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ABSTRACT 

As the global economy searches for reliable, inexpensive and environmentally friendly 

renewable energy resources, energy conservation by means of photovoltaics has seen near 

exponential growth in the last decade. Compared to state-of-the-art inorganic solar cells, organic 

photovoltaics (OPVs) composed of conjugated polymers are particularly interesting because of 

their processability, flexibility and the potential for large area devices at a reduced fabrication 

cost. It has been extensively documented that the interchain and intrachain interactions of 

conjugated polymers complicate the fundamental understanding of the optical and electronic 

properties in the solid-state (i.e. thin film active layer). These interactions are highly dependent 

on the nanoscale morphology of the solid-state material, leading to a heterogeneous morphology 

where individual conjugated polymer molecules obtain a variety of different optoelectronic 

properties. Therefore, it is of the utmost importance to fundamentally study conjugated polymer 

systems at the single molecule or nanoparticle level instead of the complex macroscopic bulk 

level. 

This dissertation research aims to develop simplified nanoparticle models that are 

representation of the nanodomains found in the solid-state material, while fundamentally 

addressing light harvesting, energy transfer and interfacial charge transfer mechanisms and their 

relationship to the electronic structure, material composition and morphology of the nanoparticle 

system. In preceding work, monofunctional doped nanoparticles (polymer-polymer) were 

fabricated with enhanced light harvesting and Fӧrster energy transfer properties by blending 

Poly[(o-phenylenevinylene)-alt-(2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] (BPPV) 

and Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) at various MEH-

PPV doping ratios. While single particle spectroscopy (SPS) reveals a broad distribution of 
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optoelectronic and photophysical properties, time-correlated single photon counting (TC-SPC) 

spectroscopy displays multiple fluorescence lifetime components for each nanoparticle 

composition, resulting from changing polymer chain morphologies and polymer-polymer 

aggregation. In addition, difunctional doped nanoparticles were fabricated by doping the 

monofunctional doped nanoparticles with PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester) 

to investigate competition between intermolecular energy transfer and interfacial charge transfer. 

Specifically, the difunctional SPS data illustrated enhanced and reduced energy transfer 

mechanisms that are dependent on the material composition of MEH-PPV and PC60BM. These 

data are indicative of changes in inter- and intrachain interactions of BPPV and MEH-PPV and 

their respective nanoscale morphologies. Together, these fundamental studies provide a thorough 

understanding of monofunctional and difunctional doped nanoparticle photophysics, necessary 

for understanding the morphological, optoelectronic and photophysical processes that can limit 

the efficiency of OPVs and provide insight for strategies aimed at improving device efficiencies.  
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SUMMARY 

The dissertation presented herein will consist of seven chapters which includes the 

introduction and background as the first two chapters and the fundamental research of broadband 

absorbing conjugated polymer nanoparticle as the last five chapters. Chapter 1 introduces the 

field organic electronic and addresses the existing limitations, in particular polymer based bulk 

heterojunction organic photovoltaics (BHJ-OPVs), while introducing the areas currently 

researched for improving the efficiency of OPVs. In turn, the motivation and specific aims of 

this dissertation will present the significance of investigating the steady-state dynamics, excited-

state decay dynamics, morphological and photophysical properties at the nanometer scale. 

Chapter 2 introduces previous single molecule spectroscopy (SMS) research of conjugated 

polymers that provides molecular level information. These molecular level properties provide 

additional motivation for simplifying the complexity of the solid state material by fundamentally 

studying a limited number of conjugated polymer chains that reside between the single molecule 

and bulk film levels (i.e. nanoparticles that resemble the nanodomains found with the active layer 

of OPVs). This chapter then describes the various methods for fabricating conjugated polymer 

nanoparticles, and their integration into biological and organic electronic applications. In 

Chapter 3 the experimental methods (i.e. preparation and instrumentation) used throughout the 

dissertation research are described. The first section includes nanoparticle preparation by means 

of a self-assembled reprecipitation method where a fullerene derivative and a low bandgap 

conjugate polymer were incorporated into the nanoparticle composition to address the need for 

efficient electron transfer and increased light harvesting capabilities. The following nanoparticle 

characterization section includes material characterization of individual nanoparticle 

compositions and, the spectroscopy instrumentation used to evaluate nanoparticles at the single 



2 

 

particle level (Single Particle Spectroscopy, SPS) and the bulk photoluminescence decay 

dynamics (Time-Correlated Single Photon Counting, TC-SPC) for a given nanoparticle 

composition. Chapter 4 focuses on the SPS analysis of broadband absorbing energy transfer 

conjugated polymer nanoparticles that are composite blends of poly[(o-phenylenevinylene)-alt-

(2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] (BPPV) and poly[2-methoxy-5-(2-

ethylhexyl-oxy)-p-phenylenevinylene] (MEH-PPV). A SPS computer algorithm was 

implemented to correct for direct excitation of MEH-PPV. These SPS data clearly reveal spectral 

variations for a given nanoparticle composition, alluding to changes in the morphology, chemical 

and structure properties of individual nanoparticles that ultimately effects the spectral and 

photophysical properties of a given broadband absorbing energy transfer nanoparticle. Moreover, 

Chapter 5 uncovers the excited-state dynamics of the broadband absorbing nanoparticles in bulk 

solution. The TC-SPC data depicts a self-assembled nanoparticle composition that consist of 

multiple emitting species, where the steady-state fluorescence and time-resolved spectroscopy 

results both illustrate an enhanced energy transfer process for two nanoparticle compositions. 

These results suggest of a composite nanoparticle with a mixed morphology of molecular-like 

and aggregate emitters. To explore the relationship between electron transfer and energy transfer 

in the composite nanoparticle and the affects that polymer chain compartmentalization has on the 

photophysical efficiency of energy transfer, the effects of [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) doping are discussed in Chapter 6. A key finding of the polymer-polymer-

fullerene blended nanoparticles demonstrates that the efficiency and rate of energy transfer for 

individual nanoparticles at the single particle level can be improved or reduced with increased 

doping levels of PCBM.   
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CHAPTER 1: SIGNIFICANCE, MOTIVATION AND SPECIFIC AIMS OF 

DISSERTATION RESEARCH 

1.1 Significance of organic photovoltaic devices 

In 1954, after several years of material and device optimization, Bell Laboratories developed 

the first silicon based solar cell that achieved conversion efficiency of approximately 6%.
1
 

Today’s consumer modules composed of amorphous and polycrystalline silicon exhibit 

efficiencies between 7-15%, while Shire recently reported a conversion efficiency of 42.3% 

using a triple junction device based on gallium arsenide.
2,3

 However, inorganic devices that 

incorporate materials such as amorphous and polycrystalline silicon, cadmium telluride, gallium 

arsenide or copper indium diselenide present two major hurdles in providing affordable 

consumer products. First, handling and recycling toxic metals such as cadmium have health and 

environmental risks. Second, on a dollar-per-watt basis, the inorganic materials and production 

costs of these devices are currently too expensive to compete with natural resources such as 

fossil fuel.  

