorescence intensity was utilized to determine the 

two−photon absorption cross section through the comparative method. Rhodamine B in ethanol 

was used as the standard (cross section 120 GM at 820 nm and 50 GM at 870 nm).51  

 
5.4.7 Device fabrication and characterization 

Devices were fabricated in inverted configuration consisting of ITO/ZnO/active 

layer/MoO3/Ag. ITO substrates, obtained from Thin Film Devices Inc. were ultrasonicated in 

chloroform, acetone and isopropanol for 15 min and then treated with UV−ozone for 30 min. 

Sol−gel solution of ZnO precursor, prepared following procedures described elsewhere, was added 

dropwise onto ITO substrates through PTFE syringe filter and spin coated at 4000 rpm for 40 

seconds. Immediately after spin coating, substrates were annealed at 2000C for 30 minutes in air. 
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Active layer components were dissolved in chlorobenzene overnight at 700 C and solution at room 

temperature was spin coated onto the substrates in a glovebox. Films were immediately transferred 

to a vacuum chamber and MoO3 (8 nm) and Ag (80 nm) were thermally evaporated under the 

pressure lower than 2 ∙ 10:R Torr. J–V curves of the devices were measured with Keithley 2420 

source meter unit. Devices were tested under 1 sun conditions (AM1.5G, 100 mW/cm2) using 

xenon lamp (Oriel 69920) intensity of which was calibrated with a standard NREL certified Si cell 

(Newport, 91150V). Masks with a well−defined area of 3.14 mm2 were used to define an active 

area of the device. EQE was measured with a Newport QE measurement system (IQE−200) with 

a tungsten halogen lamp as a light source. 

 
5.4.8 Morphology studies 

AFM studies were made with Asylum Cyfer microscope at the University of Chicago 

MRSEC MPML facilities. The GIWAXS measurements were performed at 8ID−E beamline of 

Advanced Photon Source, Argonne National Laboratory with a radiation wavelength 1.1364 Å. 

Samples for GIWAXS were prepared on polished Si wafer, covered with ZnO and coated with an 

active layer film being studied. 

 
5.5 Results 
 
5.5.1 Steady State Absorption and Fluorescence 

The absorption spectra of compounds 1−3 in chloroform are shown in Figure 5.1 (upper 

left graph). They appear to be extremely broad, covering most of the visible spectral range (onset 

wavelength around 550−650 nm depending on the considered molecule). Absorption molar 

coefficients for 1−3 are significantly high (between 80000 and 125000 M−1cm−1 at the absorption 

maximum, see Table 5.1) ensuring that these molecular systems actually act as efficient light 
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absorbers. These features are indeed really promising in view of the use of these chromophores in 

solar cells; the most commonly employed fullerene acceptors show extremely low extinction 

coefficients in the visible (900 M−1cm−1 at 541 nm for C60 in methylcyclohexane).52 

The absorption spectral shapes of 1−3 resemble the structured absorption observed for 

perylene diimide (PDI) dimers reported in the literature.53,54 The relative intensities of the peaks 

are different from those reported for monomeric parent PDI because of the intramolecular feature 

of these compounds which consist of two joint units. It is very intriguing that the spectra of two 

positional isomers (such as 2 and 3) appear to be so different (see blue and green trace in Figure 

5.1, upper left graph). The first long wavelength absorption peak is in all cases associated to the 

S0→S1 transition (see section B of the Results about Density Functional Theory Simulations). This 

peak is very narrow (FWHM= 1125 cm−1) and blue shifted (placed at 529 nm) in the case of 

compound 3; it is extremely broader (FWHM = 4095 cm−1) and red shifted (at 586 nm) for its 

isomer, compound 2. The absorption coefficient measured in the case of 3 is significantly higher 

than that of 2 (see Table 5.1). The integrated oscillator strengths for the S0→S1 transition are quite 

similar for the two isomers (f = 0.263 for 2 and f = 0.328 for 3), and consequently their ability to 

harvest solar radiation, even though their spectral shapes are significantly diverse. The emission 

spectra of 1−3 in chloroform are shown in the upper right graph of Figure 5.1. The emission of 

compounds 1 and 3 look structured and peaked at 575 and 547 nm, respectively. In contrast to this, 

the fluorescence band of compound 2 is significantly red shifted (maximum at 650 nm) and 

characterized by a bell−like shape. It has to be noted that no excitation wavelength effect is 

observed for the emission of the three investigated fluorophores. Also, no significant concentration 

effect is observed for the absorption and emission spectra of the investigated molecules in 

chloroform solution. Figure 5.1 also reports the absorption and emission spectra recorded for 
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compounds 1−3 in spin coated thin films (lower graphs). Absorption spectra in film exhibit similar 

spectral shapes with respect to those recorded in solution, with the main peaks undergoing a certain 

red shift in the solid state. An additional low intensity broad peak above 600 nm, not revealed 

during the investigation in solution, is observed for compounds 1 and 3 in film. This feature may 

be due to the presence of aggregates of these molecules in the solid state. Very interestingly, all 

the dyes exhibit complementary absorption spectra with respect to those characteristics of the 

polymers often employed as electron donors for organic solar cells (such as PTB7−Th), which are 

placed in the 550−800 nm region. The use of these chromophores as electron acceptors for organic 

photovoltaics together with electron donor polymers thus allows a very efficient harvesting of the 

solar radiation in the entire visible spectral range (see Figure 5.7a). A bathochromic shift is 

observed also for the emission bands of 1−3 upon passing from solution to solid state. The 

computed Stokes−shift for the three molecules in chloroform solution are reported in Table 5.1. 

The Stokes−shift value is found to be rather small (620 cm−1) for compound 3. This feature is 

undoubtedly promising in view of use of this molecule in organic photovoltaics. In fact, a 

negligible Stokes−shift and thus very low reorganization energy is considered one extremely 

positive factor for fullerene being a remarkable acceptor. In electron transfer theory, systems with 

smaller reorganization energy should give faster electron transfer (Marcus inverted region). The 

observed Stokes−shift is relatively higher for the positional isomer 2 (1600 cm−1) and intermediate 

in the case of the simpler compound 1 (1100 cm−1) with respect to 3. These findings point out a 

reduced molecular rigidity for 1 and 2. 

Fluorescence quantum yield values are found to be remarkable for the investigated systems 

(see Table 5.1), which therefore are intense yellow (3), orange (1), red (2) emitters. The highest 

fluorescence efficiency (0.52) is observed for compound 3; the quantum yield appear to be halved 



 208 

in the case of compound 1 (0.21) whereas the lowest value is retrieved for compound 2 (0.047). 

The quantum yield trend closely resembles the trend observed for the Stokes−shift of the three 

molecules. As repeatedly observed in the literature, the increased molecular rigidity is indeed 

associated to a higher fluorescence quantum yield.55 

The fluorescence rate constant values for 1−3 have been computed from the experimental 

fluorescence quantum yields and lifetimes (kF = φF/τF; for τ? see section reporting the results for 

Time Resolved Fluorescence. The radiative rate constants have also been obtained with the 

Strickler−Berg equation56 (kF,SB) using the integrated first absorption band and the fluorescence 

band. The kF and kF,SB values retrieved for compounds 1 and 3 are in very good mutual agreement 

(8.4×107 and 7.2×107 s−1 for 1 and 1.5×108 and 1.3×108 s−1 for 3). This result suggests that the state 

reached by absorption at long wavelengths for these molecules is allowed as well as that 

responsible for their emission. Very interestingly, the two values are significantly different in the 

case of compound 2 (kF = 2.6×107 s−1 and kF,SB = 7.2×107 s−1) and this finding might indicate that 

the fluorescent state is partially forbidden in this case. 

 
Table 5.1 Absorption and emission properties of compounds 1−3 in chloroform solution and in 
film. 

Comp.nd  λabs / nm λem / nm Δυ / 
cm−1 

ε / 
M−1cm−1 ϕF τF / ns 

(SPC) 
1 chloroform 461, 490, 541 575, 620(sh) 1100 88000 0.21 2.5 
2 chloroform 450, 498, 586 647 1600 80500 0.047 1.8 
3 chloroform 461, 493, 529 547, 590(sh) 620 125800 0.52 3.5 
1 film 468, 494, 555 605     
2 film 457, 498, 600 670     
3 film 463, 499, 535 570     
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Figure 5.1 Normalized absorption and emission spectra of compounds 1−3 in chloroform solution 
(upper graphs) and in thin film (lower graphs). 
 
5.5.2 Density Functional Theory Simulations 

A comprehensive computational investigation was carried out to examine the structural 

and electronic properties of the three compounds in vacuum and in chloroform solution. In the 

ground state optimized geometries of 1−3, in the case of 1 and 3 the ground state conformation is 

nearly planar, with a small distortion from planarity in the two lateral perylene diimides. For 

compound 2, however, a significant deviation from planarity is caused by the steric hindrance 

between the dialkylamino groups of the central core and the hydrogens of the lateral perylene 

diimides. This steric hindrance is not present in isomer 3. Similarly, the excited state optimized 
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geometry (Figure 5.2) appears perfectly planar in the case of compounds 1 and 3 but is twisted for 

2. The S1 optimized geometry shows a small conformational rearrangement with respect to the 

ground state structure. 

1         2    3 

 

 
Figure 5.2 Excited state optimized geometry (top and lateral views) for compounds 1−3. 
 

In the frontier molecular orbitals (MOs) calculated for the S0 optimized geometry of 1−3, 

the transition into the lowest excited singlet state S1 is mainly described by the HOMO–LUMO 

configuration in all cases. The HOMO→LUMO transition entails a charge displacement from the 

central portion of the molecule (electron donor bithyenyl or weak electron acceptor 

thieno−pyrido−isoquinolinedione) toward the lateral strongly electron accepting perylene 

diimides. Also the other molecular orbitals involved in the experimentally recorded absorption 

spectra allow us to rationalize the observed multiple intense absorption peaks. Random phase 

approximation was used for theoretical prediction of the spectra because in this way the computed 

oscillator strengths resulted in better agreement with the experimental ones. 

For the optimized S1 state geometries of 1 and 2, the HOMO and LUMO orbitals are similar 

to those of the ground state geometries. The charge transfer excitation for S1 appears to break 

symmetry in compound 3, where the LUMO is largely localized on a single PDI. Being the lowest 

29° 



 211 

energy excited state, this geometrically relaxed, localized state represents the one from which 

emission will occur. Since much of the HOMO is also localized on one half of the molecule, the 

fluorescence from this state will bear resemblance to the emission of monomeric PDI. These 

findings emerging from quantum mechanical calculations provide a possible explanation for the 

blue−shifted intense emission spectrum of 3 (peaked at 547 nm), which closely resembles the 

emission of the single PDI (peaked at 533 nm and exhibiting a fluorescence quantum yield of 

0.40).53 The computed transition energy remarkably agrees with the experimental emission 

maximum position for the three investigated fluorophores. In the case of compound 2, the 

calculations predict a forbidden S2 excited state close in energy to S1, where the latter is a fully 

allowed transition and thus strongly fluorescent. Vibronic coupling between these two close states 

may occur (as proposed by Lim for the proximity effect),57 leading to internal conversion to the 

ground state as a principal excited state deactivation pathway. For compound 3, S2 is predicted to 

be much higher in energy than the allowed S1 and shows significant oscillator strength for 

emission. 

The HOMO and LUMO energies for the three molecules were computed. The LUMO 

orbitals have higher energies than fullerene, with 3 having the highest LUMO energy of the three 

examined compounds. This factor is expected to increase the open−circuit voltage of the 

photovoltaic cells realized with these acceptors, which indeed were found to be significantly higher 

than in the fullerene−containing solar cell employing the same donor polymer (see Table 5.6). 

To analyze compounds 1−3 in greater detail, these compounds were divided into three 

subunits, Acceptor−Donor(weak Acceptor)−Acceptor for 1 (2 and 3). Figure 5.3 shows the NTOs 

for compounds 1−3; these orbitals represent the electron−hole pair of each excited state (which 

account for more than 95% of each transition’s wave function). The amount of charge transfer 
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(CT) is quantified as the change in atomic charge of each fragment (Table 5.2) upon excitation, 

where 0.48e−, 0.70e−, and 0.66e− migrated from the central fragment to the lateral groups in 

compounds 1, 2, and 3, respectively. In compounds 2 and 3, simulations show that the CT states 

have lower excitation energies than the local excitations within each PDI or the core linker. For 

the two vertical excitation S1 states, compound 2 involves more CT character (0.70e−) than 

compound 3 (0.66e−), which is consistent with the lower excitation energy of 2. 

 
Table 5.2 Change in atomic charge from S0 to S1 on the subunits of compound 1−3.a 

 1 2 3 
 A D A A wA A A wA A 

Absorptionb −0.24 +0.48 −0.24 −0.35 +0.70 −0.35 −0.33 +0.66 −0.33 
Emissionc −0.22 +0.45 −0.22 −0.33 +0.65 −0.33 +0.03 +0.70 −0.73 

aMulliken charge is given in e; bCalculated at S0 geometry; cCalculated at S1 geometry 
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Figure 5.3 Natural transition orbitals for the S1 geometry of compounds 1−3 (Isovalue=0.01). 
 

The number of transferred electrons was calculated at the relaxed S1 geometry, in order to 

quantify the degree of CT for the emissive state. Since charge transfer occurs in a few hundreds of 

femtosecond after light absorption, the degree of CT at this state will likely correlate with cell 

efficiency. CT state is considered as an intermediate before complete charge separation. It is 
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expected that charge separation occurs easily from a state with high CT character, due to the fact 

that the electron ̶ hole pair is already partly broken up within the molecule. Compounds 1 and 2 

distribute the excited charge evenly between the two acceptor units. The CT state in compound 3, 

however, becomes clearly unidirectional with accumulation of 0.73e− on a single acceptor and 

negligible charge on the second acceptor. Interestingly, the more planar compound, 3 shows larger 

degree of CT than its isomer, 2, by 0.08e− (0.73 vs. 0.65) at the S1 geometry. 

 
5.5.3 Time Resolved Fluorescence 

The fluorescence properties of the three samples in chloroform were investigated using a 

single photon counting technique with a nanosecond time resolution. Lifetimes of few 

nanoseconds resulted from the fitting and their values for 1−3 in chloroform are reported in Table 

5.1. The lifetime trend among the three fluorophores (τ?,P (3.5 ns)>	τ?,0 (2.5 ns)>	τ?,) (1.8 ns)) 

parallels the trend already discussed for the fluorescence quantum yields of these dyes. The 

obtained results – few nanoseconds for the emitting state (similar to fullerene whose S1 lifetime is 

1.2 ns52)  ̶  are interesting because in solar cells devices, the exciton diffusion length is proportional 

to the excited state lifetime. Long fluorescence decays for the electron acceptors might be 

beneficial for hole transfer from the PDI derivatives to the electron donor polymer in the 

photovoltaic device.58,59 

The ultrafast dynamics of the fluorescence was studied by employing a femtosecond 

time−resolved fluorescence up−conversion set up and exciting the samples solutions with 400 nm 

ultrashort laser pulses. The kinetics recorded at wavelengths close to the emission peak of the 

investigated fluorophores are shown in Figure 5.4 together with the bi−exponential fitting 

functions for the experimental decay (red trace in the figure). The lifetimes resulting from the 

fitting are reported in Table 5.3. The long living component in the nanosecond temporal range (τ) 



 214 

in Table 5.3) reflects the lifetime resulting from the TC ̶ SPC investigation, which is the lifetime 

of the fully relaxed S1 fluorescent state (τ? in Table 5.1). The accuracy of the fluorescence up 

conversion for evaluation of the long living decay components is not good, due to the limited 

temporal window of investigation (720 ps). For this reason, the lifetime obtained with the single 

photon counting is considered a more accurate evaluation of the relaxed S1 decay time. As for the 

short living component (τ0 in Table 5.3), it shows values of ca. 10 ps for compounds 2/3 and of 

ca. 100 ps for compound 1. This component is probably related to structural relaxation following 

photoexcitation of 1−3. This result is in agreement with the small molecular rearrangement 

predicted by the calculations to take place on passing from the ground to the excited state optimized 

geometry. 

 
Figure 5.4 Fluorescence decay kinetics recorded for compounds 1−3 in chloroform at the peak 
wavelength by femtosecond resolved Fluorescence Upconversion. 
 

The fluorescence kinetics recorded on a smaller time window, down to few picoseconds, 

exhibits a fast rise of a few hundred femtoseconds (ca. 250 fs, see Table 5.3) from the fit 

accounting for the instrumental response function (120 fs) by deconvolution. The 250 fs rise time 
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observed for the investigated samples can be assigned to solvation dynamics in chloroform. 

Fluorescence kinetics were acquired also employing both parallel and perpendicular relative 

polarization configuration for the excitation and gate beams. Figure 5.5 (right graph) show the 

anisotropy decay results, r(t), for the three molecules in chloroform in a short time scale. The 

fluorescence anisotropy of all three samples decayed to a residual value (rh ca. 0.07 for 1, 0.13 

for 2, 0.25 for 3) within the Instrumental Response Function of our apparatus (ca. 110 fs). This 

fast decay of anisotropy indicates fast energy/charge redistribution via a coherent excitonic 

mechanism between dipoles that are oriented in different directions. The residual anisotropy value 

is related to the angle between the absorption and emission transition dipole moments after this 

fast relaxation. It is feasible that different depolarization due to diverse energy/charge 

redistribution takes place in compounds 1 and 2 (residual anisotropy ca. 0.1) with respect to 

compound 3 (residual anisotropy ca. 0.25). On a long time scale the anisotropy decay was found 

to reflect the re-orientation dynamics, which for these large molecular systems is quite slow and 

takes hundreds of picoseconds. 

Table 5.3 Lifetimes (τ) and pre−exponential factors (A) obtained by fitting the Fluorescence 
Upconversion kinetics for compounds 1−3 in chloroform. 
Compound λem/ nm A1 τ1 / ps A2 τ2 / ps* Rise Time / fs 

1 575 0.25 120 0.71 1500 250 
2 630 0.35 10 0.63 920 250 
3 547 0.25 10 0.70 1140 − 

*τ2 corresponds to the lifetime obtained with the single photon counting measurements (see Table 5.1) with the latter 
being a better evaluation for the decay time of this long living component. 
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Figure 5.5 Left: magic angle fluorescence dynamics for compound 1 in chloroform at 575 nm, 
best fit to a bi−exponential function is also shown. Right: fluorescence anisotropy decay on a short 
time scale for 1 ̶ 3 samples, the thick line is the result of a best fit. 
 
5.5.4 Femtosecond Transient Absorption 

Femtosecond transient absorption measurements were carried out upon a 400 nm laser 

excitation on solutions of compounds 1−3 in chloroform. The results obtained in term of spectra 

and kinetics data are shown in Figure 5.6. The time resolved absorption spectra (left graphs in the 

figure) exhibit below 540 nm some negative bands ascribable to ground state bleaching because 

they match the ground state absorption spectra of the three chromophores. The transient absorption 

spectra also present broad positive bands due to excited state absorption in the region between 550 

and 700 nm. It is possible that in this longer wavelength spectral region the intense positive excited 

state absorption prevails over negative stimulated emission signals. Decay kinetics were recorded 

in the spectral region corresponding to positive differential absorbance signals, growth kinetics 

were recorded at wavelengths where negative ΔA is detected (right graphs of Figure 5.6). All three 

samples exhibited a clear broad excited state absorption peak at 740 nm. This spectral feature has 

been repeatedly associated in the literature to the radical anion of perylene diimide.60 ̶ 66 In the case 

of compound 3, this band in the transient spectra appears together with the most intense excited 

state absorption peak around 580 nm which is absent in the case of 1 and 2. Very interestingly, 
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absorption due to the perylene diimide radical cation has been reported to take place in this spectral 

region according to several ultrafast spectroscopic studies.62,64,65,67 These findings point to the 

occurrence of charge transfer during the excited state relaxation of isomer 3, taking place upon 

breaking the symmetry of the system between the two lateral perylene diimides. Charge transfer 

is occurring also upon photoexcitation of compounds 1 and 2 owing to the observed transient 

absorption at 740 nm due to the perylene diimide anion. However, it probably happens via a 

different mechanism determining a certain positive charge localized in the central core of these 

molecules, possibly responsible for the absorption signal observed around 650 nm. The proposed 

mechanisms of charge transfer are actually in agreement with the charge distribution predicted by 

the calculations for the HOMO/LUMO molecular orbitals describing the excited states of 1 ̶ 3, 

where the symmetry of the molecular structure is maintained for 1/2 and broken in the case of 

isomer 3. 