Since the discovery and development of polyacetylene in 1977
4,5

 (for which Alan Heeger, 

Alan MacDiarmid and Hideki Shirakawa shared the Nobel Prize in chemistry in 2000), great 

progress has been made in new technologies based on conjugated polymers. These advancements 

partially revolve around the ability to synthetically tailor the electronic, magnetic and optical 

properties of semiconducting materials
6
 for specific technologies, such as organic photovoltaics 

(OPVs), organic light-emitting diodes (OLEDs) and organic field-effect transistors (OFETs),
7-9

 

which are currently being integrated into commercially available products that include flat panel 

displays, electronic skin, solar modules and complex surface shapes for consumer electronics.
10-

13
 The prototypical organic electronic devices consist primarily of  low molecular weight 
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materials and/or conjugated polymers that are deposited into thin film active layer(s). The low 

molecular weight materials are efficiently deposited by techniques such as organic vapor-phase 

deposition or supersonic molecular-beam deposition,
14,15

 while conjugated polymer thin films are 

routinely solution processed at room temperature by a number of methods including spin-

coating, roll-to-roll and inkjet printing.
16-18

 In the specific case of photovoltaic modules, these 

deposition techniques offer the possibility of reducing manufacturing costs and producing large 

area devices on flexible and lightweight substrates in comparison to inorganic photovoltaic 

devices, while still addressing international issues such as climate control, energy independence 

and environmental regulations.
7-9,19

 

1.2 Motivation of dissertation research 

The goal of developing new alternative energy sources has prompted research institutions to 

extensively study the fundamental physics associated with OPVs. These applied studies have 

generated numerous publications devoted to improving and optimizing the device performance 

(See references within Angewandte Chemie-International Edition 2008, 47, 58-77). With respect 

to the first reported conjugated polymer based photovoltaic cell in 1982,
20

 the current “gold 

standard” conversion efficiency for organic photovoltaics is 8.3%.
10

 Although these devices are 

becoming commercially available, several barriers still challenge the performance of OPVs  

(e. g., light harvesting, charge generation, dissociation, transport and recombination) in 

comparison to inorganic devices.
21

 These limitations are attributed to mixing of electron donor 

and acceptor molecules that result in a thin film active layer that exhibits complex interfacial 

energetics, interfacial interactions and nanostructured morphology due to a network of individual 

polymer chains that interact as a single entity. Subtle changes in the structural or chemical 

composition of the organic material or changes in the composition of the active layer can lead to 
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various degrees of inhomogeneous morphologies, and thus, different photophysical properties for 

the bulk thin film. Consequently, a fundamental understanding of the structure and function 

relationship of the active layer plays a significant role in the device performance, which can then 

be used to understand the functionality and properties of organic electronic devices while 

advancing and forecasting the synthetic and material design of next generation organic electronic 

devices. In other words, taking a bottom-up approach in understanding the relationship between 

morphology and photophysical properties from individual molecules to bulk films is extremely 

necessary due to the ensemble averaging of bulk measure that may produce misleading 

information.
22,23

 Unfortunately, methodologies for ascertaining these properties in thin films at 

sub-nanometer resolution (< 100 nm) are extremely limited.
24-26

 Consequently, the structural and 

optoelectronic properties at the nanometer scale or molecular-level are still complex when 

addressing the solid-state material. These issues highlight the importance of fundamentally 

understanding the morphological, photophysical and photochemical properties of individual 

molecules. For instance, single conjugated polymer molecules are characterized as alternating 

single and double bonds between adjacent carbon atoms that result in a multichromophoric 

system with a large number of quasi-localized chromophores per polymer chain, connected by 

chemical and structural defects.
22,23

 The variations in chain length and chain confirmation 

naturally result in a disordered polymer system with photophysical properties such as 

intramolecular charge and energy transfer, and electronic properties that include aggregate 

formation in the ground and excited states.
22,23,27

 On the other hand, interaction between 

neighboring polymer chains can alter the polymer chain morphology and photophysical 

properties. While these phenomena, as well as others, are extensively reviewed and provide the 

fundamental stepping stones for understanding polymer chain morphologies and chain 
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interactions, it is important to note that individual chains are not completely representative of the 

photophysical and optoelectronic properties associated with solid-state thin films.  

Accordingly, further work is needed to fundamentally understand the photophysical and 

optoelectronic properties of polymer-polymer and polymer-fullerene blended materials that are 

closely related to the domain sizes found in thin film active layers (i.e., domain sizes are 

nanoscale representations of the exciton diffusion length in two dimensions from a central 

location). Thus, the presented dissertation research in this thesis aims to simplify the bulk film by 

developing a novel conjugated polymer nanoparticle model system that studies a limited number 

of polymer chains and retains bulk thin film properties (Figure 1.1), while providing a 

fundamental insight into the morphology, optoelectronic and photophysical properties at the 

molecular and nanoscale level.  

 

Figure 1: Illustration depicting a conjugated polymer nanoparticle model system for 

simplifying the bulk film, where single nanoparticles are representative of the nanodomains 

found in the active layer of a bulk heterojunction OPV.  

1.3 Specific aims of dissertation research 

To achieve the research goals of this thesis, the fabricated conjugated polymer nanoparticles 

will be extensively studied by steady-state and time-resolved spectroscopy to gain a detailed and 
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fundamental understanding of morphology, optoelectronic properties, light harvesting, 

intermolecular energy transfer mechanism, interfacial charge transfer processes and competition 

between energy and charge transfer mechanisms. Additionally, the fluorescence spectra of 

individual nanoparticles will be studied for each composition to gain insight into the electronic, 

morphology and kinetic properties per nanoparticle per composition.  

To fundamentally address these issues, the following specific aims are proposed:  

Specific Aim 1: Fabrication and characterization of composite nanoparticles as a novel model 

system for the study of intermolecular energy transfer and interfacial charge transfer: with 

respect to bulk films, a simplified nanoparticle model system will be fabricated with different 

doping ratios of conjugated polymers and electron accepting molecules (PCBM), potentially 

creating a composite broad band absorbing nano material. 

Specific Aim 2: Fundamentally study the optoelectronic and morphological properties of pure 

and composite nanoparticles in bulk solution, and how it relates to light harvesting, energy 

transfer and interfacial charge transfer: steady-state spectroscopy will be used to gain insight 

into the optoelectronic and photophysical properties of the composite nanoparticles as a function 

of composition, electronic structure and morphology due to changes in the UV-vis and 

fluorescence spectra. Quantitatively, the measured fluorescence spectra will yield rates of energy 

transfer and interfacial charge transfer. 

Specific Aim 3: To gain insight into excited-state dynamics of pure and composite nanoparticles 

due to structural and photophysical processes such as energy traps, recombination, exciton 

dissociation and energy transfer: the excited-state dynamics of the nanoparticles will be studied 

by time-correlated single photon counting (TC-SPC) as a function of excitation and emission 
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wavelengths. Variations in the portion(s) of emitting specie(s), their molecular environment, or 

both will be indicative by changes in the fluorescence decay profiles as a function of 

nanoparticle composition. These data will be directly correlated to Specific Aim 2. 

Specific Aim 4: To gain insight into the optoelectronic and morphological properties of 

individual nanoparticles as a function of doping composition, and how these properties affect the 

energy transfer efficiencies, rates of energy transfer and rates of interfacial charge transfer: 

fluorescence spectra of individual nanoparticles will be measured with the optical resolution of 

single particle spectroscopy (SPS) in a device environment similar to OPVs to uncover any 

distributions of optoelectronic properties, morphologies or photophysical processes as a function 

of composition that remain masked in the bulk measurements. These results will be directly 

correlated to Specific Aim 2.  
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CHAPTER 2: BACKGROUND OF DISSERTATION RESEARCH 

2.1 Principles of bulk heterojunction solar cells 

To address the global need for renewable green energy resources, organic photovoltaic 

devices (OPVs) are one of the most promising candidates for mobile solar power generation as 

they are capable of providing large area substrates with flexible and lightweight material 

characteristics. Regardless of the material design or device architecture, the basic mechanism for 

converting photogenerated excitons into an energy conversion process involves a four-step 

process. As illustrated in Figure 2, donor-acceptor materials are sandwiched between a respective 

anode and cathode exhibiting different work function to promote the charge transport of free 

charge carriers. 

 

Figure 2: Schematic illustrating the basic four-step principle of OPVs: 1) charge generation, 

2) exciton migration, 3) charge dissociation and 4) charge transport and collection. Reprinted 

from Account Chemical Research 2009, 42, 11, 1740-1479. 

During light absorption (primarily in the organic layer consisting of conjugated polymers), 

bound electron-hole pairs or excitons are formed by promoting an electron from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) level 
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(Step 1). To obtain charge dissociation at the donor-acceptor interface (Step 3), the exciton must 

migrate to the interface where the two materials differ in electron affinity and ionization potential 

(Step 2). Once an energetically favored charge separated state materializes, the different work 

functions of the electrodes create an internal electric field that leads to charge transport of 

electrons and holes to their respective electrodes (Step 4). However, to achieve these 

fundamental physical processes, appropriate material design and morphology optimization is 

required for an ideal active layer.  

Unlike free charge carrier generation of inorganic materials, the low dielectric constant of 

conjugated polymers results in a coulombic bound electron-hole pair or exciton.
28

 Therefore, to 

achieve efficient exciton dissociation in OPVs, material with high electron affinity
29

 such as, but 

not limited to, other conjugated polymers and small molecules are needed. To date, the most 

efficient electron accepting materials for OPVs are fullerene derivatives,
11

 while recent reports 

have shown increase conversion efficiency with next generation conjugated polymers.
30,31

 

Consequently, these donor-acceptor organic layers must be integrated into the device 

architecture. Different architectures (bilayer and bulk heterojunction) have been adopted to 

maximize the interfacial area for achieving the most efficient exciton dissociation while 

minimizing the distance required for the exciton to reach such an interface. The major advantage 

of developing blended bulk heterojunction over bilayer devices is the ability to harvest more 

solar energy at appropriate film thickness (> 100 nm),
21

 while promoting the maximum charge 

dissociation at interfaces that will contribute to the OPV’s photocurrent. The illustration in 

Figure 3 displays a typically bulk heterojunction architecture of donor and acceptor molecules 

randomly mixed in a thin film active layer, which leads to bicontinuous percolated network for 

better charge dissociation and charge mobility/transport. 
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Figure 3: Schematic illustrating a blended donor-acceptor active layer typically found in bulk 

heterojunction OPVs. The enlarged depictions of the active layer illustrates conjugated polymer 

and fullerene domains and grain boundaries, where the bicontinuous percolated network provide 

enhanced interfacial areas for exciton dissociation and charge transport.  

2.2 Single molecule effect: removing the ensemble-averaging effect of bulk 

measurement by single molecule spectroscopy 

Conjugated polymers are characterized as ridged polymeric chains with extensive π-electron 

conjugation (i.e., alternating single and double bonds). In dilute solution, polymers in the PPV 

family can be considered as an ensemble of quasi-localized chromophores of various lengths, 

resulting from physical defects (i.e., bending and kinking) along the polymer backbone that does 

not allow complete delocalization of π-electrons.
32-34

 On average, an individual chromophore 

consists of seven repeat units.
35

 This results in various chromophoric lengths per polymer chain 

that is indicative of the broad structureless absorption spectrum of conjugated polymers (Figure 
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3a). Since the chromophores are electronically coupled though the strong σ-bond network of the 

polymer backbone,
31

 subtle changes in the polymer confirmation can alter the optical and 

photophysical properties of conjugated polymers.
36,37

 These interacting chromophores lead to 

interchain or intrachain energy transfer
38-40

 along the polymer chain to limited number of 

emissive low energy chromophores that results in a narrow and vibronically structured 

fluorescence spectrum (Figure 3a). This unique photophysical process arise primary through an 

intermolecular Fӧrster mechanism, which has been supported by quantum mechanics, time-

resolved spectroscopy and single molecule spectroscopy.
22,31,39-43

 While solid-state films are 

recognized to retain some degree of the polymer confirmation that is observed in bulk solution 

during film casting,
44

 the difference in the vibronic structure and spectral shift of the solid-state 

films displayed in Figure 3a indicate that the confirmation structure changes during solvent 

evaporation. Consequently, aggregation in solid-state films remains controversial because of the 

broad distribution of morphologies and heterogeneity at the nanoscale, which remains virtually 

impossible to study on the macro scale due to an ensemble-averaging effect of traditional 

spectroscopy methods.  

With the advent of single molecule spectroscopy (SMS), the nature of aggregation, 

morphology, specific roles of interchain and intrachain interactions and photophysical dynamics 

of isolated molecules could be studied. In 1997, Vanden Bout et al. published a unique SMS 

study on a PPV copolymer derivative isolated at room temperature in an inert polystyrene 

matrix. These investigators observed two key phenomena. First, polymer molecules displayed 

single-step photobleaching that is commonly observed in small molecules. Second, polymer 

molecules exhibited fluorescence intermittency (i.e., blinking) to different and discrete energy 

levels. While the former was postulated to arise from defect sites along the polymer chain that 
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ultimately quench excitations, the authors postulated that intramolecular energy migration to 

photogenerated defect sites temporarily quench the fluorescence of the latter phenomena.
45

 

Gesquiere et al. later demonstrated that the quenching process is reversible using Fluorescence-

Voltage/Single Molecule Spectroscopy (F-V/SMS).
46

 Hues et al. successfully demonstrated that 

the chain confirmation of MEH-PPV molecules could be solvent controlled, while exhibiting 

distinct single molecule fluorescence spectra when prepared in different solvent qualities.
47,48

 In 

a good solvent such as chloroform, the polymer conformation is extended with minimal 

interaction between chromophore segments and emit independently. This extended confirmation 

leads to higher emission energies (Figure 4b, blue histogram) and continuous bleaching of the 

fluorescence intensity projections (Figure 4c, right transient), while exhibiting a low degree of 

polarization. In a poor solvent such as toluene, the polymer confirmation collapses and exhibits 

efficient exciton funneling to low energy sites (Figure 4b, red histogram) that results in 

fluorescence blinking (Figure 4c, left transient) and broad distribution of polarization ratios. 
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Figure 4 a) Normalized absorption and fluorescence spectra of MEH-PPV solutions and thin 

films in different solvents: chlorobenzene (blue), chloroform (green) and toluene (blue). 

Reprinted from J. Phys. Chem. Lett. 2011, 2, 1520-1525. b) Ensemble distribution of single 

MEH-PPV molecules fluorescence emission maxima displaying a bimodal distribution, 

indicating that MEH-PPV molecules exhibit two different types of polymer confirmations. This 

figure was adopted from Science 2000, 289, 5483, 1327-1330. c) Single molecules fluorescence 

transients of MEH-PPV. Left) Fluorescence intermittency (blinking) of a collapsed chain 

confirmation that results from intramolecular energy transfer to a quenching site. Right) 

Extended chain confirmation that displays continuous photobleaching that results from limited 

interactions with between chromophore segments. Reprinted from J. Phys. Chem. B 2008, 112, 

12575. 
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By studying individual MEH-PPV molecules at low temperatures (20K), Yu et al. obtained a 

better understanding of the emission spectra due to the high resolution of the vibronic bands.
49

 

These studies revealed a bimodal distribution of low energy red sites and high energy blue sites. 

Compared to SMS at room temperature, these data imply that the SMS at low temperature result 

from either single chromophores (blue) or multiple chromophores (red). The red site emission is 

thought to occur through efficient energy transfer from blue to red chromophores, whereas the 

low energy red sites act as energy acceptors due to intramolecular contact along the polymer 

chain or from long chromophore segments.
22,50,51

 In fact, the excited state dynamics of 

conjugated polymers has been investigated by SMS. Specifically, through the studies conducted 

by Barbara et al. the following phenomena are better understood: i) intermolecular energy 

transfer by means of singlet excitons, ii) singlet excitons quenching by triplet excitons through 

Fӧrster energy transfer and iii) the decay of triplet exciton through triplet-triplet annihilation.
52-54

 

In addition, Monte Carlo simulation and polarization data was further used to support the 

structural confirmations of single polymer chains
55

 that exhibit slight variations in the SMS 

emission maxima (Figure 4b).
38,49

These simulation studies predicted two distinct confirmations 

i) collapsed and ordered structure called a defect cylinder (Figure 4c, left cartoon) and ii) an 

extended structure connected through defects called a defect coil (Figure 4c, right cartoon). 