Global analysis of the data collected for samples 1−3 in chloroform (see results Table 5.4) 

revealed in all cases the presence of two exponential components characterized by lifetimes of tens 

of picoseconds (τ1) and few nanoseconds (τ2). The lifetimes here obtained for the shorter 

component (τ1 in Table 5.4) are probably more accurate than those obtained using the fluorescence 

up conversion investigation (τ1 in Table 5.3) as they are computed via a global fit analysis instead 

of a single wavelength fit. Lifetime τ2 corresponds to the lifetime obtained with the single photon 

counting measurements with it being a better evaluation for the decay time of this long living 

component. As discussed before, the two components are assigned to small structural 

rearrangement and to the decay of the relaxed S1 state, respectively. The S1 state exhibits a certain 

charge transfer character as evidenced by its spectral features in the different samples. No 

significant spectral evolution is observed in time after light excitation (see Figure 5.6). It is 
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therefore likely that the charge transfer is extremely fast, occurs within the solvation time and that 

its dynamics is described by the rise time of hundreds of femtoseconds revealed during the 

fluorescence up ̶ conversion investigation (see Table 5.3). 

 
Figure 5.6 Time−resolved absorption spectra (left) and decay kinetics (right) obtained by 
femtosecond resolved Transient Absorption measurements of compounds 1−3 in chloroform. 
 
Table 5.4 Lifetimes (τ) obtained by global fitting of the femtosecond Transient Absorption data. 

Compound τ1 / ps τ2 / ps 
1 48 2100 
2 57 1800 
3 39 3900 

 
5.5.5 Two Photon Absorption 

Two−Photon Excited Fluorescence measurements were carried out for the three 

compounds in chloroform solution upon both 820 and 870 nm excitation and collecting the emitted 

counts at the peak fluorescence wavelength of each sample. The quadratic dependence of the 
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fluorescence counts upon the excitation laser power was verified for all samples both under 820 

nm and 870 nm excitations. In fact, the log(counts) versus log(power) plots was successfully fitted 

with a linear function exhibiting a slope of two in all cases. The emission spectra recorded for the 

three samples under infrared two−photon excitation are similar to the steady state emission profiles 

(see Figure 5.1). This suggests that the excited state responsible for the emission is the same for 

the mono−photonic and bi−photonic experiments. Two−Photon Absorption (TPA) cross-sections 

(δ) were obtained through the comparative method and the results are reported in Table 5.5. 

Compounds 1−3 show remarkable TPA cross-sections, of tens or hundreds of GM depending on 

the molecular structure and the excitation wavelength. All the investigated dimers exhibit 

enhanced TPA cross-sections with respect to the monomeric PDI (δ820 nm= 1 GM).53 In fact, it has 

been repeatedly reported in the literature68,69 that a common design strategy for optimizing δ is the 

use of centrosymmetric quadrupolar architectures. The excitation wavelength dependence of the 

cross section of 1−3 is certainly due to the shape of the TPA spectrum, which is not accurately 

known for the investigated systems. However, considering their mono−photonic spectrum (shown 

in Figure 5.1) it is feasible that the cross-sections of the three compounds are somehow similar 

when employing an 820 nm excitation (extinction coefficient in the steady state spectrum is not 

very different for the three chromophores at 410 nm). On the contrary, the response of compound 

2 is significantly larger than that of the other molecules when an 870 nm excitation is employed. 

This is probably due to the diverse and more intense absorbance exhibited by this dye in the 

corresponding one-photon absorption spectral region (around 435 nm). In general, the two 

positional isomers 2 and 3 show enhanced TPA response in comparison to the simpler compound 

1, in a trend which parallels that of the computed transition dipole moments for the corresponding 

transitions. The significant TPA response observed for the compounds is in agreement with the 
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photoinduced charge transfer revealed to take place in these structures during the femtosecond 

absorption study. In particular, when employing an 820 nm excitation the TPA cross section 

measured for the planar isomer 3 is the highest among those of the three molecules. This result 

could reflect more efficient charge transfer for this planar molecule with respect to its twisted 

isomer, 2 and the simpler compound, 1. 

 
Table 5.5 Two-Photon Absorption cross sections (δ) obtained by Two−Photon Excited 
Fluorescence measurements upon 820 nm or 870 nm laser excitation using the comparative 
method. 

Comp.nd δ / GM 
λexc=820 nm 

δ / GM 
λexc=870 nm 

1 212 17 
2 217 343 
3 337 59 

 
5.5.6 OPV Properties and Active Layer Characterization 

We prepared the solar cells in inverted configuration with ITO/ZnO/active layer/MoO3/Ag 

to evaluate the photovoltaic properties of these small molecules as acceptors together with 

PTB7−Th as the donor. A donor/acceptor ratio of 1:2 was spin casted from chlorobenzene solution 

at room temperature and an active layer with a thickness of about 100 nm was formed. The device 

fabrication conditions were optimized to maximize the OPV performance. As shown in Figure 

5.7a blends of PTB7−Th and acceptor absorb in wide range of wavelengths from 350 to 800 nm. 

All major absorption peaks of acceptors 2 and 3 are present in the blend absorption, as well as two 

complementary polymer peaks at 640 and 720 nm. The J ̶ V characteristics of these OPV cells are 

shown in Table 5.6 and the J ̶ V curves are plotted in Figure 5.7b. Similar open circuit voltages 

(VOC), short circuit currents (JSC) and fill factors (FF) were observed for blend films made from 

both PDI isomers. These results give an explanation to the analogous photovoltaic performances 

exhibited by the devices (4.79 % and 4.97 % for isomers 2 and 3 respectively). Both the isomers, 
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2 and 3, show good power conversion efficiency (around 5 %). The external quantum efficiencies 

(EQE) of the optimal devices were measured and are shown in Figure 5.7c. It can be seen that all 

devices show broad EQE spectra from 350 to 800 nm, consistent with their absorption spectra. The 

quantum efficiency for isomer 3 based blends is higher relatively to isomer 2 both in the spectral 

region where acceptor absorption takes place (in agreement with the higher extinction coefficients 

measured for 3 in solution) and in the wavelength range where the donor absorption occurs. The 

EQE is relatively enhanced for 2 only between 550 and 620 nm, due to its broader absorption 

spectrum extending in this area differently from 3 (see Figure 5.1). After integration of EQE 

curves over AM1.5G spectrum, calculated JSC values were 11.09 and 11.80 mA cm-2 for 

compounds 2 and 3, respectively, which are in good agreement with the values measured from (J ̶ 

V) curves. 

 
Figure 5.7 a) Normalized film absorption spectra of blends; b) J−V curves of solar cell devices 
using 2 ̶ 3 as acceptors and PTB7−Th as the donor; c) External quantum efficiency (EQE) spectra; 
d) Hole and electron mobility J−V curves of PTB7−Th:acceptor blends. 
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In addition to photovoltaic data we have also measured SCLC hole and electron mobilities 

for blends of polymer PTB7−Th and acceptors. Hole−only devices had architecture 

ITO/PEDOT/PTB7−Th:acceptor/MoO3/Ag, while electron−only devices were assembled in a 

configuration ITO/ZnO/PTB7−Th:acceptor/Ca/Al. Both types of device had active layer 

thicknesses larger than 115 nm to ensure SCL current.  J−V curves were measured for these 

devices from 0 to 10V and current densities in SCLC region (with a slope equal to 2) were fitted 

with Mott-Gurney equation (Figure 5.7d). Interestingly, for hole mobilities we observed an 

increase when acceptor 2 was replaced with acceptor 3, from 2.0 ∙ 10:L cm2V−1s−1 to 8.5 ∙ 10:L 

cm2V1s−1, respectively, while for electron mobilities the opposite trend was observed – mobility 

decreased from 7.2 ∙ 10:R cm2V1s−1 for compound 2 to 3.9 ∙ 10:R cm2V1s−1 for compound 3. To 

determine crystallinity and details of packing for neat materials and blends, we conducted 

GIWAXS experiments. The neat films of compounds 2 and 3 exhibit very similar scattering pattern 

with two broad peaks present, π−π stacking peak near 1.5 Å−1 and the peak near 0.35 Å−1. The 

peaks are present in− and out−of plane direction, which indicates lack of preferential orientation 

on the surface of a substrate. On the contrary, for blend films the π−π stacking peak is well resolved 

only in qz direction, which indicates preferential face−on orientation for the polymer and acceptor 

molecules. The ratio of scattering intensities of qz to qy peaks at 1.65 Å−1 is 2.1 for blend 

PTB7−Th:compound 2 and 1.75 for a blend with compound 3, thus indicating slightly more 

face−on component for blend with compound 2. We have also studied the surface of the blends 

using AFM. At the micrometer scale both blends have shown similar surface morphology and 

calculated roughness is similar for both films as well − 0.79 RMS for a blend with compound 2 

and 0.71 RMS for a blend with compound 3. 
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Table 5.6 Parameters summary of solar cells devices and charge carrier mobilities with 2 ̶ 3 as 
acceptors and PTB7−Th as the donor (results are averaged over 5 devices). 

Acceptor VOC/ 
V 

JSC/ 
mA cm−2 

FF PCEav (PCEmax)/ 
% 

µh / 
cm2V−1s−1 

µe / 
cm2V−1s−1 

2 0.89±0.01 11.78±0.22 0.45±0.01 4.79±0.09 (4.91) 2.0 ∙ 10:L 7.2 ∙ 10:R 
3 0.93±0.01 11.85±0.27 0.45±0.01 4.97±0.05 (5.03) 8.5 ∙ 10:L 3.9 ∙ 10:R 

 
5.6 Discussion 
 

We reported here the study of two newly synthetized perylene diimide (PDI) dimers, of 

interest as non ̶ fullerene electron acceptors for organic solar cells, characterized by a ring fused 

Acceptor ̶ weak Acceptor ̶ Acceptor structure, which are positional isomers. They are analogous 

but the steric hindrance determined by the positional substitution induces a twisted conformation 

in one of the isomers (2) whereas the other (3) is substantially planar. Much recent literature has 

pointed out that employing twisted PDI derivatives is an effective strategy to avoid their 

aggregation; with the aggregation being considered the limiting factor for the efficiency of relative 

organic photovoltaic devices. In this study, we investigated the effect of twisting through a direct 

comparison of the light induced behavior and photovoltaic performance of twisted vs. planar PDI 

based isomers. These molecules have been investigated in comparison with the simpler basic 

compound 1, characterized by a bi ̶ thienyl core (donor) connected to the lateral PDI acceptors. 

Despite their structural similarity, the two isomers show strikingly different spectral and 

photophysical behavior in solution, determined by their different conformations. The absorption 

spectra exhibited by the isomers can be interpreted considering the occurrence of excited state 

exciton splitting in composite molecules such as dimers.70 For such molecules the energy of the 

exciton splitting between the two excited states that play a role, and their oscillator strengths 

depend on the relative angle between the transition dipole moments of the monomer portions. 

Different optimized geometries were predicted by the quantum−mechanical calculations for the 

two isomers (twisted for 2 and close to planarity for 3 in the ground state), which thus give an 
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explanation for their completely different absorption spectral shapes. Excited state geometries are 

theoretically predicted to be perfectly planar for compounds 1/3 and twisted for compound 2. 

Indeed, the structured emission spectra and the high fluorescence quantum yields observed for 

both 1 and 3 are typical of fluorophores exhibiting perfectly planar S1 geometries. The much lower 

fluorescence efficiency observed for 2 can be rationalized considering that twisted conformations 

are known to prefer non−radiative decay pathways to the ground state such as internal conversion. 

However, the fact that the fluorescence lifetime is only halved when comparing compounds 3 and 

2, whereas the fluorescence quantum yield is decreased by one order of magnitude suggests that 

some additional effect may play a role in determining the reduced emission of the twisted isomer. 

The presence of an energetically close forbidden state (S2) and its mixing with the fluorescent state 

(S1) was inferred by the results of the theoretical calculations in the case of isomer 2. This 

proximity effect might give an explanation to the low fluorescence rate constant (kF) 

experimentally obtained for this molecule. This effect, not observed in the case of the planar 

derivatives, is the reason for their remarkable kF values. 

The ultrafast spectroscopic investigation in solution gave valuable information about the 

photoinduced intramolecular charge transfer taking place in the investigated PDI derivatives. 

Spectral signatures of the formation of the PDI radical anion upon laser irradiation were retrieved 

for all the three samples in their transient absorption spectra. The remarkable Two Photon 

Absorption cross sections measured for the investigated compounds (hundreds of GM) are in line 

with the charge transfer observed upon light excitation. Charge transfer takes place upon 

maintaining the excited state symmetry in the case of 1 and 2 through charge displacement from 

the central core to the lateral PDIs. This is also confirmed by calculations of the molecular orbitals 

for the excited state of 1 and 2. A completely different charge transfer mechanism was evidenced 
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in the case of the planar isomer 3, for which hints of the presence of the PDI radical cation were 

observed in the transient spectra. For this derivative, a more efficient charge transfer between the 

two lateral PDIs occurs upon breaking the excited state symmetry. This result is in agreement with 

the localized HOMO and LUMO distributions predicted for the excited state of 3 by the 

calculations. It is apparent that the different conformations of the two isomers drive a diverse 

mechanism for photoinduced charge transfer in their molecular structures. The significant dihedral 

angle formed between the central core and each of the lateral PDIs in isomer 2 interrupts 

conjugation and favors charge transfer between vicinal portions of the molecule: positive charge 

on the core, negative charge on both lateral PDIs. On the contrary, the perfectly planar excited 

state geometry of isomer 3 allows electronic communication and charge transfer to take place 

between the two lateral PDIs (positive charge on one PDI, negative charge on the other) with 

formation of a highly dipolar excited state. 

These results give an explanation to the photovoltaic efficiency exhibited by the solar cell 

devices using the PDI derivatives as electron acceptors and the PTB7−Th as electron donor. A 

significant efficiency of ca. 5 % was shown by solar cells containing both isomers 2 and 3. In our 

investigation we had no evidence for excimer formation in the case of the planar derivative or for 

increased charge recombination in the latter with respect to the twisted system. These were 

mentioned in a recent paper27 to be responsible for the low photovoltaic response of planar PDI 

acceptors. Our AFM study revealed similar morphology of the blends between the donor polymer 

and the two PDI isomer acceptors. This result argues that the donor polymer breaks up the bigger 

intra−acceptor aggregates formed by the planar isomer and consequently generates smooth films 

at the micrometer scale as recently reported in the literature.71 This may be advantageous for solar 

cell performances. However, smaller aggregates of the planar PDI acceptor in the blend with the 
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donor polymer may be present at the nanometer scale in line with what was observed by 

Trasmission Electron Microscopy measurements in a recent paper.71 The GIWAXS measurements 

revealed preferential face−on orientation for the polymer and the acceptors in the blend films, 

enhanced face−on component was observed for blends with the twisted isomer 2. Despite this, 

similar power conversion efficiencies were measured for the two isomers used as electron 

acceptors in the solar cell. These findings suggest that there is a factor, not related to the 

morphology of the donor/acceptor blend, leading to enhancement of the photovoltaic performance 

of the planar isomer 3. We suggest that this factor is its ability to undergo photoinduced 

intra−molecular charge transfer. The photoinduced formation of a symmetry−broken, dipolar 

excited state in the planar isomer implies several outstanding advantages in the device 

performance.72 This is a result of improved interaction with the donor polymer: lower driving force 

for charge separation with the donor, increased directionality ensuring that electrons and holes are 

placed toward the appropriate electrode, as well as slower recombination. 

 
5.7 Conclusions 
 

New perylene diimide (PDI) dimers were investigated in this study as non ̶ fullerene 

electron acceptors for organic solar cells. Two positional isomers were synthetized, exhibiting 

analogous structures with a weakly electron deficient core connected through ring fusion to the 

lateral strongly electron accepting PDIs. The two isomers showed planar and twisted geometries 

which induced strikingly diverse spectral and photophysical properties. Both isomers show charge 

transfer following light excitation as the femtosecond time−resolved investigation revealed and 

the theoretical calculations confirmed. However, a structure dependent charge transfer mechanism 

was observed: the twist between the central core and each of the lateral PDIs favors charge transfer 

between these vicinal parts and formation of a symmetrical charge transfer species (Aδ ̶  ̶ wA+ ̶ Aδ ̶ 



 227 

). In contrast to this, the planar structure allows communication between the two furthest lateral 

ends of the molecule and charge transfer between the PDIs with the photoinduced production of a 

highly dipolar transient species (A+ ̶ wA ̶ A ̶ ). Thus, charge transfer was found to occur maintaining 

the excited state symmetry in the case of the twisted isomer and breaking the excited state 

symmetry in the case of the planar isomer. The likely interaction of these two photoexcited PDI 

based acceptors with the donor polymer (PTB7 ̶ Th) in the active layer of the photovoltaic device 

may be sketched as follows: D|Aδ ̶  ̶ wA+ ̶ Aδ ̶  → D+|Aδ ̶  ̶ wA ̶ Aδ ̶  (twisted acceptor) with respect 

to D|A+ ̶ wA ̶ A ̶  → D+|A ̶ wA ̶ A ̶  (planar acceptor). The symmetry breaking charge transfer 

occurring in the planar isomer is clearly an attractive strategy to achieve charge separation with 

the donor polymer with a lower driving force, enhanced directionality and retarded recombination 

rate. Remarkable efficiencies were indeed achieved in the organic photovoltaic devices employing 

the two PDI acceptors (ca. 5%). The planar conformation exhibits higher aggregation in the pure 

acceptor film, as often speculated in the literature, as well as in the blend. Despite higher 

aggregation of the planar isomer, similar power conversion efficiencies were measured for the two 

isomers. This is interesting because, according to literature reports, the PCE for a planar acceptor 

is expected to be one order of magnitude lower than for a twisted acceptor due to aggregation.21 

Our OPV results indicate that there is a factor, unrelated to the morphology of the donor-acceptor 

blend, which leads to enhancement of the photovoltaic performance of the planar acceptor. We 

suggest here that the dominance of intra−molecular charge transfer in the planar PDI isomer is the 

crucial factor in determining the improved power conversion efficiency in organic solar cells. 
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Chapter 6  
 

Heteroatom and Side Chain Effects on the Optical and Photo-physical Properties: Ultrafast 
and Nonlinear Spectroscopy of New Naphtho[1,2-b:5,6-bʹ]difuran Donor Polymers 

 
 
6.1 Original Publication Information 
 

The work in this chapter was published in the Journal of Physical Chemistry C as:  

“Heteroatom and Side Chain Effects on the Optical and Photo-physical Properties: Ultrafast and 

Nonlinear Spectroscopy of New Naphtho[1,2-b:5,6-bʹ]difuran Donor Polymers” Ifeanyi K. Madu, 

Evan W. Muller, Hyungjun Kim, Jessica Shaw, Alfred A. Burney-Allen, Paul M. Zimmerman, 

Malika Jeffries-EL, and Theodore Goodson III. J. Phys. Chem. C, 2018, 122, 30, 17049–17066 

 
Synthesis of the polymers was done by the Jeffries-EL team at Boston University. Quantum 

chemical calculations were done by Hyungjun Kim in the Zimmerman group at the University of 

Michigan. Device fabrication and characterization was also done by the Jeffries-EL team. 

Modifications were made to the original publication to adapt it to the style of the content of this 

dissertation. References of the original manuscript are included in this chapter. 
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6.2 Abstract 
 

The photophysical and electronic properties of four novel conjugated donor polymers were 

investigated to understand the influence of heteroatoms (based on the first two member 

chalcogens) in the polymer backbone. The sidechains were varied as well to evaluate the effect of 

polymer solubility on the photophysical properties. The donor-acceptor polymer structure is based 

on naptho [1,2-b:5,6-bʹ] difuran (NDF) as the donor moiety, and either 3,6-di (furan-2-yl) - 1,4 

diketopyrrolo [3,4-c] pyrrole (F-DPP) or 3,6-di (thiophen-2-yl) - 1,4 diketopyrrolo [3,4-c] pyrrole 

(T-DPP) as the acceptor moiety. Steady state absorption studies showed that the polymers with 

furan moiety in the backbone displayed a favorable tendency of capturing more solar photons when 

used in a photovoltaic device. This is observed experimentally by the higher extinction coefficient 

in the visible and near-infrared region of these polymers relative to their thiophene counterparts. 