2.3 Issues of broadband absorption and morphology in bulk heterojunction solar 

cells 

Despite recent improvements in OPV power conversion efficiency, the current limitation for 

global marketing still remains the limited lifetime of the device and the low power conversion 

efficiency. One of the primary bottlenecks of OPVs surrounds the limited light harvesting ability 

of the organic materials used in the solid-state films. Figure 5 illustrates the standard AM 1.5 
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solar spectrum and the absorption spectrum of several organic materials that are commonly used 

in OPVs,
56

 depicting that the maximum spectral flux of the solar spectrum resides between 700 - 

900 nm. Due to the large band gap (>2 eV or 620 nm) of these organic materials as well as 

others, only a small portion of the terrestrial solar irradiation can be absorbed (~ 30%)
57

whereas 

materials with band gaps of 1.1 eV (1,100 nm) can absorb 77% of the solar irradiation.
57

 

Therefore, the light harvesting ability of OPVs must be enhanced by synthetically tailoring 

organic materials and/or incorporating energy transfer cascades into the solid-state films. 

 

Figure 5: Depicts the standard AM 1.5 solar spectrum (red) and several organic thin film 

absorption spectrum (black). The absorption spectra are expressed in term of absorption 

coefficient. This figure was adopted from Chemical Review 2007, 107, 1324-1338. 

The development of low band gap polymers is one approach for improving the spectral 

coverage of OPVs,
58-60

 but there are several considerations that must be taken into account when 

designing the appropriate polymer. First, for exciton separation and charge generation, a 

minimum energy different (0.3 eV) between the LUMO of the donor and acceptor is required. 



17 

 

Previous reports have demonstrated that lowering the band gap of the donor can lead to a 

decrease in open circuit voltage (i.e., the difference between the HOMO of the polymer and 

LUMO of the acceptor) with respect to a constant acceptor LUMO level (e.g., PCBM; LUMO = 

-4.2 eV), which makes the polymer inefficient for power conversion.
21,56,61

 Second, despite the 

paradox of synthetically engineering low band gap polymers, the active layer’s morphology must 

be optimized with bicontinuous pathways that include large interfacial regions, suitable domain 

sizes and domain ordering for exciton generation, charge separation and diffusion and fast charge 

transport, respectively. For example, the low charge mobility of PCPDTBT (poly[2,6-(4,4-bis-

(2-ethylhexyl)-4H- cyclopenta[2,1-b;3,4-b’]dithiophene-alt-4,7-(2,1,3-benzothiadiazole) only 

produces a power conversion efficiency of ~ 3.0% even with the large photocurrent response.
62

 

However, there are recent reports of low band gap polymer such as PTB-7 (poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]) and PCDTBT (poly [[9-(1-octylnonyl)-9H-

carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]) that 

display great enhancement in the polymer conversion efficiency of OPVs.
63-65

  

Another approach to increasing the spectral coverage of a binary bulk heterojunction system 

is to dope the active layer with a third organic component that provides a complementary 

absorption range (e.g., near infrared). Several groups have incorporated dyes such as porphyries 

and phthalocyanines into the polymer-fullerene system.
66-72

 In these ternary systems, the choice 

of organic dye can improve or reduce the overall performance of the photovoltaic device. A 

behavior attributed to morphological changes in the solid-state film due to dye aggregation. As 

expected, the photocurrent spectrum extends to longer wavelengths for dye doped OPV devices 

with improved performance. Transient absorption spectroscopy reveals that the dye undergoes 
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electron transfer to a PCBM molecule, followed by hole transfer to a P3HT molecule and the 

charges are then transported though the percolated pathways of P3HT and PCBM. This implies 

that the dye molecules are located at the donor/acceptor interface, as illustrated in Figure 6a. 

Perhaps more interesting is a recent P3HT:PCBM:dye bulk heterojunction study by Ohkita et al., 

which observed similar photophysical mechanism (i.e. energetically favorable energy level align 

between the ternary components, Figure 6b) and interfacial dye coverage, but describes the 

enhanced photocurrent of P3HT and dye to efficient light harvesting due to energy transfer from 

P3HT to dye molecules.
70,71

 In addition, a similar approach was taken by incorporating the low 

band gap polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H- cyclopenta[2,1-b;3,4-b’]dithiophene-alt-

4,7-(2,1,3-benzothiadiazole) (PCPDTBT) into a P3HT:PCBM bulk heterojunction system.
73

 

Koppe et al. outlines the critical importance of reducing bimolecular recombination and aligning 

the energy level of the low band gap polymer for cascade of different energetically favorable 

electron and hole transfer pathways,
73

 as shown in Figure 6c. 
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Figure 6: Illustrates the competition between energy transfer and charge transfer in 

P3HT:PCBM bulk heterojunction OPVs that are doped with small molecules and low band gap 

polymers. a) bulk heterojunction illustration that depicts percolated pathways of P3HT and 

PCBM where dye molecules are located at the donor/acceptor interface and b-c) energy level 

align between the ternary components that depicts energetically favorable processes. These 

figures are reprinted from Journal of Physical Chemistry C 2011, 115, 11306-11317,  Acs 

Applied Materials & Interfaces 2009, 1, 804-810 and Advanced Functional Materials 

2010, 20, 338-346.  
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CHAPTER 3: EXPERIMENTAL METHODS 

3.1 Nanoparticle Preparation 

Poly[(o-phenylenevinylene)-alt-(2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] 

(BPPV), poly[2-methoxy-5-(2-ethylhexyl-oxy)-p-phenylenevinylene] (MEH-PPV, Mn =  

~ 200,000; PDI = ~ 5) and 1-(3-methoxycarbonylpropyl)-1-phenyl-[6.6]C61 (PCBM) were 

purchased from Sigma Aldrich. PTB7 was purchased from 1-Materials. Chemical structures are 

provided in Figure 7. BPPV and PTB7 were used as received, while MEH-PPV was purified in a 

hot acetone wash before use. The number average molecular weight and polydispersity index 

were measured as 1,575 and 1.4, and 377,000 and 2.45 for BPPV and MEH-PPV, respectively, 

by gel permeation chromatography (GPC) equipped with in-line refractive index and light 

scattering detectors and a tetrahydrofuran (THF) mobile phase. All molecular solutions were 

dissolved in anhydrous THF (EMD, Inhibitor free, DriSolve
©

) purchased from VWR. 

 

Figure 7: Chemical structures of BPPV, MEH-PPV, PTB7 and PCBM 
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A modified reprecipitation method, initially developed by Nakanishi and co-workers
74

, was 

used to fabricate doped and undoped nanoparticles (Figure 8). In this solution processing 

technique, conjugated polymers or dyes were dissolved in a “good” organic solvent (i.e., THF), 

and rapidly injected into a miscible solvent system (i.e., water or cyclohexane) that attacked as a 

“poor” solvent to the solute. As a result, the solute underwent supersaturation, nucleation and 

growth to form nanoparticles.
75

 The repulsive electrostatic forces between nanoparticles of 

similar surface charges yielded dispersed nanoparticle suspensions in aqueous solution (which 

are stable for several months)
76

 The empirical surface charge on the nanoparticle resulted from 

two dielectric materials in close contact that undergo electrostatic charge separation. According 

to Coehn’s rule,
77

 the substance with the lowest dielectric constant will receive a negative charge 

while the other receives a positive charge. In the case of MEH-PPV nanoparticles dispersed in 

water, negative charges should have formed around the nanoparticle since the relative dielectric 

constant of MEH-PPV (3.0) is much less than that of water (80). Zeta potential measurements 

verified the repulsive electrostatic interaction of the dispersed nanoparticles in aqueous solution 

due to the negative surface charge. BPPV and MEH-PPV exhibited zeta potentials of -11 mV 

and -15 mV, respectively. 

The fabrication method entailed a 100 mg/L molecular solution of BPPV or MEH-PPV 

dissolved in THF, where 1 mL was rapidly injected into 4 mL of deionized water while stirring 

at 1,000 rpm. For doped composite nanoparticles, the weight average molecular weights of 

BPPV and MEH-PPV were used to dope BPPV according to weight percent (wt%). To 

qualitatively verify that nanoparticles would be formed after flash injection, an external 

ultraviolent lamp (365 nm) was used to excite the molecular solutions and nanoparticle 

suspension. The molecular solutions depicted before injection (Figure 8, bottom left) display a 
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subtle color variation, while the nanoparticle suspension (Figure 8, bottom right) displays 

emission colors from blue to red. This observation is indicative of intermolecular Fӧrster 

Resonant Energy Transfer (FRET) process. When the composite molecular solutions were doped 

with PCBM, the doping wt% was expressed in terms of total mass (mTotal (g) = mBPPV + mMEH-

PPV). Compared to the two component composite systems, the three component systems (BPPV-

MEHPPV-PTB7) were doped by the composite absorption spectrum mimicking the solar 

spectrum. 

 

Figure 8: Schematic illustrating the modified reprecipitation method that involves rapid 

injection of an organic material in a “good” solvent into a miscible solvent that acts as a “poor” 

solvent system for the organic materials. The bottom left and right images illustrate the emission 

color of molecular solutions and nanoparticle suspension from an external ultraviolent light 

source.  

For single particle studies, glass coverslips (No.1) substrates were pre-cleaned by two 

methods before sealing the samples from oxygen by metal deposition. First, the coverslips were 
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cleaned with acetone (EMD, OmniSolve
©

), 10% w/v sodium hydroxide (NaOH, Sigma Aldrich, 

99.9%) and deionized water (Millipore, 18MΩ) using ultrasonication. The coverslips were then 

dried with nitrogen and UV-ozone cleaned for 15 minutes. Nanoparticle suspensions were 

diluted in 4% w/v poly(vinyl alcohol) (PVA, Mn = 30,000 - 70,000), and spin-coated onto the 

pre-cleaned coverslips at 2,000 rpm for 1 minute. An additional layer of PVA was spin-coated on 

top of the nanoparticle/PVA film to protect the integrity of the nanoparticles during thermal 

evaporation. The single particle samples were placed inside an MBraun (< 0.1 ppm O2;  

< 0.1 ppm H2O) glove box containing a thermal evaporator, and 100 nm gold film (Cerac Inc., 

99.9%) was deposited on the surface using R.D. Mathis tungsten boat sources at a rate of 1 Å/s. 

3.2 Nanoparticle Characterization 

3.2.1 Material characterization of pure (undoped) and composite (doped) nanoparticles 

Material characterization was performed on all nanoparticle suspensions by dynamic light 

scattering (DLS, data not shown), low resolution transmission electron microscopy (TEM, Insert 

in Figure 9) and scanning electron microscopy (SEM, Figure 9). A Precision Detector 2000 

Dynamic Light Scattering apparatus collected the average diameter over three trials acquiring 

thirty data points per trial maintaining a 20 °C working temperature. TEM experiments were 

performed using a JOEL JEM-1011. The TEM samples were prepared initially by casting a poly-

lysine (PDL) film on a 400 mesh copper grid (Electron Microscopy Sciences, FCF400) and 

vacuum drying for 15 minutes, followed by drop casting the net nanoparticle suspensions onto 

the PDL coated grid and vacuum drying for 15 minutes. SEM experiments were performed using 

a Zeiss Ultra-55 microscope. SEM samples were prepared by drop casting the net nanoparticle 

suspension onto a clean silicon wafer and vacuum drying for 15 minutes. SEM and TEM 

analysis was performed on more than 100 nanoparticles per composition where the well contrast 
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image result from the electron rich nature of several hundred conjugated polymer molecules 

densely packed into a quasi-spherical shape. The nanoparticle diameters of individual 

compositions are summarized in Table 1, which resulted in average DLS, TEM and SEM 

diameters of 37.1 ± 1.2, 36.7 ± 8.9 and 38.2 ± 6.6 nm, respectively. 

Table 1: Material characterization of undoped and doped nanoparticles 
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Figure 9: Material characterization of undoped and doped nanoparticle suspensions by SEM 

and TEM (insert) depicting quasi-spherical shapes with diameters of ~ 37 nm. Scale bar 

represents 100 nm. 

3.2.2 Uv-vis and Fluorescence Spectroscopy 

Bulk spectroscopy was performed in a 1 cm path length quartz cuvette. Absorption 

spectra were obtained with a Varian Cary 300 Bio UV–vis scanning spectrometer or Agilent 

8543 photoarray spectrometer. Emission spectra were then obtained with a Nanolog
TM

 Horiba 

Jobin Yvon fluorometer using excitation wavelengths of 350 and 488 nm. Excitation and 

emission slit widths for molecular solutions were held constant at 0.25 nm, while the slit widths 

were increased to 3 nm for nanoparticle suspensions. 
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3.2.3 Single Particle Spectroscopy (SPS) 

Optically, a home-built scanning confocal microscope (Figure 10) was constructed 

around an inverted Zeiss Axiovert 200. Collimated laser light from a 375 nm diode laser 

(PicoQuant, LDH-P-C-375) or 488 nm laser line from an argon-ion laser (Melles Griot, 43 

series) was cleaned by its respective interference filter (Semrock, LD01-375 or Chroma, 488IF), 

sent through the back port, reflected by a appropriate dichroic mirror (Chroma, z375dcr or 

495dclp) and focused to the sample surface with a diffraction limited spot size of ~ 300nm using 

a Zeiss 100x Fluar objective lens (NA 1.3, WD 0.17 mm). The samples were placed on a 

NanoLP1000 piezoelectric stage (Mad City Labs), and raster-scanned utilizing home-

programmed LabView software. Before being diverted to an avalanche photodiode (PerkinElmer 

SPCM-AQR-14) for fluorescent imaging, the emitted photons were collected by the objective 

lens, transmitted through the dichroic mirror and filtered through the respective Raman edge 

filter (Chroma, 458REF or 488REF). Single particle fluorescent spectra were obtained by using a 

PI Acton SP-2156 spectrograph with the grating centered at 600 nm (150 g/mm blaze: 500 nm) 

which was coupled to a thermoelectrically cooled Andor iXon electron multiplying charge 

coupled device (EMCCD, EM+ DU-897 BI). After subtracting the background, the single 

particle spectra were averaged over three frames with an acquisition time of 10 s per frame 

(unless otherwise noted) to reduce the single-to-noise ratio. For each composition, more than 

>100 nanoparticles were studied. 

http://www.semrock.com/Catalog/Detail.aspx?FilterPartID=5&CategoryID=76
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Figure 10: Schematic illustrating the optical setup for the home-built single particle 

spectroscopy imaging system described in Section 3.2.3. 

Data analysis was performed on a MatLab interface with a home-programmed computer 

algorithm previously modeled by Chen and co-workers,
78,79

 unless otherwise noted. The 

algorithm assessed the acceptor spectral bleedthrough (ASBT) which resembled the uncorrected 

FRET spectrum (sFRET). This phenomenon occurred from direct excitation of the acceptor 

molecules at the donor excitation wavelength. The assumption was made that the correction data 

donor-acceptor pair under donor excitation (DA@D), donor-acceptor pair under acceptor 

excitation (DA@A), acceptor only under donor excitation (A@D), and acceptor only under 

acceptor excitation (A@A) are organized in sequential order according to the excitation 

wavelength data array, and the donor-acceptor pairs at the respective excitation wavelength for a 

given composition display similar fluorescent intensities (i.e., similar radiative rates). 