The excitonic lifetimes were monitored using ultrafast dynamics, and the results obtained show 

that the type of heteroatom π-linker used in the backbone affects the decay dynamics. Furthermore, 

the side chain also plays a role in determining the fluorescence decay time. Quantum chemical 

simulations were performed to describe the absorption energies and transition characters. Two-

photon absorption cross-sections (TPA-δ) were analyzed with the simulations, illustrating the 

planarity of the backbone in relation to its torsional angles. Due to the planarity in the molecular 

backbone, the polymer with the furan π-linker showed a higher TPA-δ relative to its thiophene 

counterpart. This suggest that the furan compound will display higher charge transfer (CT) 

tendencies in comparison to their thiophene analogues. Pump-probe transient absorption technique 

was employed to probe the non-emissive states (including the CT state) of the polymers, and 

unique activities were captured at 500nm and 750nm for all the studied compounds. Single 

wavelength and global analyses were performed to understand the dynamics of each peak, and 
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deduce the number of components responsible for the transient behavior observed, respectively. 

The results obtained suggest that furan π-linker component of a donor and acceptor moiety in a 

conjugated polymer might be a more suitable candidate compared to its more popular chalcogenic 

counterpart – thiophene for use as donor materials in bulk heterojunction photovoltaic devices. 

 
6.3 Introduction 
 

Conjugated polymers (CPs) have been shown to be useful materials for efficient solar cell 

(photovoltaic) applications.1,2,11–13,3–10 In recent years, there have been many efforts not only to 

provide important device parameters regarding the use of organic polymers but to also probe the 

many structure-function relationships in the entire organic photovoltaic system. As a result of the 

many lessons learned by the field of organic electronics regarding the optical and electronic 

properties of these materials there have been a few CPs that have stood out in terms of their 

efficiency. There have been several structure-function studies of organic devices in terms of the 

structure of the polymer and fundamental parameters of the working device such as the fill factor 

(FF), turn on voltage and mobility in addition to the power conversion efficiency (PCE) of the 

solar cell.7,9,14–16 Other structure-function relationships look more inward and probe the molecular 

attributes of the polymers in order to provide insight in to the physical-chemical properties which 

ultimately dictate their device behavior.17,18 While the early investigations of the molecular 

approach seemed to focus on discovering new molecular building blocks or polymer topologies, 

in more recent reports the effect of altering similar structures chemically but remaining with a 

basic structural framework has been investigated. 

The PTB719–21 and PTB7-Th donor polymers have been widely studied and as a result there 

is  detailed information regarding structure-function relationships within these polymers and  

efficiencies as high as >10% have been reported.1,22 However, there remains some particular 
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questions regarding the mechanism (electronic, charge related, photon or energy transfer) of the 

photovoltaic effect in this system.  Other derivatives of PTB7 have been created and the suitable 

functionality has enabled the critical structure-function analysis of the system both at the molecular 

level as well as in terms of the device properties.2,3,7–9,12,17,23 For example, adding electronegative 

fluorine substituents to the backbone of the donor-conjugated polymer has become a popular and 

effective strategy for improving the PCE of polymer solar cells. Concurrently, there has been 

interest in probing the heteroatom effect on the PCE as well as electronic (molecular) properties 

of the system. One of the heteroatom effects investigated in recent years is the comparison between 

thiophenes and furans within the backbone of conjugated polymers.  In review of the literature, it 

can be seen that the majority of conjugated polymers are based on thiophene derivatives relative 

to furan due to its relative instability in oxidative conditions14,23,24. However, furan's intrinsic 

chemical properties (reduced aromaticity, smaller size, increased electron richness) have 

motivated researchers to begin exploring its use in conjugated electronic materials. It is now well 

accepted that furan derivatives are very promising alternatives due to their smaller heteroatom size, 

more stable HOMO level, and larger dipole moment. It has also been reported that conjugated 

polymers with furan units show a higher degree of conjugation with reduced twisting between 

adjacent units, smaller π-stacking distance, and improved solubility.7,12,14 Indeed, these are 

important structural parameters. 

To date, there have been only a few detailed reports comparing the structure-function 

relationships of thiophene- and furan-based CPs using laser spectroscopic techniques.21,25,26 In one 

report, the photophysical properties of four polymers based on benzo[1,2-b:4,5-b′]difuran (BDF) 

donor moiety and diketopyrrolopyrrole (DPP) acceptor moiety (flanked by either furan or 

thiophene spacers) was investigated.26 It was found that while the absorption spectra of these 
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polymers generally look similar and span the 300-900nm region, the thiophene system has a 

slightly red-shifted shoulder peak. Additionally, the fluorescence lifetime decay profile shows that 

the furan-containing polymers have a longer fluorescence lifetime decay profile for the 

contribution from the donor in comparison to the thiophene systems, but there is no difference in 

the fluorescence lifetime decay profile of the acceptor. Furthermore, the two-photon absorption 

cross-section (a measure of charge transfer) of the furan polymers is an order of magnitude than 

the thiophene polymers, and it was also suggested that the π- π stacking properties of the furan 

polymers are much better than that formed for the thiophene polymers. It is known that the furan 

polymers have greater solubility relative to the thiophene polymers, but the solubility of these 

polymers is also affected by the sidechains. A comparison of the bulky (2-ethylhexyl) sidechains 

vs the linear (tetradecyl) sidechain, showed that the polymers with the 2-ethylhexyl sidechains 

have better solubility than the polymers with the linear tetradecyl carbons sidechains, and those 

with the 2-ethylhexyl side chain had a longer fluorescence lifetime decay profile in comparison 

with the linear tetradecyl carbon sidechain polymers analog. In addition to these conclusions, it 

was also found that π-π stacking properties of the linear tetradecyl sidechain polymers are much 

better than those for the 2-ethylhexyl sidechain polymers under the context of the heteroatom 

comparison of thiophenes vs furans.  There have also been reports regarding the change in carrier 

mobility of conjugated polymer films when one considers the heteroatom effect of substituting a 

furan for a thiophene.18,27 In these reports, X-ray diffraction measurements revealed that when a 

dithiophene core was replaced by a difuran, the molecular packing was largely maintained, while 

the resulting difference in charge transport was substantial; substituting dithiophene with difuran 

results in more than one order of magnitude increase in hole mobility with a loss in electron 

mobility. This was surprising as it suggested that a molecular structure-function relationship (not 
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a macroscopic or packing discussion) had a major impact on macroscopic properties of electron 

and hole mobility. Interestingly, electronic structure calculations found that the reorganization 

energies of dithiophene are noticeably higher than those of difuran due to the non-planarity of 

dithiophene. Molecular dynamic simulations have shown that the disordered hole mobility 

predictions are in good agreement with the experimental measurements, for which the thiophene 

to furan substitution results in an increase in hole mobility. These previous results mentioned above 

suggest a great deal of interest in the furan-thiophene approach for heteroatom affect as well as 

substitution, and that further detailed structure-function relationships are necessary in order to fully 

characterize these interesting systems. 

In this paper we investigate the effect of conjugation length on the heteroatom effect in 

photovoltaic polymers with thiophene and furan units serving as a linker between naptho [1,2-

b:5,6-bʹ] difuran (NDF) moiety and a diketopyrrolopyrrole (DPP) moiety. Two different side 

chains, ethylhexyl (EH) and dodecyl were also investigated. The novel synthesis and 

characterization of the four polymers is provided. Optical measurements of both steady state 

absorption and emission as well time-resolved fluorescence and absorption were carried to probe 

the variation in electronic and energy dynamics in these novel polymers.  Electronic structure 

calculations as well as measurements of the efficiencies of cells done with these polymers are also 

provided in order to correlate with the optical measurements and to focus the discussion regarding 

conjugation, solubility, stability as well as charge transfer within the polymers investigated. 

 
6.4 Experimental Section 
 
6.4.1 Synthesis and Characterization 

All reactions were carried out under ambient temperature (18-25°C) and pressure unless 

otherwise specified. Solvents for Pd-catalyzed reactions were deoxygenated prior to reaction by 
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bubbling Ar through the solvent for 30 minutes. 2-dodecanone was purchased from Alfa Aesar; 

trans-Bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II) was purchased from Strem 

Chemicals. All other chemicals were purchased from Sigma-Aldrich and were used without further 

purification unless otherwise specified. Bromododecan-2-one,2 3,6-bisfuryl-2,5-bis(2-

ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione28, 3,6-bisfuryl-2,5-bis(dodecyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione,29 3,6-bisthienyl-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione,28 and 3,6-bisthienyl-2,5-bis(dodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione29 were synthesized according to previously published procedures. Nuclear magnetic 

resonance (NMR) spectra were obtained in CDCl3 and recorded at 400MHz (1H) using an Agilent 

400 MHz VNMRS. 1H NMR were internally referenced to the residual protonated solvent peak, 

and the 13C NMR were referenced to the central carbon peak of the solvent. In all spectra, chemical 

shifts are given in δ relative to the solvent. Gel permeation chromatography (GPC) measurements 

were performed on a Shimadzu LC-20A system with a UV-Vis detector. Analyses were conducted 

at 35°C using chloroform as the eluent at a flow rate of 1.0 mL/min. Calibration was based on 

polystyrene standards. 

General procedure for the synthesis of copolymers. To a 15mL round bottomed flask was added 

naphthodifuran –1 (1.0 equiv.), diketopyrrolopyrrole 2 (1.0 equiv.) and dry, deoxygenated N,N-

dimethylacetamide (DMAC, 3 mL). The reaction vessel was allowed to build an atmosphere of 

Ar, after which pivalic acid (1.0 equiv), Tri-tert-butylphosphonium tetrafluoroborate (0.1 equiv.), 

cesium carbonate (2.5 equiv.), and Herrmann-Beller catalyst (0.05 equiv.) were added in one 

portion and the reaction was heated to 160°C for 3-4 days. The reaction mixture was cooled to 

ambient temperature and precipitated into cold methanol followed by filtration through a cellulose 

thimble. The polymers were purified via Soxhlet extraction by rinsing with acetone, hexanes, and 
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chloroform. The final product was obtained by removal of solvent from the chloroform fraction 

and drying under vacuum.  

Synthesis of NDF-F-C12DPP (P1). Following the general polymerization conditions using 2,7 

dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran (171 mg, 0.25 mmol) and F-C12DPP (154 mg, 

0.25 mmol) using a reaction time of 3 days yielded a dark blue-black solid (97 mg, 63%).1H NMR; 

CDCl3 0.87 (12H, b), 1.25 (72H, b), 3.02 (4H, b), 7.75 (4H, b), 8.20 (4H, b) GPC (CHCl3, 35oC): 

Mn = 38.4 kDa. Mw = 45.7 kDa. PDI = 1.19. 

Synthesis of NDF-F-EHDPP (P2). Following the general polymerization conditions using 2,7 

dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (269 mg, 0.41 mmol) and F-EHDPP (196 mg, 

0.40 mmol) using a reaction time of 3 days yielded a dark blue-black solid (172 mg, 59%). 1H 

NMR; CDCl3 0.87 (18H, b), 1.25 (50H, b), 2.75 (4H, b), 4.08 (4H, b) 6.82 (2H, b) 7.71 (2H, b), 

8.14 (2H, b), 8.61 (2H, b) GPC (CHCl3, 35oC): Mn = 38.6 kDa. Mw = 47.9 kDa. PDI = 1.23. 

Synthesis of NDF-T-C12DPP (P3). Following the general polymerization conditions using 2,7 

dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (171 mg, 0.26 mmol) and T- C12DPP (145 mg, 

0.26 mmol) using a reaction time of 3 days yielded a dark blue-black solid (114mg, 68%). 1H 

NMR; CDCl3 0.87 (12H, b), 1.25 (68H, b), 3.02 (4H, b), 4.00 (4H, b),7.32 – 7.71 (4H, b), 7.85 

(2H, b), 9.01 – 9.21 (4H, b) GPC (CHCl3, 35oC): Mn = 39.7 kDa. Mw = 52.4 kDa. PDI = 1.32. 

Synthesis of NDF-T-EHDPP (P4). Following the general polymerization conditions using 2,7 

dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (160 mg, 0.24 mmol) and T-EHDPP (130 mg, 

0.26 mmol) using a reaction time of 3 days yielded a dark blue-black solid (102 mg, 65%). 1H 

NMR; CDCl3 0.87 (18H, b), 1.25 (50H, b), 2.80 (4H, b), 4.04 (4H, b), 7.39 – 8.28 (8H, b) GPC 

(CHCl3, 35oC): Mn = 44.6 kDa. Mw = 57.7 kDa. PDI = 1.29. 
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6.4.2 Electrochemistry 

Cyclic voltammetry was performed using a potentiostat with a scanning rate of 100 mV/s. 

The polymer solutions were drop-cast on a glassy carbon electrode from chloroform and Ag/Ag+ 

was used as the reference electrode. The reported values are referenced to Fc/Fc+ (-5.1 vs vacuum). 

All electrochemistry experiments were performed in degassed CH3CN under an Ar atmosphere 

using 0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte. 

 
6.4.3 Steady-state Measurements 

The absorption spectra were obtained using an Agilent 8432 UV-Visible absorption 

spectrophotometer at room temperature. The device was referenced with a spectrophotometric-

grade chloroform (CHCl3), and 1cm quartz cuvettes were used with a concentration range between 

3.08E-7 M and 3.26E-6 M for the samples. The molar absorptivity was obtained by varying the 

concentrations of a sample and noting the absorbance at each concentration, after which a linear 

plot is obtained whose slope is the product of the cuvette length and the molar extinction coefficient 

according to Beer and Lambert’s law. The emission spectra for all four polymers were obtained 

using a Horiba Fluoromax-2 spectrofluorometer with slits set at 3.5 nm, also operated at room 

temperature with the help of a chiller. Spectra correction owing to the decrease in the PMT’s 

quantum efficiency in the 630 – 900 nm region wasn’t accounted for; however the same spectra is 

expected, only slightly higher in intensity around that region. The fluorescence quantum yield (ΦF) 

of the samples was determined by a comparison method30–32 using two standards – zinc 

phthalocyanine (ZnPc) in pyridine and CCl4 (ΦF = 0.3), and rhodamine-b in ethanol (ΦF = 0.7) - 

cross-referenced with each other, and using 400nm excitation wavelength. The ΦF calculation was 

performed using the second band of the fluorescence spectra, which overlapped with the ZnPc 

standard emission spectra. In the determination of the ΦF, owing to the fast rate of photo-
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degradation of the samples, the absorption spectra were taken right before and after the 

fluorescence measurements. 

 
6.4.4 Two-Photon Excited Fluorescence (TPEF) Measurements 

In order to determine the two-photon absorption cross-section (TPA-δ), the two-photon 

excited fluorescence (TPEF) method as reported in the literature33,34 was performed in this study. 

Here, the two-photon excited fluorescence excitation spectra of the samples were compared to that 

of a reference compound, zinc phthalocyanine dissolved in pyridine and CCl4, under identical 

conditions, whose TPA-δ is well known and have been reported in the literature35. To confirm the 

experimental accuracy of this approach, another set of experiments were performed using a 

different reference compound – rhodamine b dissolved in methanol. Two different pulsed-laser 

excitation wavelengths: ~820 nm and ~1200 nm was used for this experiment. The ~820 nm 

excitation beam was obtained using a Kapteyn-Murnane (KM) Lab. Inc. mode-locked Ti:sapphire 

laser pumped by a Millennia diode laser delivering a pulse width of ~100 fs at a repetition rate of 

90 MHz, while the 1200 nm excitation beam was obtained using a Spectra Physics Mai-Tai diode-

pumped mode-locked laser delivering ~100 fs pulses at a repetition rate of 80 MHz to a 1.1 – 1.4 

µm spec. OPAL optical parametric oscillator (OPO). Beam power from the laser was varied using 

a neutral density filter and focused unto the sample cell (1 cm path, quartz cuvette) using a lens of 

11.5 cm focal length and the resultant fluorescence was collected perpendicular to the excitation 

beam. Another lens (plano-convex) with focal length of 2.54 cm was used to direct the 

fluorescence into a monochromator whose output was coupled to a photomultiplier tube. During 

each scan, the monochromator was set to the maximum emission wavelength of the sample (where 

max. photons are generated), and the photons are converted into counts by a photon-counting unit. 
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A logarithmic plot of the fluorescence signal versus the incident power intensity was performed to 

confirm if the signal to power intensity relationship is indeed quadratic. 

 
6.4.5 Time-Resolved Fluorescence Measurements 

To perform time-resolved fluorescence measurements, the ultrafast fluorescence 

upconversion (UPC) setup was used. The femtosecond UPC spectroscopy technique and setup 

have been described previously and in good detail.25,26,36–38 80 fs pulses at 800 nm wavelength 

with a repetition rate of 82 MHz generated by a mode-locked Ti:Sapphire laser was made to pass 

a non-linear β-barium borate crystal. 400 nm excitation pulse was generated, and the residual 800 

nm beam was made to pass through a computer controlled motorized optical delay line. The 

polarization of the excitation beam was controlled by a Berek compensator. The power of the 

excitation beam varied between 33 to 36 mW. The fluorescence emitted by the sample is collected, 

and then up-converted by a nonlinear crystal of β-barium borate by using the residual 800 nm 

beam, which had been delayed by the optical delay line with a gate step of 6.25 fs. By this 

procedure, the measurement of the fluorescence is enabled and can be measured temporally. The 

monochromator is used to select the wavelength of the up-converted beam of interest, and the 

selected beam is detected by a photomultiplier tube. Coumarin 30 dye was used for calibrating the 

laser at different collection wavelengths. The instrument response function (IRF) has been 

determined from the Raman scattering of water to have a width of 110 fs. Lifetimes of fluorescence 

decay were obtained by fitting the fluorescence decay profile to the most accurate fit. 

 
6.4.6 Time-Resolved Absorption Spectroscopic Measurements 

In order to investigate the evolution of non-emissive states and dark states of the OPV 

polymers after the emissive states have been studied, time-resolved absorption measurements were 
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performed. A known procedure for this setup has been described in the literature.39–41 Low power, 

high repetition rate, seed pulses were generated from a Millenia Pro diode – pumped Spectra 

Physics Tsunami Ti:sapphire oscillator. The seed pulses were fed to an Nd:YLF (Empower) – 

pumped Spectra Physics Spitfire® Ti:sapphire regenerative amplifier which generated high power 

(1 mJ), low repetition rate (1kHz), 800 nm pulses with pulse width of ~100 fs i.e. 10 nm band 

width for a Gaussian pulse. A beam splitter was used to split the beam to a pump beam (85%) and 

probe beam (15%). The excitation beam (~400 nm) was generated from the pump beam by an 

optical parametric amplifier (OPA-800C). The probe beam was sent through a computer-

controlled optical delay line and then focused into a 2 mm sapphire plate to generate a white 

continuum. The white light (smaller diameter) is then overlapped with the excitation/pump beam 

in a 2 mm quartz cuvette containing the sample that is constantly stirred by a rotating magnetic 

stirrer to minimize sample degradation. The polarization of the pump beam is set at the magic 

angle (54.7º) with respect to the polarization of the probe. The change in absorbance i.e. the 

difference between the excited sample and the sample in ground state is collected by an Ocean 

Optics charge-coupled device (CCD) detector connected to a computer, and data acquisition and 

analysis is done using a software from Ultrafast Systems Inc. 

 
6.4.7 Quantum Chemical Calculations 

Theoretical investigations were conducted to explain the experimental absorption spectra 

and describe the ground state geometries. The photophysical properties of polymers should not be 

based on a single repeat unit, due to the significant coupling between repeating units.42 Therefore, 

the minimum geometry that can include the coupling – a dimer – was chosen as a model for the 

photophysical properties of the polymers. The model structures include methyl groups which 

replace the decyl chains (C10H21) and serve as end groups at the dimer termini. In addition, the side 
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chains attached to the nitrogen atoms in the DPP acceptor moieties (dodecyl and hexylethyl 

groups) were truncated to propyl and isopropyl groups, respectively. These structural alternations 

only weakly affect the absorption properties since the low-lying electronic transitions are known 

to occur within the π backbone. The ground state geometries of each dimer were optimized with 

density functional theory (DFT), using the ωB97X-D functional and 6-31G* basis sets.43,44  

Single point time-dependent DFT (TD-DFT) calculations were performed to obtain the absorption 

energy. A system-dependent, non-empirically tuned ωB97X-D which is known to significantly 

improve the charge delocalization problems in conventional DFT functionals45 was employed, and 

the same basis set was applied. The tuned ω value was chosen to minimize the square sum of the 

difference between HOMO energy and ionization potential (IP), and LUMO energy and electron 

affinity (EA), (ϵHOMO+IP)2+(ϵLUMO+EA)2 of the dimer model. The range-split parameter ω is 

heavily affected by the environment, and the inclusion of solvent dielectric field induced a 

reduction in ω value.46 This process yielded the optimal ω value to be 0.004 for all the studied 

compounds, where chloroform (dielectric constant is 4.31) was used as the dielectric through a 

polarizable continuum model.47,48 Characters of excitations were described with natural transition 

orbitals (NTOs).49,50 All simulations were carried out using Q-Chem 4.0.51 

 
6.4.8 Device Performance 

All experiments were performed at the UMass Centre for Electronic Materials and Devices 

(Amherst, MA) under inert conditions, unless otherwise stated. Photovoltaic devices were 

fabricated with a conventional architecture (ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al). ITO-

coated glass substrates were cleaned by sonication in detergent (MucasolTM), deionized water, 

acetone, and isopropanol, followed by UV-ozone treatment for 15 min. PEDOT:PSS layers 

(CleviosTM P VP Al 4083) were spin-coated (3500 rpm, for 2 min), and annealed at 150°C for 30 
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min in air. Polymer:PC71BM active layer solutions were prepared in a blend ratio of 1:1 (15 mg/mL 

P1-P3, 20 mg/mL P4) from either CF, or o-DCB with varying amounts of DIO additive (0 to 4 vol 

%), and stirred at 55 °C (CF) or 80 °C (o-DCB) for 48 h prior to spin-coating (2000 rpm, for 2 

min). Films were annealed at 70 °C for 10 min and placed under vacuum (10-7 mbar) for a 

minimum of 3 h to remove DIO. Finally, Ca (15 nm) and Al (100 nm) electrodes were deposited 

under vacuum (10-6 mbar) by thermal evaporation through a shadow mask, to give a device area 

of 0.06 cm2. Current density-voltage (J-V) characteristics were measured using a Keithley 2400 

source-meter, and simulated AM1.5G illumination (100 mW/cm2, Newport 91160), calibrated 

against a KG5-filtered Si reference cell. 

 
6.5 Results 
 
6.5.1 Synthesis and Characterization 

The synthesis for the polymers is shown in Scheme 6.1. The composition of the conjugated 

monomers was varied to evaluate the impact of heteroatom substitution on the photophysical 

properties of the resulting polymers. The length of the side chain on each of the co-monomers was 

also varied to improve the solubility and processabillity of the polymers. All of the polymer has 

good solubility in organic solvents such as chloroform and THF allowing for characterization using 

gel permeation chromatography. The details are summarized in Table 6.2. 

 

 
Scheme 6.1 Synthesis of copolymers P1 – P4 
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Figure 6.1 Structures of the repeat unit of the investigated polymers.  
A common donor moiety naphthodifuran (NDF) is present in all polymers, a furan or thiophene 
linker serving as a π-bridge between the donor moiety and the acceptor moiety – 
diketopyrrolopyrrole (DPP). Solubilizing sidechains: 2-ethyl hexyl or dodecyl are attached to the 
DPP moiety. 
 
6.5.2 Quantum Chemical Calculations 

The optimized ground state geometries for P1-P4 are displayed in Figure 6.2. The four 

structures are nearly planar, with small distortions from planarity occurring at the seven rotatable 

single bonds (three within each monomer and one between monomers). Previous works have 

observed the relationship between the molecular planarity and the two-photon absorption cross-

section.26,52 

 
Figure 6.2 Optimized ground state geometries of NDF-F-C12DPP (P1), NDF-F-EHDPP (P2), 
NDF-T-C12DPP (P3), and NDF-T-EHDPP (P4).  
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Color scheme: carbon atom, gray; hydrogen atom, white; oxygen atom, red; nitrogen atom, blue; 
sulfur atom, yellow. 
 

The planarity was quantified using the following seven dihedral angles (see Figure 6.8 for 

graphical description of these dihedral angles and their averages): The angle between the donor 

NDF unit and the linker (𝜑paaq, pink and orange in Figure 6.3), between the linker and the 

acceptor unit (𝜑qaar, blue and cyan in Figure 6.3), between the acceptor unit and the linker 

(𝜑raaq, green and light green in Figure 6.3), and between monomers (𝜑qaap, red in Figure 6.3); 

where X is O or S for the compound containing a furan or thiophene linker, respectively. The 

numerical values for these dihedral angles are tabulated in Table 6.1 below. 

 
Figure 6.3 Dimer structure used for theoretical simulation showing the seven selected dihedral 
angles to measure the molecular planarity.  
Color scheme for 1st/2nd monomer: pink/orange - 𝝋𝑶𝑪𝑪𝑿; blue/cyan -	𝝋𝑿𝑪𝑪𝑵; dark green/light 
green - 𝝋𝑵𝑪𝑪𝑿; and connector red - 𝝋𝑿𝑪𝑪𝑶. 
 
Table 6.1 Monomer-average values of the dihedral angles across the selected three single bonds 
in the dimer model structures, and the dihedral angle at the junction between monomers. 

Polymers 𝜑paaqa 𝜑qaar a 𝜑raaq a 𝜑qaap 
F-C12 (P1) 0.3 2.2 2.8 0.8 
F-EH (P2) 6.1 5.1 6.9 6.4 
T-C12 (P3) 10.2 2.6 4.3 8.6 
T-EH (P4) 6.4 19.9 25.0 15.0 

a denotes the average value of two monomers of the dimer model 
 
As expected, the thiophene linkers (T-C12 and T-EH) produce more distortion from planarity 

compared to the furan linkers (F-C12 and F-EH) due to the steric hindrance of the larger sulfur 

atom of the thiophene with the adjacent methyl and carbonyl groups. For the linear (dodecyl) side 

chain polymers, the furan-linker compound achieves an almost perfectly planar conformation 
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(𝜑paaq is 0.3°), while the thiophene linker compound shows a relatively larger distortion in the 

backbone, yielding torsional angle (𝜑paaq) of 10.2°. For the other two dihedral angles in a single 

monomer unit, 𝜑qaar and	𝜑raaq, the side chain sterics also produce a clear effect on the polymer 

structure. The bulky, branched alkyl chains of EH significantly interact with their neighboring 

linkers, resulting in larger deviation from planarity compared to those with the linear chains (n-

C12H25). In addition, the dihedral angle at the junction between two monomers (𝜑qaap) reflects 

the bulky side chain effect as well as the heteroatom size effect, with molecule T-EH having the 

largest dihedral angle. The effects of planarity and deviations from planarity on the two-photon 

absorption cross-section will be discussed later on (Section 6.5.6). 

Figure 6.4 shows the electron-hole orbitals for the excited states of P1-P4 at the ground 

state geometries, based on NTO analysis (see computational details). In all cases, these orbitals 

represent >95% of the first excited state transition, and therefore provide the dominant excitonic 

character for each compound. In all cases, the hole orbitals are delocalized over all repeating units, 

and electron orbitals show more localization at acceptor unit, DPP. All repeat units feature charge 

transfer character from the NDF donor unit to the DPP acceptor unit with some contribution from 

local π-π* transition in the main chain. This indicates that there exists some form of photo-induced 

electron transfer from the conjugated backbone to the DPP unit when the polymers are photo-

excited. 
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Figure 6.4 Natural transition orbitals of NDF-F-C12DPP (P1), NDF-F-EHDPP (P2), NDF-T-
C12DPP (P3), and NDF-T-EHDPP (P4) for the S1 vertical exciton at the ground state geometries. 
The contribution of each transition is given above the arrow. (Isovalue = 0.05). 
 
6.5.3 Steady-state Measurements: UV-Vis Absorption 

The UV-Vis (steady-state absorption) spectra for the donor-acceptor polymers in dilute 

chloroform (CHCl3) solution are shown in Figure 6.5. The steady-state properties are summarized 

in Table 6.2.  All four polymers showed interesting absorption spectra suitable for organic 

photovoltaics applications.  Both kinds of polymers (with either furan or thiophene units) exhibited 

peaks in the visible region. All four polymers share a common absorption band peak in the UV 

region between ~346 – 353 nm; this is a clear indication of the common donor moiety (NDF). The 

band from 320 nm to 450 nm belongs to the π-π* transition of the main chain components, and the 

lower energy absorption band is attributed to the intramolecular charge transfer between the donor 

and the acceptor of the polymer backbone9,12,53 as will be discussed in this study by time-resolved 

absorption measurement. By comparing the furan-backbone polymer F-EH and the thiophene-

backbone polymer T-EH (both have the same solubilizing unit, ethylhexyl), F-EH shows a broader 

and red-shifted absorption band. A similar trend, to a lesser degree, is observed in comparing F-
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C12 and T-C12. This is due to the less steric, smaller-sized, highly electronegative oxygen atom9,54 

of the furan relative to the sulfur atom of thiophene. One would conclude that the furan-backbone 

polymer adopts a more planar geometry [as confirmed by the optimized ground state geometry 

calculations performed]. Measurements of the linear absorption were also carried out in the solid 

state, by making thin films of the amorphous conjugated polymers. For the polymers with a 

thiophene-backbone, the solid-state spectra and the chloroform-solution-based spectra were 

similar in both spectral width and λmax.  However, for the furan containing conjugated polymers 

there was a broader and slightly red-shifted (~10 nm) spectra obtained. This redshift is indicative 

of more aggregation (or molecular backbone packing) and possibly stronger intramolecular 

interaction. 

Shown in Figure 6.5a inset is the molar absorptivity per monomer (εmonmr) done using 

sample concentration in the range 3E-7 to 3E-6 M. The highest absorptivity per monomer with 

respect to the individual solubilizing unit is ascribed to the furan-backbone polymers, and this is 

in accordance with previous studies.26,28 For the thiophene-backbone polymers, low absorptivity 

in the visible and near-IR region may be attributed to the poor intramolecular charge transfer 

between the donor NDF and the acceptor DPP through the thiophene π-linker. This is clearly 

observed in the case of T-EH where the bulky side chains further prevent adequate π-stacking for 

charge transfer. In a previous study of similar D-A functional system by Vazquez et al26 and 

Kobilka et al28, the presence of two extra thiophene units with the BDF and DPP moieties induced 

a higher degree of bathochrochromic shift (~60 nm) in comparison to these polymers with only an 

additional benzene (i.e. NDF unit). This illustrates that effective conjugation length can be 

increased by the inclusion of an electron donor moiety like thiophene and at the same time 

achieving higher electron density, in contrast to the addition of just benzene to enhance conjugation 
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length. Similar molar extinction coefficient per monomer was obtained (~104 M-1cm-1) in both 

systems with the furan- displaying higher absorptivity in comparison to the thiophene-backbone 

polymers in both studies. The higher energy band displayed smaller absorptivity values compared 

to the lower energy band, but this wasn’t the case in this study. This could be tied to poor coupling 

between the NDF and DPP units hence lower probability for effective charge transfer. 

   
Figure 6.5 Steady state spectra of the polymer molecules in dil. CHCl3 solution at 295K. (a) 
Absorption, inset is Molar Extinction Coefficient of one monomer unit (b) Normalized Emission 
spectra excited at 400 nm. 
 
6.5.4 Steady-state Measurement: Fluorescence Emission 

The emission spectrum for the four investigated polymers is shown in Figure 6.5. These 

measurements were also carried out in chloroform solutions. The spectra show two core peaks in 

each polymer obtained after exciting at three different wavelengths: 350, 380, and 400 nm. Each 

polymer exhibited emission at ~460 nm and ~640 nm when excited at 400 nm. However, one 

notices that for the case of F-C12 there is considerably more structure in the emission spectra with 

a shoulder in the band in the 620 nm region. This shoulder peak is not resolved in the spectra for 

the other polymers under similar experimental conditions. Exciting at ~550 nm however yielded 

only the second emission peak, clearly indicating that only the DPP part of the molecule was 
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excited, therefore the second emission peak can be allotted to the acceptor part of the molecule. 

The first emission peak for all polymers can be attributed to the common donor – NDF as all 

possess strongly emitting 350-500 nm band.55,56 Table 6.2 contains all the emissive peaks as 

observed in the spectra. Stokes shift (Estokes) was lower in the furan-backbone polymers. Owing to 

weak coupling of the NDF and DPP moieties, the emission primarily stems from both components 

of the molecule. The fluorescence quantum yield (ΦF) of the polymers is given in Table 6.2. A 

high ΦF of 73% was obtained for F-C12. A significantly smaller quantum yield was obtained for 

T-C12 for the same side chain group but with different core group. This was surprising that the 

furan with alky side chains would be more than an order magnitude different in quantum yield. As 

mentioned previously, one of the attractive characteristics of the furan containing polymers is their 

relatively good solubility. Also, as discussed previously from molecular weight data, the molecular 

weight from soluble conjugated polymers was relatively high for the furan containing polymers in 

comparison to the thiophene systems. Generally, the less soluble higher molecular weight fractions 

when synthesized have difficulty in obtaining accurate quantum yield results. We do not expect 

that to be the case here where the polymers solubility and molecular weights were verified. This 

leaves a considerable effect of the side chain on the actual fluorescence quantum yield of the 

conjugated polymers studied in this investigation. 

Comparing the fluorescence spectra for similar structures like those in this study as 

obtained by Vazquez et al,26 only one intense spectra peak is observed for all four BDFTh-X-DPP 

polymers regardless of the excitation wavelength. The emission spectra they obtained was also 

independent of the side chain, and the peak emission of the polymer with thiophene-backbone was 

slightly red-shifted. The ΦF was greatest in the furan-linked polymer in comparison to the 

thiophene for the two side chains considered, however the highest PCE was still obtained by the 
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furan-linked compounds. In this study however, excluding F-C12, polymers with thiophene 

backbone displayed higher ΦF. This goes to say that as much as exciton relaxation by fluorescence 

(high ΦF) opposes non-radiative relaxation processes in organic photovoltaic compounds, those 

other non-radiative members such as charge transfer, internal conversion, and conformational 

changes, need to be quantified to ascertain their contribution to the overall efficiency. 

 
Table 6.2 Summary of the Steady State Optical properties, and Two Photon Absorption cross-
section (TPA-δ) of all four polymers at ambient temperature. 

Polym. 
Mw 

(kDa) 
DPn  

λabs (nm) 

soln a 

λabs (nm) 

film 
εmonmr 

(M−1cm−1) 
λem (nm) a 

Estokes 

(cm-1) 
ΦF (-) δ (GM) 

F-C12 45.7 41 600, 651* 608, 670* 27937 461, 624, 675* 641 0.734 25.33 

F-EH 47.9 37 600 610 7585 463, 643 1114 0.042 6.30 

T-C12 52.4 38 576 578 25721 463, 627 1412 0.085 9.03 

T-EH 57.7 44 578 578 2035 462, 650 1916 0.109 5.69 

* shoulder peak, a the underlined peaks were used to compute the stokes shift. 
 
6.5.5 Electrochemistry 

Finally, the electrochemical properties of the four polymers were investigated, and the 

result of the cyclic voltammetry is summarized in Figure 6.6. Similar electrochemical properties 

were observed for the furan and thiophene-based polymers as earlier reported by Jeffries-El et 

al.16,28 The HOMO energy levels ranged between -4.9eV and -5.1eV, and the LUMO levels ranged 

between -3.4 and -3.5eV; the high lying HOMO level is due to the presence of a much stronger 

electron donating effect than withdrawing, resulting in a low Voc. The experimentally obtained 

electrochemical energy band-gap (EgEC) were compared to the computed optical energy band gap 

(Egopt) estimated from the onset absorption edge of the polymers in the thin film, and a slight 

difference is observed as described in Figure 6.6. Effective conjugation was obtained in all four 

polymers as indicated by the optical band gap of all the polymers within 0.1eV confirming a 

previous study28 that the replacement of the thiophene π-bridge with furan (flanking the DPP 
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monomer) only has a negligible influence on the electrochemical properties, whilst the 

replacement of sulfur atoms of BDT (in this case NDT) with oxygen atoms to give BDF (in this 

case NDF) has a slight impact on the electronic properties. 

 
Figure 6.6 HOMO-LUMO electronic (outer) and optical (inner) energy levels of the polymers. 
 
6.5.6 Two Photon Excited Fluorescence (TPEF) 

Finally, TPEF measurements were carried out to determine the TPA cross-section (TPA-

δ) of the four polymers. TPA cross-section is ‘somewhat’ like the molar absorptivity of a two-

photon excited measurement and is directly correlated to the charge transfer property of the 

molecule. The TPA-δ of a molecule is strongly dependent on the π-conjugation length of a system 

(at least until conformational planarity is lost), and hence is dependent on the number of π 

electrons.33,57 Two of the four polymers were excited by the 820 nm femtosecond light pulse from 

the KM laser, but only one-photon absorption was observed, evident from the slope of ~1 obtained 

by the power scan, indicating that the intensity of the TPEF signal does not increase with the square 

of the laser intensity (i.e. no quadratic power dependence). This is so because at this wavelength, 

the probability of a two-photon excitation is quite low relative to the one-photon excitation as 

clearly observed in the absorption spectrum (Figure 6.5a). To this regard, 1200 nm light pulse 

from a Spectra Physics optical parametric oscillator was used for excitation, TPA was observed 
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for all four polymer samples as illustrated by the quadratic power dependence shown in Figure 

6.7b, and the TPA-δ was computed and is presented in Table 6.2 Similar TPA-δ was obtained 

when a different experimental reference solution (rhodamine-B) was used validating the accuracy 

of this approach. 

   
Figure 6.7 a) Two-Photon excited fluorescence spectra, b) Fluorescence signal intensity 
dependence on average power (pulse intensity), for all four polymers dissolved in chloroform upon 
1200 nm pulsed excitation. 
 

The slight deviation from obtaining an exact slope of 2 has been attributed to several 

processes such as excited state absorption (ESA), stimulated emission, and TPEF saturation.34,58 It 

is believed in this study to be as a result of TPEF saturation due to the use of slightly high pulse 

intensities. Two-photon wave scans were performed within 610-800 nm (Figure 6.7a) spectral 

width using the TPA setup, and an emission spectra similar to that of the one photon 550 nm 

excitation from the spectrofluorometer was obtained within the same spectral width but with a 

slight red shift due to the poor sensitivity of the photomultiplier for the TPA setup beyond ~650 

nm; this suggests that the achieved singlet S1 state responsible for the fluorescence is the similar 

for one-photon and two-photon excitation. The trend in the TPA-δ for the furan and thiophene 

linkers given in Table 6.2, for 1200 nm excitation, is concurrent with that observed in Figure 6.5a 
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inset for the one-photon absorptivity achieved per monomer at 600 nm i.e. F-C12 (P1) > T-C12 (P3) 

and F-EH (P2) > T-EH (P4). The shorter and bulky solubilizing side chain – EH induces more 

steric hindrance compared to the longer and less bulky dodecyl side chain. Studies have shown 

that reducing steric hindrance caused by non-conjugated side chains aids in improving inter-chain 

π-π stacking,59 and this can be confirmed in this study with the polymers containing the dodecyl 

side chains – P1 and P3 –  as having a higher TPA-δ compared to those with EH side chains – P2 

and P4. This is because the inter-chain π-π stacking corresponds to the charge transfer property of 

organic materials. It is also crucial to note that the polymers with furan-backbone displayed a 

higher TPA-δ compared to those with a thiophene-backbone of the same side chain i.e. P3 

(thiophene-based) yielded a TPA-δ of 9.03 GM while P1 (furan-based) yielded a TPA-δ of 25.33 

GM which is about three-times the cross-section of P3, and P4 (thiophene-based) yielded a TPA-

δ of 5.69 GM while P2 (furan-based) yielded a TPA-δ of 6.30 GM. This has been attributed to the 

fact that the presence of furan in a copolymer backbone enhances the coplanarity of the conjugated 

structure, as confirmed by optimized geometry calculation performed in this study, and this is 

because the oxygen atom has less diameter than the sulfur atom, is more electronegative and has a 

larger dipole moment.7 With a planar structure, promoted π-stacking is encouraged, desirable for 

higher charge carrier mobility for furan-based relative to thiophene-based copolymers.8,16,60 

According to a recent study of similar D-A copolymers, DFT calculations showed that 

polymers with furan as a linker showed lower dihedral angles between the donor and acceptor 

moiety compared to those with a thiophene linker,26 and this was then correlated with the TPA-δ 

to which a linear relationship was obtained. The furan linked copolymers showed higher TPA-δ 

compared to the thiophene linked copolymers. The same result was obtained in this study in which 

the furan displayed a higher degree of planarity (Figure 6.8), and hence a higher TPA-δ compared 
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to the thiophene-backbone compound. The BDFTh-X-DPP polymers studied by Vazquez et al26 

generally yielded higher TPA-δ compared to the those studied here. This could be attributed to the 

extra two thiophenes present in their structure contributing to its increased charge density as well 

as increased effective conjugation length, and hence higher TPA-δ. 