Additionally, a constant acceptor-only ratio was applied to the unmixed FRET spectra to obtain 

the ASBT spectrum for a given doping level. This constant ratio was justified by the constant 
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quantum efficiency of the Andor iXon EMCCD over the visible spectrum;
79

 as expected, the 

ratio decreased when the doping level of MEH-PPV was reduced.  

Experimentally, a sequence of confocal images and single particle spectrum were required to 

remove ASBT spectrum from the composite nanoparticles sFRET. DA@D and A@D were 

excited at 55 nW, while DA@A and A@A varied from 3.5 to 16.5 nW with respect to a 

decreasing in the doping concentration. For example, the 50 wt% nanoparticles line scan image 

depicted in Figure 1b was scanned with 375 nm excitation source at 55 nW (DA@D). Spectra of 

individual nanoparticles were acquired, providing the uncorrected FRET ensemble spectrum. 

The same area was then scanned with a 488 nm laser source at 3.5 nW (DA@A). Spectra of 

individual nanoparticles were acquired, resulting in a DA@A ensemble spectrum with similar 

fluorescent counts as DA@D. The undoped MEH-PPV nanoparticles were then excited with the 

identical laser source and power as the donor-acceptor pair to obtain A@D and A@A, 

respectively. This systematic protocol was performed on each nanoparticle composition before 

administering computer algorithm. 

3.2.4 Time-Correlated Single Photon Counting (TC-SPC) 

Time-domain and frequency-domain (phase-shift) spectroscopy are widely used strategies for 

measuring excited state processes such as fluorescent lifetimes, radiative and nonradiative rates, 

and rates of energy transfer. These spectroscopy methods have been applied to a broad spectrum 

of biological and materials based research, and have been extensively reviewed.
80-83

 In this work, 

a time-domain technique, time-correlated single photon counting (TCSPC), was selected to 

resolve photoluminescent decay profiles in the nanosecond to picoseconds time range. TCSPC 

offers high time resolution for analysis of complex excited state dynamics by exciting a sample 

using high repetition rate mode-locked picoseconds or femtosecond lasers that deliver a pulse 
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width preferably shorter than the sample decay time, such as pulse diode laser or titanium 

sapphire laser. Photomultipliers or avalanche photodiodes were used to record the time-

dependent intensity,     , distribution of emitted photons following pulse excitation, resulting in 

start-stop timing events. With periodic repetitive rates of the pulse excitation source, single 

photon counting events were constructed into histograms over several cycles. Construction of the 

PL decay profile, for example, is illustrated in Figure 11. TCSPC electronics measure the time 

difference between the excitation pulse and fluorescent photon (Figure 11, top), and store single 

photon counting events for a corresponding time channel in a histogram (Figure 11, bottom). 

Additionally, TCSPC methodology is conditioned so the detection efficiency of a single photon 

is less than one per laser pulse. This is depicted in the middle panel of the electronic output in 

Figure 11.  
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Figure 11: Schematics illustrating the method of constructing TCSPC histograms. Top) 

depicts the start-stop timing events of single photons. Middle) illustrates the output from a 

constant fraction discriminator. Bottom) a histogram illustration of the photon distribution per 

unit time for photoluminescent lifetime decay profile. Reprinted from Principles of Fluorescence, 

3
rd

 ed. 

These constructed histograms are representative of a single decay profile, where the 

photoluminescent lifetime is calculated by the slope of the decay curve using the exponential 

decay function expressed in Equation 1, 
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where   represents the number of exponential decay functions used in the fitting procedure,    

represents the amplitudes of the individual exponential decay components used in the fitting 

procedure at   = 0, and    is the decay time of individual exponential decay component  . For 

multi-exponential PL decays, the weighted amplitude contributions (  ) of the individual lifetime 

components and the amplitude-averaged decay times were calculated by Equations 2 and 3, 

respectively, 

                      

                       

where      is the area under the decay curve for each component. 

PL decay profiles for undoped MEH-PPV nanoparticles, obtained from TCSPC method 

described below, are shown in Figure 6 with single and multi-exponential fitting functions. The 

intensity decays were measured through a polarizer orientated at 54.7° from the z-axis (i.e., 

magic angle) to avoid effects of rotational diffusion and/or anisotropy. Assessing the fitting 

quality for single and double exponential functions in Figures 12 a-b, the χ
2
 values were 

significantly larger than 1.2 with the autocorrelation function displaying large random 

distribution around zero. These fits should be rejected. Moreover, the use of three exponential 

fitting functions display a χ
2
 value of 0.95 with the values of the autocorrelation function were 

small and distributed randomly around zero. This fitting quality is indicative of a good fit. It 
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should be noted that the minimal fluorescent lifetime detected by TCSPC is not limited by the 

IRF. The photoluminescent decays are modeled with an exponential decay function by iterative 

reconvolution of the IRF, where lifetimes of approximately 20% of the IRF width can be 

obtained. With a 45ps IRF, our data is limited to resolving a lifetime decay of ~ 10 ps. 

 

Figure 12: Assessment of the fitting quality for a nanoparticle suspension with single and 

multi-exponential functions. a-b) single and double exponential fitting functions display poor 

fitting quality with χ2 value larger than 1.2 and autocorrelation functions with large random 

distributions around zero. c) triple exponential fitting function showing an autocorrelation 

function of a good fit with a χ2 value < 1.2. 
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Optically, TCSPC was performed with a FluoroTime 200 spectrometer (Picoquant) equipped 

with a monochromator, microchannel-plate photomultiplier (Hamamatsu) and a PicoHarp 300 

TCSPC analyzer, in combination with a 375 or 490 nm output of a frequency-doubled 

Ti:Sapphire laser system (NewPort Spectra Physics, Tsunami, 85 fs pulse width, 80 MHz 

repetition rate) to collect photoluminescent decays. FluoroFit Professional Software (Picoquant 

GmbH, Germany) was used to estimate lifetimes by iterative reconvolution of an average 

instrument response function of 45 ps with a three exponential model function. Lifetime fits were 

judged according to literature methodologies,
84

 and weighted amplitudes were calculated to 

describe the lifetime contribution of the photoluminescent lifetime components. 
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CHAPTER 4: CHARACTERIZATION OF BROADBAND ABSORBING 

CONJUGATED POLYMER NANOPARTICLES BY SINGLE PARTICLE 

SPECTROSCOPY (SPS) 

4.1 Introduction 

Semiconducting polymers have evolved into a vital component of the active layer found 

within organic electronic devices such as organic field-effect transistors (OFETs), polymer light 

emitting diodes (PLEDs), and organic photovoltaic (OPVs).
14,56,85

 Organic semiconducting 

polymer materials exhibit remarkable electrical conductivity resulting from the electronic 

delocalization within the polymer, and allow for flexible synthetic methodologies in material 

design. In the case of PLEDs, controlling the electrical properties and emission color has been 

achieved by solution processing of blended binary conjugated polymer composites through 

various energy level alignment schemes and small molecule doping. Blending fractions of low-

band gap dopant material with a high-band gap material, for example, has lead to single emitting 

LEDs and white-LEDs.
30,86-94

 In the field of OPVs, to date power conversion efficiencies over 8-

9% have been achieved in single layer bulk heterojunctions,
64

 while polymer blends have 

achieved power conversion efficiencies of ~2%.
95,96

 For these applications, it has been well-

established that conjugated polymer chain morphology and interchain interactions greatly 

influence the optoelectronic properties of the resulting active materials, and consequently, the 

performance of these organic devices.
21,92,97-99

   