 

      

 
Figure 6.8 Correlation between the TPA cross-section and the individual dihedral angles in (b) 1st 
monomer (c) 2nd monomer, of the dimer in (a) above as color coded; (d) represents the average 
dihedral angle of P1-P4. 
Color scheme for 1st/2nd monomer: pink/orange - 𝜑&%%v; blue/cyan -	𝜑v%%K; dark green/light 
green - 𝜑K%%v; and connector red - 𝜑v%%&. Respective shapes are represented in the legend. 
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6.5.7 Time-Resolved Fluorescence Measurements 

Ultrafast decay time-resolved fluorescence measurements were performed to determine the 

fluorescence lifetime of the excitons using an upconversion setup as explained in the 

experimentation section above. All the polymer samples were excited by a laser beam at 400 nm, 

and emission detection was carried out in the regions: 460-480 nm and 630-670 nm. For both 

emission peaks, it was found that there are two emitting components present (the NDF and DPP), 

hence a bi-exponential fit of the data is performed for both long and very short scans to determine 

the decay time for both components. The lifetimes for both components (τ1 and τ2) are given in 

Table 6.3 in the order of picoseconds (ps). Figure 6.9 shows the decay dynamics of all four 

polymers in short timescales. A common observable in all four systems is the absence of excited 

state energy transfer evident from the absence of a rise-time in the decay dynamics. The polymers 

with the furan-backbone polymer showed a longer lifetime relative to the thiophene-backbone 

polymer for the long-time component (τ2). This explains the hypothesis of a long living exciton in 

the furan-backbone polymer in comparison with the thiophene-backbone polymer. For molecules 

with the same backbone, polymers with solubilizing component –C12 showed a longer lifetime 

relative to polymers with –EH side chain. This further strengthens the benefits of the longer and 

less bulky alkyl-side chain molecules having a longer lifetime compared to shorter and more bulky 

side chain molecules. The fast initial decay component (τ1) was not affected by the linker/π-bridge 

component nor the side chain, this is evident from the similar values obtained ~0.2 – 0.5 ps, but 

the longer decay component was sure dependent on the π-bridge. This may be due to confirmed 

presence of the same moiety – NDF in all the studied molecules, with the thiophene or furan π–

bridges associated with just the DPP moiety in the 3- and 6- position. Very similar experimental 

finding was obtained in a study by Vasquez et al26 where the same bridge-acceptor moieties (T-
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DPP and F-DPP) were used. They discovered that the copolymers with furan as linker showed 

longer fluorescence lifetime dynamics relative to the thiophene-linked copolymers. They also 

discovered that side chain plays a role in determining the fluorescence lifetime of polymers. Two 

emission peaks were also probed in the study, and the higher energy peak (525 – 560 nm) yielded 

almost the same lifetime for all the polymers studied regardless of linker or side chain. This could 

also be attributed to the same donor moiety – BDF they all had in common. The fluorescence 

lifetimes obtained by Vasquez et al26 were generally smaller than those obtained here for the same 

linker and sidechain. This could be attributed to more twists and kinks (thereby serving as 

fluorescence traps) present in their structures as observed from the DFT calculation. The molecule 

with a larger dihedral angle (copolymer with thiophene backbone ~ 28º) showed faster decay 

dynamics, and similar trend is also observed in this study where the mostly planar furan-backbone 

molecule showed longer lifetime. 

  
Figure 6.9 Fluorescence upconversion decay data of polymers at 400 nm excitation and 630-670 
nm emission. 
 
Table 6.3 Time-Resolved Fluorescence lifetimes of all four polymers with the emission 
wavelength at which they were monitored. 

Polymer Backbone Substituent τ1 (ps) / λem (nm) τ2 (ps) / λem (nm) 

F-C12 (P1) Furan -C12 0.490 / 461 995.79 / 626 

F-EH (P2) Furan -EH 0.226 / 477 828.53 / 654 
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T-C12 (P3) Thioph -C12 0.286 / 463 369.21 / 638 

T-EH (P4) Thioph -EH 0.496 / 461 294.75 / 672 

 
6.5.8 Time-Resolved Absorption Spectroscopic Measurements 

Investigating the fast relaxation of the non-emissive as well as the dark states of the OPV 

donor polymers, transient absorption pump-probe technique was used. The ~400 nm pump beam 

(~100 fs width) was used to excite the sample dissolved in chloroform and the probe spanned the 

range 420-800 nm. The spectral difference in optical density (ΔA) was measured at different time 

delay between the pump and probe. Figures 6.10 and 6.11 shows the 3D transient spectra and the 

time-resolved absorption spectra respectively for all four polymers. All polymers showed both 

high energy (450-535 nm band) and low energy (660-790 nm band) Sn←S1 transitions in the 

spectral window ~400-800 nm indicative of excited state absorption (ESA). With the exception of 

T-EH (P4), ground-state bleaching in the 510-675 nm region was also observed for all the 

investigated polymers. The ground-state bleaching exhibited by all the polymers matched the low 

energy band of their steady state absorption. P4 interestingly showed a positive ΔA signal, 

indicative of ESA, for all wavelengths clearly depicting the lower population of the ground state 

compared to the excited state population of the polymer at all delay time. This can be predicted at 

a glance from the molar extinction plot of Figure 6.5a inset in which P4 displayed an almost flat 

spectra indicative of a low ground state population. For F-C12 (P1), the shoulder peak at 550nm 

became more pronounced in this measurement unlike in the steady state measurement because of 

the unique detection and resolution ability of this setup. The ground state bleaching present in all 

polymers (except P4) can be associated with the formation of a charge transfer state as earlier 

stipulated in the steady state analysis between the NDF and the F-DPP/T-DPP moieties and is 

clearly represented in Figures 6.10 and 6.11. The transient absorption result confirms the 
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extremely low probability of energy transfer as a non-radiative mechanism for all the analyzed 

polymers due to the absence of rise time observed for the non-emissive states, and also due to the 

absence of stimulated emission from their acceptor moiety. For each of the polymer analyzed in 

this study, for each time delay, no spectra shift was observed indicative of the fact that the 

polymer’s crystallinity is intact and was specifically excited by the ~400 nm beam. It should also 

be pointed out that the signal overtones in the region between 675 nm and 790 nm are due to the 

instability of the white light hitting the CCD detector in this setup. 

A unique trend in the spectra at various delay time was observed for all four polymers. 

There was an increase in signal (ΔA becomes more positive for the ESA peak and more negative 

for the bleaching peak) observed in all the peaks until 1.5 ps, after which the signal decreases 

reaching a certain level at ca. 1ns – the maximum time limit of the transient set-up. This long 

lifetime could be indicative of the existence of a triplet state resulting from intersystem 

crossing61,62 – owing to the carbonyl group in the DPP unit (El-Sayed rule63) – as a recombination 

pathway. More details can be obtained experimentally by performing near steady-state 

photoinduced absorption spectroscopy. A common deconvolution technique – single value 

decomposition (SVD) was used to perform global fit analyses of the transient data, in which 

linearly independent vectors (scaled by numbers) were employed to separate the various 

contributions to the data. Global analysis of the collected data for all samples revealed in all cases 

the presence of two components having two exponential lifetimes – few picoseconds (τ1) and ~1 

nanosecond (τ2). Data is shown in Table 6.4. The longer component can be associated with the 

excited state dynamics coupled with the fluorescence component of the species, and the shorter 

component can be associated with the photo-induced charge transfer character of the molecules. 

At each non-emissive peak wavelength (ESA ~500 nm and ~750nm, bleach ~600 nm), single 
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wavelength analysis were also performed. Results are shown in Table 6.5. At the ESA λmax (i.e. 

500nm and 750nm) for all the samples, the fast decay component of the excited state was 

monitored to obtain an idea about their excited state lifetimes. The furan-backbone structures 

displayed longer lifetimes compared to the thiophene-backbone compounds at the ~500 nm ESA 

λmax, and the same trend is observed for the ~750 nm ESA λmax except for compound T-EH (P4). 

This may be due to the absence of ground state bleaching for P4, hence an observed population 

increase in the excited state at 750nm. At the respective bleach λmax of the polymers, the fast 

relaxation dynamics was also performed to estimate the lifetime of their bleach state. Longer 

lifetime was also observed by the furan-backbone donor polymers relative to their thiophene 

counterpart, and longer lifetime was observed for the bulky side-chain donor polymer relative to 

the linear side-chain compound. 

Table 6.4 Global fit lifetimes of all four polymers using the single value decomposition (SVD) 
technique. 

Polymer Backbone Side chain τ1 (ps) τ2 (ps) 

F-C12 (P1) Furan -C12 10.44 ± 1.89 771.2 ± 34.02 

F-EH (P2) Furan -EH 20.15 ± 1.61 1543.4 ± 216.39 

T-C12 (P3) Thiophene -C12 5.55 ± 1.03 723.6 ± 162.60 

T-EH (P4) Thiophene -EH 8.87 ± 0.62 1191.6 ± 97.15 

 
Table 6.5 Single wavelength analysis for all four polymers at ESA (~500nm, ~750nm) and 
Bleach wavelengths (~600nm). 

Polymer ESA1 
λmax 

τ (ps) ESA2 
λmax 

τ (ps)  Bleach 
λmax 

τ (ps) 

F-C12 (P1) 500 nm 45.10 ± 22.41 750 nm 111.06 ± 10.64 600 nm 9.85 ± 2.11 

F-EH (P2) 500 nm 69.10 ± 20.63 750 nm 26.51 ± 3.16 600 nm 31.36 ± 7.23 

T-C12 (P3) 491 nm 2.42 ± 0.46 758 nm 19.78 ± 0.10 580 nm 7.85 ± 0.59 

T-EH (P4) 505 nm 15.40 ± 3.87 760 nm 34.14 ± 3.56 - - 
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Figure 6.10 3D data of the Transient absorption measurement of a. NDF-F-C12DPP (P1) b. NDF-
F-EHDPP (P2) c. NDF-T-C12DPP (P3) d. NDF-T-EHDPP (P4) clearly showing how the spectra 
changes over time. 
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Figure 6.11 Time-Resolved absorption spectra of a. NDF-F-C12DPP (P1), b. NDF-F-EHDPP 
(P2), c. NDF-T-C12DPP (P3), d. NDF-T-EHDPP (P4), obtained by femtosecond resolved 
transient absorption. 
 
6.5.9 Device Performance 

The photovoltaic performance of the polymers was investigated in bulk heterojunction 

OPV devices fabricated in a conventional configuration (ITO/PEDOT:PSS/ Polymer:PC71BM/ 

Ca/Al), and measured under simulated AM1.5G illumination at 100 mW/cm2. For initial testing, 

polymer active layers which consisted of a donor:acceptor blend ratio of 1:1 (15 mg/mL P1-P3, 20 

mg/mL P4) were spin-coated from either chlorobenzene or o-dichlorobenzene, with varying 

amounts of 1,8-diiodooctane additive (DIO) and annealed at 70 °C for 10 min. All of the polymers 

had limited solubility in both solvents, which made producing concentrated solutions difficult. 

Although various conditions were evaluated, we were unable to obtain active layers thicker than 

20 nm.  In general, thicker layers (~200 nm) are better because they absorb more light. As a result, 

the performance of the devices was low. The fabrication conditions and key parameters: fill factor 

(FF), short-circuit current density (Jsc) and Voc are summarized in Table 6.6, and current density-

voltage (J-V) plots of the best performing devices are shown in Figure 6.12. Initially, we focused 

on devices spun from o-DCB, but also tried chloroform without the use of an additive. 
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Gratifyingly, a slight improvement in power conversion efficiency was observed for all polymers 

under these conditions. Overall, F-EH (P2) exhibited the highest PCE at modest 0.54%. While the 

performance of these devices is low, this is typical with new systems. We anticipate that the 

performance can be dramatically improved by optimization of processing parameters, which is 

currently underway. 

 
Figure 6.12 J-V curves of the devices under the illumination of AM 1.5G, 100 mWcm-2. 
 
Table 6.6 Peak OPV Device Characteristics. 

Polymer Vol % DIO Jsc [mA/cm-2] Voc [V] FF PCE [%] 
F-C12 (P1) 0 0.72 0.62 0.41 0.18 

 0.5 0.75 0.25 0.29 0.05 
 2 0.97 0.70 0.39 0.26 
 4 0.24 0.12 0.27 0.008 
 CHCl3‡ n/a n/a n/a n/a 

F-EH (P2) 0 0.61 0.46 0.39 0.11 
 0.5 0.81 0.50 0.37 0.15 
 2 0.36 0.26 0.31 0.03 
 4 0.36 0.48 0.40 0.07 
 CHCl3 1.90 0.68 0.42 0.54 

T-C12 (P3) 0‡ n/a n/a n/a n/a 
 0.5 1.18 0.47 0.39 0.22 
 2 0.88 0.42 0.37 0.13 
 4 1.45 0.45 0.34 0.22 
 CHCl3 1.87 0.47 0.24 0.21 
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T-EH (P4) 0 1.95 0.57 0.40 0.45 
 0.5 2.22 0.54 0.32 0.38 
 2 1.76 0.47 0.28 0.24 
 4‡ n/a n/a n/a n/a 
 CHCl3 1.80 0.66 0.35 0.42 

†Conventional devices (ITO/PEDOT:PSS/Polymer:PC70BM/Ca/Al). Polymer active layers were spin-coated at 2000 
rpm for 2 min, from the respective solution (20 mg/mL) in a blend ratio of 1:1, and annealed at 70 °C for 10 min.  
‡All devices shorted. 
 
6.6 Discussion 
 

In the study of structure-functional relationship of organic photovoltaic materials, the use 

of specific heteroatoms (especially chalcogens) to tune the properties of the conjugated polymers 

has been widely employed.9,12,17,18,64 Different side chain configurations have also been tried out 

to evaluate the polymer’s processability, if eventually made into films.7,19,29,64,65 In this study, four 

new NDF-based donor OPV polymers were synthesized, their photophysical and electronic 

properties analyzed to determine the functional-effect of a furan/thiophene heterocyclic molecule 

serving as a π–linker between the donor and acceptor moieties of the compound, as well as the 

effect of linear vs bulky sidechains on these properties. The polymers with furan backbone 

displayed higher absorptivity (molar extinction coefficient); extinction coefficient has been shown 

to be directly related to the absorption efficiency (ηA),66,67 and the absorption efficiency is 

proportional to the external quantum efficiency, and hence to the power conversion efficiency 

(PCE). In making the polymers into thin films, the absorptivity of thiophene-backbone compound 

was similar as to in chloroform solution, however owing to a higher degree of molecular planarity, 

the furan backbone compound displayed a broader, slightly red-shifted spectra in thin film than in 

solution, and this can be associated to increased aggregation and molecular backbone packing. The 

planarity of a conjugated polymer, which can be achieved by decreasing the steric hindrance 

between adjacent polymer backbone units, has also been shown to enhance their molecular 

absorptivity.10 
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 The polymers displayed two broad emission peaks. NDF is reported to emit in the 350 – 

500 nm region,23,55 and since this is the common donor moiety present in all four polymers, the 

first peak has been associated with this moiety. However, weak coupling between the NDF and 

DPP moiety resulted in this bimodal spectrum, indicative of emission occurring from both 

components. This could support the absence of energy transfer that was not observed in any of 

these compounds. The theoretically calculated absorption wavelengths were in close agreement to 

the experimentally determined wavelengths to the nearest 0.16 eV. The hole NTOs show the 

delocalization along the entire backbone of the dimer model, while the electron NTOs show 

localization at the DPP moiety, indicative of the existence of some form of photo-induced electron 

transfer from the conjugated backbone to the DPP unit when the polymers are photo-excited. For 

the thiophene-backbone polymers, fluorescence quantum yield was slightly higher for the bulky 

side chain compound relative to the linear counterpart, and this could be attributed to reduced 

aggregation when a bulkier side group is used. Comparing the fluorescence quantum yield values 

for the same EH side chains, the furan backbone compound displayed a lower quantum yield in 

comparison to the thiophene backbone compound. This can be attributed to lesser intermolecular 

packing owing to larger sulfur atom size of the thiophene, thereby restricting molecular 

aggregation. 

The nonlinear TPA cross-section was measured at 1200 nm utilizing the TPEF technique. 

The results show that for the same side chain, the furan-backbone compound displayed a higher 

TPA cross-section relative to its thiophene counterpart, indicating better charge transfer, and hence 

better charge separation with an acceptor compound. The results of the theoretical calculations 

show that the polymers with furan-backbone have lower dihedral angles between the donor moiety 

and the linker (𝜑paaq), and between the linker of one monomer to the donor moiety of another 
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(𝜑qaap) as shown in Figure 6.8 and Table 6.1, thus making them more planar compared to their 

thiophene analogues. Owing to the enhanced steric hindrances induced by the shorter, bulky side 

chain – EH thereby leading to poor inter chain π-π stacking, lower TPA cross-section was observed 

for compounds containing this bulky side group compared to those with the linear dodecyl side 

group. These results were also supported by the findings from the theoretical calculation which 

showed that the compounds with EH side chains possessed higher dihedral angles between the 

linker and the DPP moiety, onto which the side chain is attached (𝜑qaar, 𝜑raaq), compared to its 

counterparts with linear dodecyl side chains. The low TPA-δ obtained in this study in comparison 

to that obtained in a previous study of similar structures by our group 26 can be linked to the broader 

one-photon film absorption band obtained here hence limiting the accessible window for TPEF 

measurement, and can also be tied unarguably to the poor coupling between the donor and acceptor 

moieties of the copolymers limiting effective charge transfer. It has been studied and reported that 

the TPA-δ correlates with: (i) the π-conjugation length of the system,33,41 (ii) the nature of the π-

bridge between a donor and an acceptor moiety, and (iii) the structural conformation.33 The four 

polymers analyzed in this study have the same number of π-electrons per monomer (measures the 

length of a π-system), hence this basis cannot be used to discuss the differences in their TPA-δ. 

The other two criteria i.e. the nature of the π-bridge (in this case furan or thiophene) and the 

structural conformation (including the effects of the solubilizing side chain), both play a 

synchronous role in explaining the TPA-δ obtained herein.  

Longer fluorescence lifetime was obtained for the polymers having a furan linker relative 

to those linked with thiophene for both solubilizing side chains, and this explains the idea of longer 

living excitons in the furan linker polymers in comparison to the thiophene compounds. For both 

furan and thiophene-linker compounds, those with the linear solubilizing sidechains showed a 
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slightly longer lifetime relative to those with bulky sidechains. These results as well as those 

obtained from a previous study of similar OPV polymers26 could be interpreted from the standpoint 

of the lower fluorescence lifetime being observed in compounds with larger torsional angles in 

between their respective atoms (𝜑paaq, 𝜑qaar, 𝜑raaq). These torsions serve as exciton traps which 

inhibit the steady movement of excitons thereby leading to shorter fluorescence lifetimes.  

The investigation of the non-emissive states of the polymers revealed interesting trends. 

All the polymers with an exception of T-EH (P4) exhibited both ground-state bleaching (perfectly 

matching their respective steady-state absorption spectra) and ESA in two regions of the studied 

spectrum width. The ground state bleaching in the polymers may be attributed to the decrease in 

excited state population owing to charge transfer to a CT* state. For P4, this CT* state is quiescent 

hence leading to the absence of ground state bleaching, but instead an increased population of the 

excited states. This may be related to the reason P4 displayed the lowest TPA-δ as well as the 

lowest molar extinction coefficient among all the studied polymers. Target analysis to determine 

the excited state lifetimes at the 500 nm ESA wavelength showed furan backbone compounds 

having longer decay time; also, at their respective bleach wavelengths, longer decay time was once 

again associated with the furan-containing compound relative to the thiophene-backbone 

compound. 

 
6.7 Conclusions 
 

Four novel D-A polymers were designed and synthesized whose structure was based on 

NDF as the donor moiety and X-DPP as the acceptor, where X (furan or thiophene) serves as the 

linker between the NDF and DPP moieties, and two different alkyl side chains attached to the DPP 

unit. The effect of the chalcogenic heteroatom – furan and thiophene, as well as the alkyl 

solubilizing side chains – ethylhexyl and dodecyl on the optical, electrochemical, and photovoltaic 
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properties have been investigated. The compound with furan in its backbone exhibited a higher 

extinction coefficient relative to their thiophene counterpart; and in film showed a broader 

absorption spectrum. The HOMO and LUMO levels were similar for all the molecules confirming 

the independence of the heteroatom and side chain on the electrochemistry of polymers. The results 

of the DFT calculation confirms the higher degree of molecular planarity present in the furan-

backbone compound compared to the thiophene-backbone compound owing to the smaller sized 

oxygen atom, and higher electronegativity. The experimentally obtained TPA-δ is almost linearly 

correlated to the DFT obtained dihedral angles indicating a direct relationship between molecular 

planarity and the ability of the molecules to absorb two-photons, and consequently the effective 

charge transfer property of the material. Time-resolved ultrafast measurements show longer 

exciton lifetime for furan-containing compounds relative to the thiophene-containing structure 

attributed once again to the lower dihedral angle, hence the absence of molecular traps and kinks. 