Single molecule spectroscopy (SMS) has proven too been a vital tool in understanding the 

optoelectronic properties of conjugated polymers by uncovering phenomena such as fluorescence 

intensity intermittency and effects of solvent on polymer chain morphology, which led to the 

discovery of rapid and efficient energy funneling to low energy chromophores.
47,49,100

 
38,45

 

Although the use of SMS has proven to be hugely successful in uncovering the fundamental 
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optoelectronic properties of single conjugated polymers and has shown that even single chains 

exhibit some degree of bulk-like properties, the complex and heterogeneous nature of a bulk thin 

film in terms of nanoscale optical and electronic interactions, and phase separation into domains, 

is insufficiently represented. Unfortunately, direct measurements of these properties at the 

nanoscale in bulk films has proven challenging in the past.
101

 While alternative approaches such 

as atomic force and electron microscopy were previously used to characterize and study the 

evolution of nanoscale morphology (i.e. a few domains) in polymer-fullerene bulk films on a 

length scale less than 100 nm,
98,99,102,103

 techniques such as scanning transmission x-ray 

microscopy (STXM) and femtosecond transient absorption spectroscopy were recently used to 

map the nanoscale morphology of polymer-polymer bulk films on the length scale of ~30 to sub-

10 nm, respectively.
104,105

 Alternatively, our group
106-111

 and others
100,112-115

 have recently 

proposed and explored the use of conjugated polymer nanoparticles as model systems for the 

study of polymer chain interactions, polymer chain morphology and photophysical processes at 

the nanoscale by single particle spectroscopy (SPS). With this approach, conjugated polymer 

nanoparticles have been shown to be representative of nanoscale cross-sections of bulk materials, 

consisting of a limited number of molecules while maintaining the functionality of the bulk 

material. The limited number of molecules in the nanoparticles still allows for analysis of the 

morphology of polymer chains, resulting in a simplified system that can relate the material 

functionality to the molecular level.  

 

While recent SPS studies have determined the morphology and polymer chain interactions in 

composite polymer-fullerene systems, 
106-111

 blended nanoparticle systems with broad absorption 

regions and tunable emission colors are primarily characterized by the quenching efficiency of 
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the acceptor molecules in bulk solution.
116-118

 For example, conjugated polymers nanoparticles 

doped with photochromic dyes and metalloporphyrins have recently been explored. Harbron et 

al. demonstrated energy transfer quenching of MEH-PPV nanoparticles doped under ultraviolent 

irradiation with a photochromic spiroxamzine dye.
119

 Wu et al. incorporated metalloporphyrins 

into polyfluorene nanoparticles that resulted in oxygen sensing by phosphorescence 

quenching.
120

 In addition, conjugated polymers nanoparticles provide additional strategies for 

developing biological probes. In comparison to conventional dyes, fluorescent proteins and 

semiconducting quantum dots, these nanoparticles offer size tunability with high fluorescence 

emission and rates, photostability and negligible fluorescence intermittency, one and two photon 

absorption capabilities and cellular uptake.
120-122

  

However, the effects polymer-polymer interaction have on the optoelectronic and 

photophysical properties in blended conjugated polymer nanoparticles, has not, to the best of 

our knowledge, been considered or investigated on a single particle basis.. As a result, a new 

insight into the nanoscale morphology, optoelectronic, and photophysical processes of composite 

broad band absorbing conjugated polymer nanoparticles is validated by the results presented 

within this paper. By blending the broad and featureless absorption spectra of two 

semiconducting polymers, poly[(o-phenylenevinylene)-alt-(2-methoxy-5-(2-ethylhexyloxy)-p-

phenylenevinylene)] (BPPV, Top Left in Figure 13) and poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV, Top Right in Figure 13), the spectral coverage of the 

composite nanoparticles was extended from the ultraviolent region to 600nm. Material 

characterization indicates that the nanoparticles are quasi-spherical in shape, which exhibit 

remarkable emission tunability through an intermolecular Förster Resonance Energy Transfer 

(FRET) mechanism by simply varying the molecular fraction of quencher. While the steady-state 
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spectroscopy data indicates that the broad band absorbing nanoparticles consists of band gap 

changes and physical changes (e.g., polymer chain folding and chain-chain stacking), it conceals 

a distributions of photophysical processes and spectral shapes for a given nanoparticle 

composition at the single particle level. Specifically, the SPS data displays decreasing energy 

transfer properties (i.e. efficiencies and rates), spectral shifting and a bimodal distribution in the 

emission maximum of the single particle spectra with respect to lower dopant concentrations. 

These data imply that individual nanoparticles of a given composition consist of different 

BPPV:MEH-PPV doping ratios and/or heterogeneous arrangement of BPPV and MEH-PPV 

molecules per nanoparticle. 

 

Figure 13: Chemical structures of Poly[(o-phenylenevinylene)-alt-(2-methoxy-5-(2-

ethylhexyloxy)-p-phenylenevinylene)] (BPPV) and Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV) a-c)Material characterization of undoped and doped 

BPPV/MEH-PPV nanoparticles. a) SEM and TEM (insert) image of 5wt% nanoparticle 
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suspension depicting quasi-spherical shapes. SEM, TEM and DLS (data not shown) 

characterization was carried out on all undoped and doped nanoparticles. Analysis in excess of 

100 nanoparticles per composition yields an average SEM, TEM and DLS diameter of 38.2 ± 

6.6, 36.7 ± 8.9 and 37.1 ± 1.2nm, respectively. Scale bar represents 100nm. b-c) undoped and 

doped molecular solutions and nanoparticle suspensions excited with an external 365nm lamp, 

respectively. A slight variation of emission colors occurs in the molecular solution with 

increased doping, while the nanoparticle suspensions yield emission colors from blue to red with 

respect to increasing doping levels. 

4.2 Results and Discussion 

4.2.1 Steady-state spectroscopy of pure (undoped) molecular solutions and 

nanoparticle suspensions 

The steady-state spectroscopy of BPPV (black, donor) and MEH-PPV (orange, acceptor) 

dissolved in THF and undoped nanoparticles suspended in deionized water are shown in Figure 

14. As depicted in the absorption spectra of Figure 14a and 14b (dash line), these materials show 

broad and featureless absorption spectra, owing to the broad distribution of chromophore 

energies.
44

 The absorption maximum of molecular solution of BPPV, an alternating copolymer 

of MEH-PPV, is located at significantly higher energy with respect to the absorption maximum 

of MEH-PPV. The high energy BPPV absorption maximum suggests that the delocalization of π-

electrons in the BPPV polymer backbone is interrupted by the ortho linkage of the unsubstituted 

phenylene unit, yielding an overall decrease in conjugation length. The absorption spectra of 

undoped BPPV and MEH-PPV nanoparticles are nearly unchanged with respect to the molecular 

solutions suggesting that during nanoparticle assembly the intra- and interchain electronic 

interactions remain unaltered in the ground state.  
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The corresponding fluorescence spectra are depicted in Figures 14a and 14b (solid line). 