The larger molar absorptivity by the polymers with furan backbone could lead to the generation 

more excitons, and consequently the increased density of charge carriers; the longer fluorescence 

lifetime can be highly resourceful for obtaining longer living excitons over the diffusion length of 

the material, however furan containing conjugated polymers are still rare in comparison to their 

thiophene counterpart despite the research attention on furan derivatives. These result in 

concordance to previous study of similar structures stresses once again the productive impact of 

replacing thiophene donor-acceptor linkers with furan-linkers on the photophysical properties, and 

ultimately the PCE of light harvesting conjugated polymers. 
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Chapter 7  
 

Optical and Photophysical Studies of Partially- and Fully-Functionalized Silsesquioxanes 
 
 
7.1 Original Publication Information 
 

The work in this chapter resulted in three (3) publications:  

Jin Zhang, Santy Sulaiman, Ifeanyi K. Madu, Richard M. Laine, and Theodore Goodson III. 

“Ultrafast Excited State Dynamics of Partially and Fully-Functionalized Silsesquioxanes” J. Phys. 

Chem. C, 2019, 123, 8, 5048–5060.   

Jun Guan, Kenji Tomobe, Ifeanyi K. Madu, Theodore Goodson III, Krishnandu Makhal, Minh 

Tuan Trinh, Stephen C. Rand, Nuttapon Yodsin, Siriporn Jungsuttiwong, Richard M. Laine. 

Macromolecules, 2019, 52, 11, 4008–4019. & Macromolecules, 2019, 52, 19, 7413–7422. 

 
The first project was started by two previous students in the Goodson group – Jin Zhang 

(graduated 2013) and Santy Sulaiman (graduated 2011). Ifeanyi K. Madu continued with the study 

and carried out the steady-state, non-linear and time-resolved spectroscopic measurements, and 

published the results. This will be the focus of this chapter. Modifications were made to the original 

publication to adapt it to the style of the content of this dissertation. References of the original 

manuscript are included in this chapter. For the second and third projects, the synthesis, modeling 

and magnetic studies was done by the Dr. Laine’s team at the University of Michigan. Ifeanyi K. 

Madu carried out the steady-state and non-linear measurements for the second and third project. 
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7.2 Abstract 
 

A series of dimethylaminostilbene substituted silsesquioxanes (SQs) – Me2NStilbeneSi 

(OSiMe3)3 {Corner}, [Me2NStilbeneSi(O)(OSiMe3)]4 {Half} and [Me2NStilbeneSiO1.5]8 {Cube}, 

which contain partially, and fully functionalized cages were investigated by ultrafast fluorescence 

upconversion and femtosecond transient absorption spectroscopy. These nonlinear techniques 

were used to study the mechanism of excitation energy transport and excited state dynamics of 

these functionalized SQ structures. A strong fluorescence lifetime dependence was observed in all 

three systems. Depolarization of the fluorescence in the Half and Cube systems indicates excitation 

energy delocalization between the chromophores due to strong electronic coupling. The ultrafast 

rise time obtained from the upconversion experiment clearly depicts the fast transition taking place 

in the system after photoexcitation. Transient absorption dynamics and two photon absorption 

(TPA) measurements reveal the presence of ultrafast charge delocalization in the Half and Cube 

systems. Blue shifts in the excited state absorption (ESA) observed in all three SQ systems 

correlate with the solvation process and reveal a solvent-stabilized state. The amount of ESA blue 

shift indicates an increase in the charge-transfer character of the excited state in the case of the 

Half and Cube systems. This explains their enhanced two-photon cross sections in comparison to 

that of the Corner SQ system. 
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7.3 Introduction 
 

From the time of the original thermal rearrangement by Scott1 in 1946, polyhedral 

silsesquioxanes (SQs) have shown significant promise for a number of applications with examples 

such as nanocomposite materials for dentistry,2,3 reaction catalyst,4,5 flame retarded coating,6 nano-

imprinting lithography,7 and biomedical devices.8 There is a wide degree of interest in these 

materials. Cubic SQs, (RSiO1.5)8, having a three-dimensional structure with a diameter of 0.53nm, 

provides eight or even more possible sites for functionalization with organic chromophores.9 Their 

electronic and photonic properties can be tuned by tailoring the structures of the chromophores. 

For this reason, SQ materials incorporating a silica cage as the core and with versatile conjugated 

chromophores as the shell, have drawn extensive attention as candidates for photovoltaic 

materials.9–12 Additionally, SQ hybrids offer special features that make them attractive as organic 

electronic materials. SQ hybrids are exceptional candidates for developing well-defined, molecular 

nanobuilding blocks with perfect cubic symmetry. They exhibit excellent solubility in various 

organic solvents such as tetrahydrofuran (THF), toluene, dioxane, dichloromethane (CH2Cl2) and 

chloroform (CHCl3), and therefore they can be easily purified by standard methods.13 Most 

importantly, with eight or even more chromophores in a single molecule, potential electronic 

coupling among the chromophores could possibly enhance the charge transfer (CT) character of 

the entire SQ system, and therefore have an impact on the overall solar capture efficiency. 

In the past few years, several sets of cubic SQ derivatives with different degrees of 

functionalization have been synthesized by Laine et al.14–18 The UV-vis absorption, 

photoluminescence and two-photon absorption properties of these compounds were investigated. 

The emission spectrum of one of the cage structures – [NH2VinylStilbeneSiO1.5]8 shows 

exceptional red-shifts up to 120 nm. Its excellent two-photon absorption cross-section (up to 810 
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GM) reveals strong interactions between each substituent chromophore, and may suggest that the 

silica core serves as an electron acceptor in the system.15 The photophysical properties and two-

photon properties of Corner and Half cage systems, were also studied and compared with the full 

cage. The results suggest that full cages with perfect symmetry offer better nonlinear properties 

with the largest two-photon cross sections per chromophore.16  

There have also been extensive computational studies carried out on the electronic 

structure, electronic spectra, optical properties and reactivity of T8 octahedral SQs over the past 

two decades.19–24 Phillips et al21 investigated the absorption excitation energy of functionalized 

octahedral SQs via time-dependent density functional theory. Using the B3LYP and RSH 

functional, they found that the excitations are mainly localized on the chromophores, except for 

vinylsilsesquioxane. Zheng et al.22 reproduced the experimental results of the absorption and 

emission spectra of stilbene-functionalized octahedral SQ, by combining time-dependent density 

functional theory and the Tamm-Dancoff approximation with range-separated hybrid functional 

of Baer-Neuhauser-Livshits. They also reported that their modeling studies suggest that the 

emissive state of these octahedral SQs is ligand-to-ligand rather than ligand-to-SQ.22  

Time-resolved fluorescence upconversion and transient absorption are very powerful 

experimental tools for the purpose of this study. The time-resolved spectroscopic methods have 

been applied extensively to study the excited state behavior of many kind of materials including 

organic macromolecules,25–28 nanoclusters,29–32 metallacycles.33–35  Maya et al36 studied the 

nonlinear absorption properties of lead phthalocyanines substituted with siloxane chains using 

picosecond time-resolved transient absorption. The results suggest that CT through the 

polysiloxane chain was not observed. Cohen et al37 reported the femtosecond fluorescence 

dynamics of a proton-transfer chromophore covalently bonded to the inner surface of amorphous 
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silica nanoparticles. In these studies, it was reported that an excited state intermolecular proton-

transfer process occurs from the chromophore to the silica surface, suggesting the development of 

nanophotonic devices based on mesoporous silica nano materials. Understanding the mechanism 

of energy transfer and excited-state CT processes in silica-cage materials, as well as the extent of 

intramolecular interactions among the chromophores, is crucial in order to make significant 

improvements of the photophysical properties for their application as organic optoelectronic 

materials. 

Although there are many synthesis and theoretical studies on these classes of materials, 

reports of the excited-state absorption (ESA) and excited state CT processes of chromophore-

substituted SQs have been limited. In this paper, we use nonlinear optical and ultrafast 

spectroscopy to investigate the excited state dynamics of chromophore-functionalized SQs to 

ascertain if there is interaction between the substituted chromophores and the silica core in the 

excited state. We also investigate the fluorescence emission dynamics to study the energy transfer 

process and fluorescence lifetimes of functionalized SQ systems. For this purpose, corner and half 

cage systems, and full cubic cages are investigated using ultrafast absorption and emission 

spectroscopic techniques. The structures of these SQ systems are shown in Figure 7.1. 

Investigations have revealed interesting features in relation to the excited-state dynamics with 

increase in branching, which are very important in elucidating the mechanism behind the observed 

trends in the to-photon absorption (TPA) cross-sections of the branched systems. 
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Figure 7.1 Molecular structure of investigated (a) Corner, (b) Half, and (c) Cube SQ systems. 
 
7.4 Experimental Section 
 

To investigate the nonlinear optical and ultrafast spectroscopic properties of these SQs, the 

fluorescence upconversion and femtosecond transient absorption measurements were carried out. 

Steady-state absorption and emission measurements, as well as the two-photon absorption cross-

section results of these materials have been reported earlier.16  

7.4.1 Materials 

All the investigated compunds were synthesized by Ronchi et al,38,39 and the methods given 

therein. Tris(trimethylsiloxy)silyldimethylaminostilbene {Corner} and cyclotetra[(trimethyl 

siloxy)(dimethyl-aminostilbene)]siloxane {Half} were synthesized using the published 

procedure.38,39 The synthesis procedure for [Me2NStilbeneSiO1.5]8 {Cube} was described 

previously.17 All compounds were studied as received without further purification. All the 

measurements were carried out in THF (Sigma-Aldrich, spectrophotometric grade). 

 
7.4.2 Steady-State Measurements 

The absorption spectra were obtained using a Shimadzu UV-1601 absorption 

spectrophotometer at room temperature. The device was referenced with a spectrophotometric-

grade THF, and 1cm quartz cuvettes were used with a concentration range between 10-3 and 10-4 
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M for the samples where the absorption maximum was less than 10%.16,17 The photoluminescence 

spectra was obtained using a Fluoromax-2 fluorimeter with the concentration range between 10-5 

and 10-6 M, and the samples were excited at 320 nm. The fluorescence quantum efficiency (ΦF) of 

the samples was determined by a comparison method40,41 using Coumarin 307 [7-Ethylamino-6-

methyl-4-trifluoromethylcoumarin] as standard.16 

 
7.4.3 Two-Photon Excited Fluorescence (TPEF) Measurements 

The two-photon absorption cross-section (TPA-δ) reported in this study was obtained using 

the two-photon excited fluorescence (TPEF) method as reported in the literature42,43. Here, the 

two-photon excited fluorescence excitation spectra of the samples were compared to that of a 

reference compound, Coumarin 307 dissolved in methanol, under identical conditions, and at 

different wavelengths.16 To confirm the experimental accuracy of this approach, another set of 

experiments were performed using a different reference compound – rhodamine B dissolved in 

methanol. The laser used for the study is a Mai Tai diode-pumped mode-locked Ti:sapphire laser. 

Beam power from the laser was varied using a neutral density filter and focused unto the sample 

cell (1 cm path, quartz cuvette) using a lens of 11.5 cm focal length and the resultant fluorescence 

was collected perpendicular to the excitation beam. Another lens (plano-convex) with a focal 

length of 2.54 cm was used to direct the fluorescence into a monochromator whose output was 

coupled to a photomultiplier tube (PMT). During each scan, the monochromator was set to the 

maximum emission wavelength of the sample (where maximum photons are generated), and the 

photons are converted into counts by a photon-counting unit. A logarithmic plot of the fluorescence 

signal versus the incident power intensity was performed to confirm if the signal to power intensity 

relationship is indeed quadratic. 
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7.4.4 Fluorescence Upconversion Measurements 

Time-resolved fluorescence of the Corner, Half, and Cube systems was carried out using 

femtosecond upconversion spectroscopy. The up-conversion system used in our experiments has 

been previously described.27,28,44,45 We have employed a mode-locked Ti-Sapphire laser for the 

present investigation. The instrument response function (IRF) was obtained from the Raman signal 

of water and it was found to be around 110fs.44 The sample cuvette was made with quartz, 1mm 

thick and held in a rotating holder to avoid possible photo-degradation and other accumulative 

effects. The gate step size in this system is 6.25 fs. Spectral resolution is achieved by dispersing 

the up-converted light in a monochromator and detecting the signal using of a PMT (Hamamatsu 

R1527P). The average excitation power is kept at a level ~ 33 mW. At these excitation intensities, 

the fluorescence dynamics were found to be independent of the excitation intensity for all 

investigated solutions. Polarization of the excitation beam for the anisotropy measurements was 

controlled using a Berek compensator. Horizontally polarized fluorescence emitted from the 

sample was upconverted in a nonlinear crystal of β-barium borate using the pump beam at 800 nm, 

which first passed through a variable delay line. Lifetimes were obtained by convoluting the signal 

with the IRF. Spectral resolution was achieved by using a monochromator and PMT. Under these 

experimental conditions, the investigated systems are quite stable; no photo-degradation was 

observed. Anisotropy measurements were obtained from repeating the fluorescence lifetime 

measurements with parallel excitation and parallel emission (I∥) and again with perpendicular 

excitation and parallel emission (I┴). The isotropic (rotation-free) intensity is given by 𝐼(𝑡) =

𝐼∥(𝑡) + 2𝐼┴(𝑡). Anisotropies as a function of time are then presented as a result of the following 

relationship, comparing the amplitudes of emission at a given time by 𝑟(𝑡) = w∥(F):w┴(F)
w∥(F)9)w┴(F)

		for each 

sample. Coumarin 30 was used as anisotropy standard and provided a G-factor of 0.95. Data fitting 
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and deconvolution at less than 10 ps was done using Surface Xplorer software.26,46 Maximum 

deconvolution time resolution gives a minimum resolution roughly 1/6th of the cross-correlation 

function, or 30 fs. Data fitting at a longer time scale was performed using Origin 8 software. All 

emission lifetimes are the result of multiexponential decay fitting. When contributions to total 

emission are presented for a given relaxation lifetime as a percentage, the percentage is given as a 

ratio of the separated and deconvoluted integrations for the decay, weighted by the fitted amplitude 

for each decay and compared to total emission. 

 
7.4.5 Femtosecond Transient Absorption Measurements 

Transient absorption measurement was carried out to observe the excited state dynamics 

of the Corner, Half, and Cube systems. A known procedure for this setup has been described in 

the literature.27,28 This system contains 1 mJ, 100 fs pulses at 800 nm with a repetition rate of 1 

kHz. The output beam was split to generate pump and probe beam pulses with a beam splitter – 

85 and 15% respectively. The pump beam was produced by an optical parametric amplifier (OPA-

800C). It was obtained from the fourth harmonic of the signal-idler beams and focused onto a 2 

mm quartz cuvette containing the sample. The probe beam was delayed with a computer-controlled 

motion controller and then focused into a sapphire plate to generate a white light continuum. The 

white light was then overlapped with the pump beam in the sample cuvette, and the change in 

absorbance for the signal was collected by a charge-coupled device detector (Ocean Optics). Data 

acquisition was controlled by specialized software from Ultrafast Systems Inc. The typical power 

of the probe beam was less than 0.1 μJ, and that of the pump beam was between 0.1 and 0.4 μJ per 

pulse. Magic angle polarization was maintained between the pump and probe beam using a wave 

plate. The pulse duration was ~130 fs. The sample was stirred with a rotating magnetic stirrer, and 

hence no photo degradation of the sample was observed.   
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7.5 Results and Discussion 
 
7.5.1 Steady State Measurements 

 According to previous studies,16,17 steady state absorption and emission spectra of 

Corner, Half and Cube systems are shown in Figure 7.2, and the data are listed in Table 7.1. It 

should be noted that the SQ cage without chromophores has absorption maximum near 224 nm.47 

In comparison, the Cube sample with eight conjugated chromophores attached to the SQ cage, has 

an absorption maximum at 356 nm. The absorption maximum of the Corner structure (348 nm in 

THF) is blue shifted with respect to 4-dimethylaminostilbene (DAS) chromophore (365 nm in 

THF).48–50 This can be explained by the negative mesomeric effect51 indicating that there is no 

lone pair electron available from a saturated Si atom. This steady state absorption result 

corresponds with the fluorescence decay results discussed below. In the Corner molecule, DAS 

chromophore is attached with a relatively large group, -Si(OSiMe3)3, through a single bond. The 

steric hindrance effect reduces the electron mobility through the π-conjugation and therefore the 

photoisomerization process is retarded. The absorption maxima of the Half and Cube systems are 

slightly shifted to longer wavelengths in relation to the Corner structure. It may suggest that this 

shift is due to either mesomeric effect from the half/full cage and/or the dipole-dipole interaction 

between the DAS chromophores. The emission results of these systems are also listed in Table 

7.1. The emission maxima of Corner, Half and Cube are at 445, 451 and 459 nm, respectively. The 

emission spectra of the three systems are dramatically red-shifted with respect to that of single 

chromophore, 4-DAS (407 nm) due to the loss of energy by non-radiative decay processes.  

Studies regarding σ*–π* conjugation between the σ* orbital of the silicon and the π* orbital 

of the conjugating moiety have been reported.52–56 On the basis of their ab initio calculations, it 

has been found that the other substituents on the silicon atom could largely affect the resulting 
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low-lying lowest unoccupied molecular orbital level as well as the highest occupied molecular 

orbital level not because of perturbation through the σ*–π* conjugation, but by an inductive 

effect.52 An increase in electronegativity of substituents on the silicon could induce the 

bathochromic shift of the absorption maxima to the longer wavelength.52 According to these 

previous reports, the red-shift of the Half and Cube systems with respect to the Corner might be 

an indication that cyclotetrasiloxane (Half SQ) and full Cubic SQ cage have higher 

electronegativity in comparison to the Si(OSiMe3)3 group. 

 
Figure 7.2 Steady-state spectra of the three systems in THF solution. 
 
Table 7.1 Steady state absorption and emission spectra of Corner, Half and Cube SQ systems 
and single chromophore 4-Dimethylaminostilbene.16,48 

Sample* λ
abs

(nm) λ
em

(nm) Estokes (cm-1) 

Corner 348 445 6264 

Half 350 451 6398 

Cube 356 459 6303 

DAS 365 407 2827 

*THF is used as solvent. 
 
7.5.2 Two Photon Excited Fluorescence 

Two-photon absorption cross-section results, according to previous studies,16 are listed in 

Table 7.2. With eight chromophores attached, the Cube has the largest two-photon cross section 
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(211 GM) among these three systems. When considering the two-photon cross section per 

chromophores, the Cube system also has the largest value (26 GM) among the three. The enhanced 

two-photon cross section found in the Cube sample suggests a complex interplay between 

intramolecular interactions and the improvement of CT character. As a result, the SQ cage plays 

an important role in affecting the overall photophysical properties of attached conjugated 

chromophores. In order to understand the fundamental process, it would be very interesting to 

study energy transfer and the excited-state CT processes via time-resolved spectroscopic 

measurements. In the following sections, we present and discuss the time-resolved fluorescence 

and excited-state dynamics of the studied systems. 

Table 7.2 Two-Photon Cross Section of Corner, Half and Cube SQ systems.16 

Sample δ (GM) δ/chromophore (GM) 

Corner 12 12 

Half 30 8 

Cube 211 26 

 
7.5.3 Fluorescence Upconversion Measurements 

The time-resolved fluorescence upconversion technique was applied to measure the 

fluorescence lifetime of the three systems. The fluorescence up-conversion decay dynamics under 

380 nm excitation are shown in Figure 7.3. Figure 7.3a presents the fluorescence decay curve of 

the three investigated SQ systems. The fluorescence lifetime fitting was performed on the time-

resolved fluorescence curves for the Corner, Half, and Cube SQ systems and their lifetimes (τ) are 

146, 73, and 75 ps, respectively; and are shown in Table 7.3. Given the quantum yields which are 

0.08, 0.09, and 0.03 for Corner, Half, and Cube systems respectively,16 the radiative and 

nonradiative rate constants can be calculated, and the results are also shown in Table 7.3. 
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Figure 7.3 Time-resolved femtosecond measurements of Corner (at 445 nm), Half (at 451 nm), 
and Cube (at 459 nm) SQ systems: (a) fluorescence decay, (b) fluorescence rise time, and (c) 
fluorescence anisotropy for the investigated systems. 
 
Table 7.3 Quantum Yield (ɸF), Fluorescence Lifetimes, Radiative, and Nonradiative Decay Rate 
Constants of Corner, Half, Cube SQ systems, and trans-Stilbene. 

Sample ɸF (-) rise time/decay time (ps) kr (107 s-1) knr (108 s-1) 

Corner 0.08 1.30 / 146 55 63 

Half 0.09 0.65 / 73 120 121 

Cube 0.03 0.85 / 75 40 129 

Trans-stilbenea 0.05 - / 108 46 87 
a Obtained from ref 57 

 

(a) (b) 

(c) 

0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0
Corner  

                t
1
=146ps

Half  
                t

1
=73ps

Cube    
                t

1
=75ps

No
rm

al
iz

ed
 F

lu
or

es
ce

nc
e 

Co
un

ts

Time (ps)
-0.5 0.0 0.5 1.0 1.5

0.0

0.2

0.4

0.6

0.8

1.0

 Corner
rise time t

1
=1.3ps

 Half
rise time t

1
=650fs

 Cube
rise time t

1
=850fs

 IRF

N
or

m
al

iz
ed

 F
lu

or
es

ce
nc

e 
C

ou
nt

s

Time (ps)

0 250 500 750 1000 1250 1500
0.0

0.1

0.2

0.3

0.4

0.5

 Corner
 Half
 Cube
 IRF

An
is

ot
ro

py

Time (fs)



 292 

The fluorescence dynamics of the substituted trans-Stilbene chromophore itself needs to 

be taken into consideration. The fluorescence dynamics of trans-Stilbene and its derivatives have 

been studied experimentally and theoretically.57–66 Similar to donor-acceptor-type trans-Stilbene 

derivatives, possible twisting around single and double bonds is expected as illustrated in Figure 

7.4a. The main fluorescence state of the donor/acceptor substituted trans-Stilbene is the A* state, 

or a “twisted intramolecular CT” (TICT) state. Here, the phenyl ring twists by Φs = 90º around the 

single bond starting from a planar geometry.67 The electronic structure of A* corresponds to a CT 

state from the donor to the acceptor. The kinetic scheme according to a three-state model68–70 is 

presented in Figure 7.4b.  Here, E* is the primary excited (Franck-Condon) state, and D* is the 

excited state with a geometry having the phenyl ring twisted by 90º around the double bond that 

is the double-bond twisted conformation state. There is a competition between the formation of 

A* and D*. In the trans-planar configuration, an intense intramolecular CT to the S1 state may 

result in a significant energy barrier on the S1 potential energy surface for the trans- to cis- 

isomerization process.67 Under these conditions, ultrafast excited state deactivation through the S1 

photochemical funnel is expected. Given that the fluorescence quantum yields of both Corner and 

trans-Stilbene at room temperature are very small, an assumption can be made that kEA≪kED. 

Therefore, knr mainly corresponds to a transition from E*→D*. At room temperature, the typical 

fluorescence lifetime of trans-Stilbene is ~108 ps, involving bond twisting, and the quantum yield 

is about 0.05.57,66,71 According to these results, the radiative and non-radiative rate constant of 

trans-Stilbene can be calculated as kr = 46 × 107 s-1, and knr.= 87 × 108 s-1. 

In the case of the Corner SQ molecule, a longer fluorescence lifetime (146 ps) and a slightly 

slower knr rate (63 × 108 s-1) was observed in comparison to the pure trans-Stilbene. This is 

expected if the formation of the principle fluorescence state A* in the Corner is lengthened by 
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steric hindrance caused by the large substitution (-Si(OSiMe3)3) on the trans-Stilbene, as shown 

in Figure 7.5. This result corresponds well with the observed blue shift in the steady-state 

absorption spectrum of the Corner with respect to the DAS chromophore. In addition, it has been 

found out that donor/acceptor substitutions with a large dipole moment on trans-Stilbene could 

further stabilize the A* state with respect to D* because the dipole moment of A* is larger than 

that of D*.57,66 The difference in the dipole moments expected for A* and D* states is consistent 

with the observed anomalous solvent polarity dependence of the absorption wavelength 

maxima.16,17 In the case of the Corner SQ system, comparing the kinetic rates with trans-Stilbene, 

the slower knr and similar kr value suggests that the dipole moment is somewhat in favor of an 

increasing A* fluorescence state and decreasing D* state. This also corresponds well with quantum 

yield results of Corner (0.08) and trans-Stilbene (0.05). In a previous study, structural equivalence 

of the Corner and Half systems was investigated as push-pull nonlinear optical chromophores 

substituted by –NMe2 and [-Si(-O-)3] interacting through a π-conjugated trans stilbene.39 Ronchi 

et al found that the –Si(OSiMe3)3 group behaves as an electron-withdrawing group equal to that of 

a nitro group by a theoretical study. Although –NMe2 is a good electron-donating group, the 

donor/acceptor substitution pair on the Corner system did not provide a substantial dipole moment. 

The absorption cross-section (~2 x 10-18 to 10-17 cm2) could also be used in the explanation of the 

radiative rate constant obtained via the Strickler and Berg model equation. Close agreement 

between the model results and the radiative rate estimated via time-resolved fluorescence 

measurements have also been shown for several molecules. Hence, the radiative rate constant 

obtained in this study via time-resolved measurement and the fluorescence quantum yield, is 

suitable. 
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As observed, the fluorescence lifetime of the Half (73 ps) and Cube (75 ps) SQ systems is 

shorter than that of the Corner system (146 ps). The fluorescence lifetime of the Corner system is 

much longer than that of trans-Stilbene (~108 ps), and this has been explained by the steric 

hindrance effect caused by the -Si(OSiMe3)3 group. However, because the Half and Cube SQ cages 

are even bulkier than the -Si(OSiMe3)3 group, twisting around both the single bond (ϕS) and double 

bond (ϕD) is considered much more difficult. In addition, for the case of the Half SQ, both kr and 

knr are faster than those of the Corner SQ, which means that the conformational transition to A* 

and D* states are easier in spite of the steric hindrance effect. It has been found that when a bulky 

group is substituted on one side of a stilbene chromophore, twisting along its backbone may occur 

mainly around the single bond which is near the side opposite the bulky group 72 (labelled as ϕS in 

Figure 7.4a). Theoretically, in the case of twisting of the N,N-dimethylamino group, the barrier 

height is as high as about 0.303 eV.73 Therefore it would be expected to see that both the Half and 

Cube offer slower radiative and nonradiative rates, as well as longer fluorescence lifetime than 

those of Corner. However, this argument does not completely correspond with our experimental 

results. These results might be due the possibility that a stronger dipole moment is formed after 

excitation to facilitate the twisting processes,57,66 and the possible σ*–π* conjugation between the 

Si atom and the DAS chromophore might be stronger in the excited state.52–56 In the case of the 

Half and Cube systems, steady state absorption wavelength maxima are shifted to the red in 

comparison to that of the Corner, and this observation suggests that the electronic transitions are 

perturbed by the chromophore-chromophore interactions. With more than one chromophore 

attached to a single macrostructure, the possibility of dipole-dipole coupling between the 

chromophores increased dramatically. This inter-chromophore interaction and the possible 

formation of a delocalized/localized state under photo-excitation are discussed below in the 
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Fluorescence Anisotropy Decay Measurements section. The Cube has a larger number of 

chromophores attached, and thus allows for a higher probability of excitation energy redistribution. 

The slower radiative rate observed for the Cube SQ relative to the Half SQ corresponds accurately 

with the quantum yield (Ф) obtained; the Ф of Cube SQ is one-third that of the Half SQ (same 

with its radiative rate). On the basis of the fluorescence decay results, it can be concluded that both 

cyclotetrasiloxane (Half SQ) and full cubic SQ cage exhibit stronger electronegativity in the 

excited state than in the ground state.  

Figure 7.3b presents the initial ultrafast fluorescence rise-time curve for each investigated 

system within 1.5 ps. Fluorescence rise time data are also listed in Table 7.3. The Corner, Half 

and Cube SQs display fluorescence rise-times: 1.3 ps, 650 fs and 850 fs respectively, with IRF of 

110 fs. The fluorescence rise-time components reveal the initial energy redistribution process to 

the fluorescence state right after the excitation. It corresponds well to the proposed transition from 

the primary excited state (E*) to the main fluorescent TICT state (A*) in these three systems. 

         
Figure 7.4 (a) Schematic illustration of the twisted single-bond (A*) and twisted double-bond 
(D*) conformation of the Corner SQ structure (b) three-state kinetic scheme proposed for the 
interpretation of the photophysical behavior of D-A substituted stilbenes.68–70 
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Figure 7.5 Photoisomerization processes in stilbene and the Corner SQ system. 
 
7.5.4 Fluorescence Anisotropy Decay Measurements 

The decay of the fluorescence anisotropy is used to characterize the electronic interaction 

strength and excitation energy transfer (exciton or hopping dynamics) among chromophores, 
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electrons of the two molecules. Theoretically, the efficiency can be determined by transition 

density, orientation, and spatial location of the two chromophores.82 

The fluorescence anisotropy decay curves are illustrated in Figure 7.3c. The initial 

anisotropy decay profile before rotational diffusion was studied. The decay dynamics of the Half 

and Cube systems are different than what is observed for the Corner (as monomer). The Corner 

shows no significant anisotropy decay during this experimental time window. A depolarization of 

fluorescence in the Half and Cube in comparison to the Corner system indicate that electronic 

energy transfer takes place between the chromophores within the molecule. The initial dynamics 

of fluorescence anisotropy of the Half and Cube systems are very fast and compete with the IRF. 

Therefore, a deconvolution process is performed in order to estimate the fluorescence anisotropy 

decay time.83 The anisotropy decay of the Half SQ system can be fitted by a mono-exponential 

decay with the decay time constant of 420 fs. The anisotropy decay time was found to be 525 fs 

for the Cube. In the case of the Half and Cube, the fast fluorescence anisotropy decay provides 

clear evidence of the interactions among the DAS chromophores.78 This result obtained strongly 

corresponds to the fast rise time component obtained in the fluorescence upconversion 

measurements shown in Table 7.3. In this excitonic regime, the interaction (J) between the 

chromophores is much larger than the homogeneous line width (Γ). Under this condition, 

nonequilibrium initial preparation effects must be applied with inhomogeneous broadening 

terms.76 As a result, the weak interaction limit (Föster limit), which was used for interpretation by 

a small perturbation, could not be applicable for the intramolecular chromophores energy 

migration.76,84 Therefore, in our case, the presence of ultra-fast decay time components in both 

Half (420 fs) and Cube (525 fs) systems suggests the substantial contribution of coherent-type 
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energy migration.25,44 The excitation energy transfer process is accompanied by the reorientation 

of the transition dipole moment. 

The residual value of the fluorescence anisotropy before rotational diffusion also contains 

information of the arrangement of transition dipole moments and gives the molecular geometry 

information. In general, the initial anisotropy value is 0.4 for a randomly oriented single 

chromophore. For some symmetrical molecular systems, the initial anisotropy is larger than 

0.4.81,85 The Cube system with perfect symmetry can be considered as a spherical-like structure 

before excitation with the initial anisotropy value 0.4, which means that molecules are more 

randomly orientated in the solution. The residual anisotropy for the equilibrated system is another 

important parameter related to the geometry of the molecular system. The Cube and Half structures 

make an average angle between absorption and emission transition dipoles of the chromophores 

that is different from that of the Corner. Hence, it alters the residual value of the fluorescence 

anisotropy before rotational diffusion. 

 
7.5.5 Time-Resolved Transient Absorption Measurements 

Many of the molecular photochemical and photophysical properties depend on the kinetics 

of excited-state processes that occur after the absorption of a photon. Therefore, femtosecond 

transient absorption measurements have been carried out under a 330 nm excitation in order to 

understand the fundamental mechanism of the excitation delocalization, charge localization 

process and the extent of CT character in these systems. The detection window of our apparatus is 

from 450 to 750 nm. 

Figures 7.6-7.8 show the transient absorption spectra at different time delays for the 

Corner, Half, and Cube in THF, respectively. The transient absorption features of the Corner, Half, 

and Cube SQs look similar in the region of 450 to 750 nm with a positive absorption below 650 
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nm and a maximum around 525 nm. The positive absorption is due to the excited singlet state 

(Sn←S1) absorption. The spectra also show very weak negative absorptions below 475 nm. These 

samples absorb strongly below 365 nm, and the fluorescence spectrum has a strong emission band 

with maxima at 445, 451, and 459 nm for Corner, Half, and Cube SQs, respectively. According to 

the steady state photophysical properties and previous ultrafast pump-probe studies on push-pull 

stilbene, these negative absorptions can be ascribed to the simulated emission (SE) originated from 

the S1 state.73 Owing to the limitation of our apparatus, only the shoulder of the SE in each 

spectrum was observed. The spectra of these three systems also show a broad but relatively weak 

ESA band in the 675 – 750 nm region, as presented in Figures 7.6b – 7.8b. Because both the 

decreasing of the SE band population below 475 nm region and the increasing of ESA band 

population in the 675-750 nm region are observed, the ESA band with the maximum at ~ 735 nm 

is assigned to the excited triplet state transition T1←S1, according to previous reports.72,73 Another 

interesting finding from the Figures 7.6b – 7.8b is that the maxima of the ESA band in the 470 - 

650 nm region shows a blue shift mainly within the first 7 ps delay time. This time dependence of 

dynamic shift on the maxima of the ESA band suggests the transition between two distinctly 

different excited states. The resulting state is ascribed to the TICT state, accompanied by the 

twisting around a σ bond in the trans-Stilbene close to either the electron donating or withdrawing 

substituent, to populate the TICT state.72,73,86  

 The transient dynamics at the ESA peak maxima are plotted in Figure 7.9. In order to 

quantitatively estimate the lifetimes associated with the different relaxation processes, exponential 

fitting functions were used to fit the kinetic curves at the probe wavelength of 550 nm. The lifetime 

components are listed in Table 7.4. Trifluoroaminostilbene (CF3stilbeneNH2) is also measured as 

a model compound for comparison. The first decay component is 1.4 ps for the Corner, 2.5 ps for 
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the Half, 1.6 ps for the Cube, and 2 ps for the model compound. This component could be assigned 

to the vibrational relaxation or the solvent relaxation in a locally excited singlet (S1) state, which 

is the LE (S1) state. The second lifetime component – 166 ps for the Corner, 58 ps for the Half, 75 

ps for the Cube, and 32 ps for model compound is ascribed to the conformational relaxation process 

of stilbene involving the rotation around the single bond and the lifetime of the S1 state, as 

suggested by the previous reports.73,87 In the case of the Corner, the longer lifetime component 166 

ps is larger than that of the trans-Stilbene ~100 ps,57,66 and even larger than that of the push-pull 

stilbene model compound (32 ps). This is due to the retardation of the cis-trans isomerization 

process caused by the steric hindrance effect of the large substituted group in Corner. It is worth 

noting that the transient lifetime components are in accordance with the fluorescence lifetime 

results. As a result, these evidences suggest the conversion from the vibrational relaxed LE (S1) to 

another lower energy state which is the TICT state (A* as shown earlier). Similar excited states 

transitions of push-pull stilbenes have been reported recently.73 In addition, this transition is also 

associated with the blue shift of the absorption maxima of the ESA band from 475nm to 650nm. 

 
Figure 7.6 Femtosecond Transient absorption spectra of the Corner SQ at (a) time delays before 
1.2 ps, and (b) time delays between 1.2 and 350 ps. 
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Figure 7.7 Femtosecond transient absorption spectra of the Half SQ at (a) time delays before 0.5 
ps, and (b) time delays between 0.5 and 340 ps. 
 

 
Figure 7.8 Femtosecond transient absorption spectra of the Cube SQ at (a) time delays before 0.3 
ps and (b) time delays between 0.3 and 250 ps. 
 

 
Figure 7.9 Transient absorption kinetics of Corner, Half and Cube and model compound 
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Further examination on the CT state (TICT) is performed. Figure 7.10 presents the 

dynamics providing evidence for the formation of the TICT state of each system. The probe 

wavelengths are 467 nm for the Corner, 470 nm for the Half, and 469 nm for the Cube, which are 

at the left shoulder of the ESA band assigned to the Sn←S1 transition of the solvent stabilized TICT 

state of the push-pull stilbene system (TICTʹ).72  It is very clear that the excited dynamics of the 

Corner is under a different mechanism in comparison with the Half and Cube. The fitted lifetime 

components are listed in Table 7.4. In the case of the Corner SQ, the ESA undergoes a decay 

process with a lifetime of 170 ps after an ultrafast transition within the initial 350 fs. This decay 

process indicates a nonradiative relaxation process back to the ground state. In contrast to the 

Corner, a growth in the amplitude is observed after the formation of this TICTʹ state in both the 

Half and Cube, within 16 and 3.5 ps, respectively. It suggests that a solvent stabilized long-lived 

CT state is favored in the case of Half and Cube. Upon photoexcitation, transient absorption 

measurements have shown the presence of a CT (TICT) state depending on the number of 

chromophores. The results point to the ultrafast delocalization of charge in this particular system.  

As mentioned earlier, the time dependent dynamic blue shift of the maxima of the ESA 

band in the 470 - 650nm region was observed within the initial timeframe (several picoseconds). 

The ESA maxima shifts for each sample at different time delay are listed in Table 7.5. It has been 

reported that in the non-substituted trans-Stilbene, the ultrafast transient shifts to the blue within a 

few picoseconds, and this is interpreted as the formation of an intermediate state before 

isomerization.88–90 In addition, a red shift, as a result of the solvation effect, was observed from 

time-resolved emission spectra of push-pull stilbene derivatives,50 indicating that the excited state 

energy level is lowered by vibrational coupling. The shift of maximum wavelength of emission 

spectra of 15–20 nm is observed within the first few hundred picoseconds delay time after the 
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excitation. In our case, a spectral blue-shift in transient absorption is more likely a combination of 

solvation and conformational relaxation along the potential energy surface associated with the CT 

process. Because the conversion from the LE (S1) to TICT state upon excitation is extremely fast, 

there is no significant change in the geometry of the central double bond in the DAS chromophore. 

In this CT state, the character of the stilbene central double bond acts more like a single bond and 

facilitates the torsional motion hence resulting in a stronger dipole moment.91 As a result, this 

conformation could assist the CT process so as to reinforce the electrostatic interaction. Another 

process between solvent and chromophores is required to further stabilize the twisting geometry. 

The interactions between the chromophore(s) and the surrounding solvent molecules are different 

in each excited electronic state. This change in interaction can originate because of different dipole 

moments in these two states. A solvent stabilized relaxed intramolecular CT state (TICT') is 

reached after the solvation shell is in thermodynamic equilibrium with the molecule. In order to 

further study the effects of solvation, femtosecond transient absorption measurements of the Cube 

SQ in dimethyl sulfoxide (DMSO) – a more polar solvent – was carried out. The transient 

absorption spectrum of the Cube SQ in DMSO is shown in Figure 7.11. The time dependent 

dynamic blue shift of the ESA maxima is from 540 to 511 nm, which is 7 nm more than the shift 

obtained using THF as solvent. In addition, a new transient band was observed from 600 to 675 

nm. This transient band is assigned to conversion from the vibrational relaxed LE S1 state to the 

Sn state.73 In the transient absorption spectrum of the Cube SQ in THF, this ESA band was 

overlapped with the ESA band from 450 and 600 nm, as shown in Figure 7.8b. These evidences 

thus support the fact that some observed time-dependent dynamics might be due to solvation. It is 

also observed from Figure 7.11 that the SE negative absorption band below 480nm region was 

vanishing along with the formation of TICT'. It gives the evidence supporting the claim that the 
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resulting solvent stabilized TICT' state is a non-emissive state. In the theoretical consideration, the 

solvent-controlled non-adiabatic CT rate is expressed by the following equation:92  

 𝑘%6 =
4𝜋)

ℎ 𝑉B]) C
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D
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Where, 𝑉B] is the electronic coupling matrix element, 𝜆 is the solvent reorganization and internal 

reorganization energy (i.e. 𝜆 = 𝜆> + 𝜆'), 𝑘. is the Boltzmann constant, Δ𝐺∗ is the barrier to CT, 

and ℎ is Planck’s constant. According to the Born-Hush equation:94,95 
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Here, 𝜂 is the refractive index of the solvent, 𝑟9 and 𝑟: are the ionic-radii of the charged molecules, 

𝑅DD is the center-to-center distance of the photogenerated charges, and 𝜀A is the relative dielectric 

constant of the solvent. According to Marcus theory, the barrier of the CT process, Δ𝐺∗ is related 

to the change in free energy for the CT state via the following expression:93  

 Δ𝐺∗ =
(𝛥𝐺/ + 𝜆))

4𝜆  Equation 7.3 

Here, 𝛥𝐺/ is the energy gap between the reactant and product states. In our case, 𝛥𝐺/ is related to 

the blue shift observed in the transient absorption ESA band. A stronger CT character in the 

product states could actually decease the energy gap 𝛥𝐺/ (more negative), and this leads to a 

decrease of the activation energy barrier. Therefore, charge transfer rate is optimized when the 

reorganization energy equals the change of free energy (λ= −𝛥𝐺/). According to Eq. 7.2, 𝜆> is 

dependent on the geometry of the molecule, and the distance between the chromophore and the 

center core.  

It has been well established that photoexcitation drives the linear push-pull stilbene 

derivatives into the CT state.73,91 Fully charge separated TICT states have been found in the push-
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pull type stilbene derivatives.94 The formation of the photoinduced CT state of a similar 

chromophore, 4-dimethylamino,4'-cyanostilbene has been investigated theoretically by the free 

energy decomposition analysis.91 Two important factors affecting the stable CT geometry of push-

pull stilbenes have been found: (1) the torsional motion of the single bond linkage between the 

stilbene and its substituted functional groups, and (2) the electrostatic interaction, which is 

enhanced by twisting geometrically assisted charge separation process.91 The photoexcitation 

process of branched multichromophore shell-core systems have been investigated both 

experimentally and theoretically.44,95–97 It has been found that the photoexcitation produces a CT 

state and the excitation is actually localized on one of the chromophores.44,95–97 In our systems, 

Table 7.5 lists the amount of shifts of the ESA peak in wavenumber (Δν) for each system. This 

value is a strong indication of the extent of the CT character. A greater amount of CT observed in 

the case of the Cube and Half SQs (720 and 750 cm-1 respectively) when compared to the Corner 

SQ (250 cm-1) suggests that the charge is more in favor of the entire molecule than localized on 

one arm of the chromophore. This result is in accordance with the dynamics presented in Figure 

7.10. A similar increase (by more than a factor of 2) of CT character with an increasing number of 

chromophores has been found in the core-branched systems.98,99 

Therefore, the strength of the non-emissive TICTʹ excited state is increased with the 

increasing number of the chromophores, which was roughly predicted by the steady-state stokes 

shift measurements. These results correspond well with the two-photon absorption results; that the 

TPA cross section is enhanced with an increasing number of chromophores in the Half and Cube 

systems in comparison with the Corner. In addition, the acceptor strength is also crucial in affecting 

the population of the CT state. Mattori et al 100 reported computational results on the trapping and 

the release transition states (TS) of atomic hydrogen in an octasilsesquioxane cage. The stronger 
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CT state found in the Half and Cube might be an indication that Half and full SQ cages have better 

electron accepting ability than the Corner as an electron trapper. 

Based on the observations above, a simplified energy diagram of our investigated system 

is drawn in Figure 7.12. After photoexcitation, the molecule reaches the main emissive TICT state 

within subpicoseconds. The fluorescence emission process takes about 146, 73, and 75 ps for 

Corner, Half, and Cube, respectively. A further solvent stabilized CT TICT' state is reached with 

a long lifetime for Half and Cube. Intersystem crossing to the dark state is observed after few tens 

of picoseconds time delay. 

Table 7.4 Transient Absorption Lifetime Kinetic Components at Probe Wavelengths 550nm and 
ca. 470nm 

SQs  Lifetime at 550 nm (ps) Lifetime at ca. 470 nm (ps) 

Corner   1.4 / 166 0.35 / 170  
Half  2.5 / 58 16.0 / 70, long 
Cube  1.6 / 75 3.5 / 70, long 
CF3-Stilbene-NH2  2.0 / 32 - 

 

 
Figure 7.10 Transient absorption kinetics of the Corner SQ at 467nm, the Half at 470nm and Cube 
at 469nm. 
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Table 7.5 Details of the Time-Dependent Dynamic ESA Blue shift.a 

Sample 
ESA peak maximum ESA peak maximum 

Shift Δν (cm-1) 
λ (nm) Delay (ps) λ (nm) Delay (ps) 

Corner 532 1.2 525 6.8 250 
Half 540 0.5 519 6.2 750 
Cube 538 0.3 518 6.8 720 

aESA band maxima of Corner, Half and Cube at different delay times in the 470 -650 nm region. 
 

 
Figure 7.11 Femtosecond transient absorption spectrum of the Cube SQ in DMSO. 
 

 
Figure 7.12 Simplified schematic energy diagram of investigated systems. 
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7.6 Conclusions 
 

In summary, a series of dimethylaminostilbene-substituted SQs with partial and full cages 

has been investigated by steady-state measurements, time-resolved fluorescence up-conversion 

and femtosecond transient absorption measurements. Fluorescence upconversion measurements 

provide an insight into the energy transfer process in these three systems. The kinetics obtained 

indicate that the twisting around the double bond of the substituted stilbene chromophore is more 

sensitive to the degree of its dipole moment than the size of its substitutes. The Corner SQ yielded 

a longer fluorescence lifetime compared to the lifetime of the Half and Cube SQs, by a factor of 

2. In the case of the Corner SQ, the twisting is retarded by the steric hindrance effect compared to 

free stilbene chromophore. In the case of the Half and Cube SQs, strong dipole moments are 

induced by the substitution which could facilitate the twisting process, overcome the steric 

hindrance effect and decrease the fluorescence lifetime. The excited state dynamics obtained by 

the transient absorption measurement show significant differences between the Corner and the 

Half and Cube SQs. The pump-probe measurements have shown the presence of a TICT state in 

the ~500 - 600 nm region. The lifetimes of this TICT state corresponds well with fluorescence 

lifetimes for each system. The transient absorption results also reveal a combination of CT 

dynamics – mostly due to the conformational twisting of the chromophore – and solvation 

processes associated with excited-state absorption blue shifts, and a resulting solvent stabilized 

non-emissive TICT' state. Ultrafast transient measurements have shown an interesting trend with 

respect to the amount of CT character with increasing number of chromophores. Both Half and 

Cube SQs show enhanced CT character compared to the Corner SQ. In addition, this explains the 

enhanced two-photon absorption cross sections found in the Half and Cube systems. Upon 

photoexcitation, transient absorption measurements have shown the presence of a CT (TICT) state 
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depending on the number of chromophores, suggesting the ultrafast delocalization of charge in 

Half and Cube systems. It can be inferred that the increased CT character, observed by the TPA 

cross  section and transient absorption measurement, might be associated with the degree of excited 

state symmetry breaking observed in the stilbene chromophore (due to enhanced twisting around 

the single and double bonds). A poor CT character observed in the Corner SQ system might be 

due to the reduced twisting, hence maintained-symmetry, in the chromophore backbone owing to 

increased steric hindrance by the tris(trimethylsiloxy)silyl unit. 
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Chapter 8  
 

Thesis Summary and Future Directions 
 
8.1 Thesis Summary 
 

In the ongoing research and development of new efficient materials for organic 

photovoltaic applications, it is crucial to have an understanding of the core optical and 

photophysical properties of these organic compounds to advise a more targeted design and 

synthesis procedure. The active layer of an organic photovoltaic device comprises of an electron 

donor – mostly an electron-rich D-A polymer, and an electron acceptor – an electron-deficient D-

A macromolecule, and a record power conversion efficiency of 18% for single-junction organic 

photovoltaic devices have been obtained.1–3 More background details on the components of 

organic solar cells, are given in Chapter 1. The introduction chapter also provides an overview on 

the current and future trends for energy production and energy consumption, the historical 

evolution of solar harvesting, the key principles of solar harvesting devices, benefits of organic 

over inorganic solar devices, the ideal active layer materials, the fundamental mechanisms (such 

as charge transfer, triplet production) occurring in these active layer materials, and most 

importantly the motivations for my research. In summary, this dissertation seeks to provide the 

fundamental structure-property-performance relationships and correlations that are critical in 

designing organic and hybrid macromolecules (including polymers) for efficient light harvesting, 

charge generation and charge transfer. The studies in this work were carried out using highly 

sophisticated time-resolved, steady-state and non-linear spectroscopic techniques, to point out the 

underpinning optical processes that make these organic and hybrid materials excellent solar cell 
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alternatives. The experimental techniques employed were described comprehensively in Chapter 

2 alongside their theory, placing more emphasis on transient absorption spectroscopy – the most 

versatile spectroscopic technique for detecting, tracking and quantifying bright and dark states’ 

species generated following photoexcitation.4 This thesis places more emphasis on a special class 

of organic electron acceptor known as perylene diimides (PDIs). They are the most popular in the 

class of rylene diimide non-fullerene electron acceptor and also the most popular in the general 

class of non-fullerene acceptors.5  

Singlet exciton fission (SEF) – the generation of two triplet excitons from one photoexcited 

singlet exciton by the absorption of a single photon – is an important process which would allow 

for an increase in the efficiency of photovoltaic cells by up to a factor of 1.5, provided that each 

triplet injects an electron into the receiving electrode.6 In Chapter 3, the physical science of 

intramolecular singlet exciton fission (SEF) was studied in PDI trimer systems. Understanding the 

structural motif of PDI acceptor compounds that activate intramolecular SEF represent a 

significant step forward in structure–property understanding & device manufacturing. The charge-

transfer PDI trimers consist of A-π-D-π-A-π-D-π-A configuration, for which -A- is a PDI 

monomer with 1-hexylheptyl solubilizing side group on its imide position, -D- is a 

benzodithiophene donor moiety and -π- represent the flexible or rigid bridge connector.7 For one 

of the PDI trimers, the presence of a flexible π-bridge led to the compound assuming a twisted 

geometry and for the second PDI trimer, its rigid π-bridge led to the compound assuming a planar 

geometry. The required energetics for SEF 𝐸(𝑆0) ≥ 2 ∙ 𝐸(𝑇0) was satisfied only in the flexible π-

bridged PDI trimer. Using steady-state absorption and fluorescence spectroscopy, backed by 

quantum chemical calculation, I found that the flexible π-bridged PDI trimer displayed weaker 

electronic coupling (poor electronic communication among PDI chromophores). The femtosecond 
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transient absorption technique was used to measure the rate of triplet formation, and nanosecond 

transient absorption was used to evaluate the efficiency of SEF by quantifying the singlet-to-triplet 

yield (ϕ6) via triplet sensitization and relative actinometry measurements. I found that the flexible 

π-bridged PDI trimer displayed a fast triplet formation (340 ps) and	ϕ6 ≫ 100%, thus confirming 

the unique role the π-bridge structure plays in predicting intramolecular SEF in PDI systems.  

Charge transfer and subsequent charge separation are very important processes in organic 

solar cells. In fact, in the photocurrent generation process of organic solar cells (Figure 1.11), the 

charge transfer step is most often described as the rate-determining step. Hence, a crucial 

understanding of the charge transfer rate and the charge separation mechanism in active layer 

materials is required. Chapter 4 discusses the impact of ring-fusion on the optical properties of N-

annulated thiophene π-bridged dimer systems. The two dimers studied showed a NPDI–thiophene–

NPDI configuration, where the thiophene moiety served as a flexible (unfused) or rigid (fused) π-

bridge between the two N-annulated PDI units. Steady-state absorption and emission 

measurements were used to confirm molecular rigidity in the case of the fused thiophene π-bridged 

N-annulated dimer, owing to the one order of magnitude smaller Stokes-shift obtained. The two-

photon absorption and femtosecond transient absorption measurements confirmed the ultrafast 

charge separation in the fused dimer. More importantly, using time-resolved spectroscopic 

techniques, I found that ring-fusion of the N-annulated thiophene π-bridged dimer opened up the 

triplet excited state deactivation pathway (via the CT state) that was not present in the unfused 

dimer. In Chapter 5, a charge transfer study on two dimeric PDI positional isomers characterized 

by acceptor–weak acceptor–acceptor (PDI–core–PDI) structure, was carried out. The weak 

acceptor or core moiety is a thieno-pyrido-thieno-isoquinoline-dione rigidly connected through 

cyclization to the lateral PDIs. The two PDI dimers are positional isomers and thus analogous in 
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structure. Switching the relative position of the alkyl amino and keto groups in the core moeity 

should induce steric hindrance and thus introduce torsion in the conjugated backbone of one 

(twisted), which is absent in the other (planar). The twisted and planar isomers were studied using 

steady-state, non-linear, femtosecond time-resolved spectroscopies and quantum-chemical 

computations as well as electrochemical, and X-ray scattering techniques. We found from the 

study that a more efficient charge separation mechanism – symmetry-breaking charge separation, 

was observed for only the planar PDI isomer. Also, the planar isomer displays an attractive strategy 

to ultimately achieve charge separation with a donor polymer with much lower driving force, 

enhanced directionality, and retarded recombination rate. Higher efficiencies were indeed 

observed in the device made with the planar compound in comparison to the twisted. 

Most donor polymers for organic photovoltaic application use thiophene as the heterocyclic 

π-bridge in their backbone relative to furan – a more sustainable counterpart derived from furfural 

(a biomass derivative). In Chapter 6, the effect of alternating the heterocyclic π-bridge moiety 

(thiophene vs furan) on the photophysical and electronic properties of D–π-bridge–A polymers, 

was investigated. I also investigated the effect of alternating the alkyl group side chain (linear vs 

bulky), on the photophysical and electronic properties. In the polymeric backbone, the -D- is 

naphtho difuran (NDF), and the -A- is diketopyrrolo[3,4-c]pyrrole (DPP). Steady-state absorption 

studies showed that the polymers with the furan π-bridge in the backbone displayed a favorable 

tendency of capturing more solar photons when used in a photovoltaic device. Owing to their 

higher degree of molecular planarity (obtained by quantum chemical calculation), the furan π-

bridge polymers showed a larger TPA-δ. Also, the linear side chain polymers, with better solution-

processability, showed longer fluorescence lifetime and higher TPA-δ. These suggest that the 

furan π-bridge and the linear side chain polymers will display higher charge transfer (CT) 
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tendencies in comparison to the thiophene π-bridge and the bulky side chain analogues, 

respectively. In general, it was concluded that the furan-backbone polymer is a potential substitute, 

if not a more suitable candidate, and could be used for the efficient harvesting of solar radiation 

and the conversion of excitons into separated charge carriers. 

Chapter 7 investigates the ultrafast excited states dynamics of fully and partially 

functionalized silsesquioxane cage structures for photovoltaic application. Functionalization of the 

T8 silsesquioxane (8-corner caged compounds) with several kinds of chromophoric arms have 

been long studied, alongside their steady-state optical properties.8–12 This work seeks to study the 

excited states dynamics of these fully functionalized caged compounds (Cube), alongside the study 

of its partially-functionalized derivatives – Half and Corner. Attaching a strong donor like 

dimethyl stilbene on its corners induces strong electronic and charge transfer properties. These 

properties can be altered by varying the number of chromophoric arms attached owing to inter-

chromophore coupling. Ultrafast fluorescence upconversion and femtosecond transient absorption 

spectroscopy were used to study the mechanism of excitation energy transport and the charge 

transfer property. The Half and Cube systems showed a faster excitation energy delocalization, 

and the Cube system showed a stronger intramolecular charge transfer and larger two-photon 

absorption cross section. 

 
8.2 Set of Molecular Geometry Guidelines for Structure-function Relationships  
 

Strong aggregation effects are most often observed with monomeric systems, which are 

detrimental to organic solar cell devices. In multichromophoric systems (two or more monomers 

connected via a π-bridge), aggregation effects are greatly reduced depending on their molecular 

geometry. For organic solar materials with donor–π-bridge–acceptor configuration, molecular 

geometry also plays a key role in also predicting their optically-excited properties such as charge 
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transfer and triplet production via intersystem crossing (ISC) or singlet exciton fission (SEF) 

pathway. Unfortunately, with polymers, it is difficult to control their chain length which goes on 

to alter their optically-excited properties. Hence, small multichromophoric molecules are most 

preferred because they offer much better control. 

In the literature, multichromophoric perylene diimides (PDIs) have been said to show better 

charge stabilization relative to monomeric PDI systems. In these multichromophores, efficient 

intramolecular charge transfer (CT) and electron delocalization is attributed to molecular planarity 

achieved via either ring-fusion of the donor/acceptor moiety with the π-bridge and/or the absence 

sterics. This is similar to the observed behavior of fused-ring non-fullerene electron acceptors (e.g. 

ITIC, IEIC) that have shown the highest power conversion efficiency (PCE) in organic solar cell 

devices (18%).1–3 In this dissertation, two-photon absorption and femtosecond transient absorption 

(fsTA) measurements have been used to confirm the correlation between molecular planarity and 

charge transfer in PDI multichromophores and polymers with donor–π-bridge–acceptor. Ultrafast 

photoinduced intramolecular CT have been observed with ring-fused systems (planar) relative to 

their unfused (twisted/flexible) counterpart. In these planar systems, following ultrafast CT, triplet 

production has also been observed to take place via spin-orbit CT ISC owing to strong electronic 

coupling within its backbone. With this, it is safe to conclude that molecular planarity favors 

ultrafast photoinduced CT and could lead to the production of long-lived triplet-associated charges. 

Twisted or flexible π-bridged systems show weaker electronic coupling. In my study, 

triplet production via SEF was observed in only the trimer and tetramer systems with more than 

two PDI units. However, excimer formation owing to overlapping π-π stacking and common in 

flexible π-bridged systems could impede SEF. Although SEF in PDI multichromophoric systems 

leads to the production of more charge density, the voltage of these charges could be lower owing 
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to their low triplet energy achieved by down-conversion. Therefore, it is important to continue the 

search for novel organic SEF compounds, with higher triplet energies relative to PDIs. 

 
8.3 Future Directions 
 

The measurements in this dissertation were carried out in solution phase. OPV cells are 

made in thin films. In thin films, the organic molecules are tightly packed and the interaction 

between the molecules (intermolecular) becomes important. It is therefore essential to study the 

spectroscopic behaviors of the organic materials in thin films. Solid-solid interactions must be 

considered if the complete picture of the excited state dynamics of OPV materials, following 

photoexcitation, is desired.  It is necessary to carry out characterizations of organic materials in 

solid state using the steady-state techniques, the two-photon absorption technique, and more 

importantly the femtosecond and nanosecond transient absorption techniques. 

Most of the triplet studies for OPVs are carried out using only one component of the active 

layer at a time – either only the donor or the acceptor. Given the importance of understanding the 

triplet production mechanism as it occurs in OPV device, it is therefore essential to carryout triplet 

studies with the mixture of both donor and acceptor materials. Most of the triplet studies in this 

thesis were for the acceptor macromolecule – perylene diimide. It will be important to characterize 

their triplet species in the presence of a donor polymer, just as in the active layer of the OPV 

device. The new and powerful nanosecond system installed in the Goodson lab provide researchers 

with the tools needed to be able to carry this out. With the help of the accompanying optical 

parametric oscillator (OPO), selected sample excitations can be done at any wavelength of your 

choosing in the far UV, Visible and near-IR – important excitation wavelengths for OPV systems. 

In organic photovoltaic (OPV) systems, tracking the decay of triplet species is as important 

as quantifying the amount of triplets produced from an excited singlet. Charge recombination 
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leading to the formation of triplet species is an important mechanism in organic solar materials; ae 

well as singlet exciton fission – the direct production of two triplets from one excited singlet. Two 

rigorous experiments – triplet sensitization and relative actinometry – combined together are 

carried out to quantify the singlet-to-triplet yield, each using a reference compound which has a 

known triplet extinction coefficient and triplet yield. One of the bottlenecks in these measurements 

is in choosing a suitable reference compound for the triplet energy sensitization measurement. It 

is essential to have a repository of suitable reference compounds specifically for OPV systems, 

just as was done by Murov, Carmichael and Hug in the Handbook of Photochemistry.13 Also, for 

OPV triplet studies oxygen purging is paramount to the triplet dynamics obtained. Accurately 

controlling the purging condition is vital. In the future, it will be essential to control the time to 

flow in N2 or argon (for purging oxygen) into the sample, the flow position, as well as control the 

accurate flow rate of N2 into the sample. These will ensure that for each measurement involving 

triplet species, more accurate rates,	𝑘6A',]BF (triplet decay rate),	𝑘Aw$%  (rate of reverse intersystem 

crossing),	𝑘26 (triplet energy transfer rate from D to A) are obtained.  

 Quantum theoretical calculations are becoming an essential tool in the development of new 

materials because of the rapid development in the computational technology over the years. All 

the studies in this dissertation relied on the results of some theoretical calculation such as density 

functional theory (DFT), time-dependent DFT, and restricted active space spin-flip (RAS-SF). 

These computations are limited by the size of the organic molecule; they are mostly suitable for a 

monomer or dimer, and at most a trimer system. A more rigorous computational approach will be 

required in the modeling of electronic structure of polymers, like those in Chapter 6 of this thesis 

where results past dimers are desired.  
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