The molecular solutions of BPPV and MEH-PPV have emission maxima located at 466 and 552 

nm, respectively, indicative of red site emission by means of intrachain or interchain energy 

transfer.
31,34,38-40

 The latter being described as energy funneling among chromophore segments 

because the polymer chain folds back onto itself or because the polymer chains are in close 

proximity of each other. Interchain interactions of this nature predominantly occur in solvent 

systems such as THF, where the polymer chains adopt tightly coiled confirmations that avoid 

interactions between the aromatic backbone of the polymer with the solvent. 123 Compared to the 

molecular solutions, the emission maxima of BPPV and MEH-PPV nanoparticle suspensions are 

red shifted to 503 and 593 nm, respectively. Similar to thin films, the red shifted fluorescence 

spectra of the nanoparticles is attributed to energy transfer to low energy chromophores and the 

formation of weakly emissive aggregates due to enhanced interchain and intrachain pi-stacking 

interactions during nanoparticle assembly. 
38,44,47,124,125

 Interestingly, the BPPV nanoparticles 

display a reduced blue vibronic shoulder, while an enhanced red shoulder emission is observed 

for the MEH-PPV nanoparticles. The reduced blue shoulder of BPPV nanoparticles may suggest 

that exciton efficiently migration to low energy π-stacked region in the nanoparticles or changes 

in the molecular confirmation in the solid state material during stacking interaction of the 

polymer chains. In the case of MEH-PPV nanoparticles, the enhanced red shoulder emission 

implies that exciton efficiently migrate within the nanoparticle to regions of aggregated emitting 

species.
111
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Figure 14: Steady-state spectroscopy of undoped BPPV (blue) and MEH-PPV (orange) 

depicting spectral overlap between the emission of BPPV and absorption of MEH-PPV a) 

Normalized absorption spectra (dash line) and emission spectra (solid line) of BPPV and MEH-

PPV molecular solutions dissolved in THF. The absorption and emission maxima of BPPV are 

located at 353 and 466 nm, respectively. MEH-PPV depicts absorption and emission maxima at 

500 and 552 nm, respectively. b) Normalized absorption spectra (dash line) and emission spectra 

(solid line) of undoped BPPV and MEH-PPV nanoparticle suspensions in deionized water. The 

vibronic structure of both nanoparticle suspensions are nearly unchanged while obtaining 

absorption maxima similar to the molecular solutions in THF. The BPPV and MEH-PPV 

emission maxima are further red shifted to 504 and 593 nm, respectively. In addition, the blue 

vibronic shoulder of BPPV nanoparticles is significantly reduced, while the MEH-PPV 
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nanoparticles exhibit increased aggregate emission shoulder at 630nm with respected to the 

molecular solution.  

4.2.2 Steady-state spectroscopy of composite (doped) molecular solutions and 

nanoparticle suspensions 

The steady-state spectroscopy of undoped BPPV and MEH-PPV and composite 

BPPV/MEH-PPV molecular solutions in THF and corresponding nanoparticles suspended in 

deionized water are shown in Figure 15. The composite systems are expressed in dopant weight 

percent (wt%) of MEH-PPV (100wt%, orange; 50wt%, green; 25wt%, magenta; 15wt%, black; 

10wt%, cyan; 5wt%, red; 0wt% blue). The absorption spectra in Figure 15a and 15b depict two 

key observations that demonstrate a high degree of experimental control when preparing the 

molecular solutions and nanoparticle suspensions. First, the isosbestic point suggests that BPPV 

and MEH-PPV are non-interacting components in the ground state but have the same total 

concentration at a single point. The non-interacting components further support the observed 

vibronic progression of the composite absorption spectra that depict nearly unchanged 

superposition spectra of the undoped BPPV and MEH-PPV spectra. This implies that there are 

no new detectable ground state interactions that occur when blending both polymers such as 

previously observed charged transfer absorption bands.
126,127

 Second, MEH-PPV absorbance 

increases with doping, a result that is consistent with respect to increased concentrations of the 

acceptor and the increases in MEH-PPV emission intensity when directly exciting the acceptor 

(Figure 5).  
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Figure 15: Steady-state bulk spectroscopy of undoped and doped molecular solutions and 

nanoparticle suspensions. a-b) Uv-vis spectra of molecular solutions dissolved in THF and nanoparticles 

suspended in deionized water, respectively. The molecular solutions absorption maxima of BPPV are 

located at 353nm, while MEH-PPV absorption maxima reside at 500nm. The absorption maximum of 

BPPV in the nanoparticle suspension resembles the molecular solutions, while the nanoparticle absorption 

maxima of MEH-PPV are red shifted to 503nm with respect to increased doping levels. c-d) Fluorescent 

spectra of molecular solutions dissolved in THF and nanoparticles suspended in deionized water, 

respectively. The BPPV emission maximum in the molecular solutions resides at 466nm, and decreases in 

fluorescent intensity with respect to a reduced doping level. Compared to molecular solutions, the 

nanoparticle suspensions display red shifted emission maxima. The emission maxima of undoped BPPV 

and MEH-PPV nanoparticles are located 504nm and 593nm, respectively. BPPV emission intensity is 
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quenched and blue shifts to 498nm with respect to increased doping levels of MEH-PPV, while the 

emission intensity of MEH-PPV monotonically increases and blue shifts to 585nm. In addition, the MEH-

PPV emission maximum of 5wt% is located at 576nm and deviates for the monotonic increase in 

emission intensity. 

Interestingly, the BPPV contribution in the absorption spectra of the composite 

nanoparticles depicts similar structure and peak wavelength maxima as the undoped BPPV 

nanoparticle suspension, BPPV absorption maximum blue shifts from 525 to 503 nm as the 

doping level is increased. This observation indicates that the interchain and intrachain electronic 

interaction of BPPV in the ground state remain unaffected during doping, while the interchain 

and intrachain π-stacking interaction of MEH-PPV become less hindered as the doping level 

increases. In the case of 5wt% nanoparticles, the MEH-PPV absorption maximum red shifted by 

22nm with respect to the 503 nm absorption maximum of undoped MEH-PPV nanoparticles, 

suggesting that the polymer chains adopt a defective cylinder confirmation with excess 

interchain and intrachain π-stacking. Polymer chain confirmations of this nature were previously 

shown to occur in aggregates and concentrated solutions.
44,128

 In nanoparticles with low MEH-

PPV doping levels, the MEH-PPV polymer chains may arrange within the nanoparticle as tightly 

packed “isolated” molecules with excess pi-stacking interactions or as a small aggregated region 

of molecules that overall exhibit enhanced pi-stacking interactions. As the doping level of MEH-

PPV increases, the defective cylinder confirmation of MEH-PPV the pi-stacking interaction of a 

MEH-PPV defective cylinder confirmation may become less hindered. This may result from the 

increased concentration of high molecular weight MEH-PPV polymer chains, where steric or 

repulsive effects may lead to reduced pi-stacking interactions.  These polymer chain packing 

geometries are illustrated in Figure 16.  



44 

 

 

Figure 16: Illustration of the evolution of polymer chain interactions and morphologies 

within the nanoparticle as the doping level of MEH-PPV varies from 0 to 100 wt%. The blue and 

red segments are representative of BPPV and MEH-PPV, respectively.  

Another possible scenario to consider is a MEH-PPV packing geometry where polymer 

chains stack in a disordered face-to-face configuration (i.e. H-aggregation). Davydov and 

Kasha
129

 exciton coupling model of describing the photophysical nature of H- and J-aggregates 

has previous been applied to oligo- and poly(phenylene-vinylene) derivatives.
130,131

 In this model 

the absorption of strongly interacting monomers will split into two bands, one in-phase and one 

out-of-phase that couples with the transition moments of the monomer. The allowed in-phase 

transition of H-aggregation absorbs higher energies than the respective monomer, resulting in 

blue shift absorption maximum and weakly emissive aggregates (vide infra) with respect to the 

monomer. Although blue shifted absorption spectra have been observed in undoped MEH-PPV 
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nanoparticle and MEH-PPV nanoparticles doped with fullerenes with respect to the molecular 

solution,
106,110,111

 the latter does not fit well with the occurrence of blue shifted absorption 

spectra in a H-aggregates packing geometry. 

The fluorescence spectra in Figures 15c and 15d are representative of the corresponding 

undoped and doped molecular solutions and nanoparticle suspensions at donor excitation (350 

nm), respectively. These doped fluorescence spectra depict similar vibronic structures compared 

to the undoped constituents, suggesting that the formation of an excited state complex (i.e. 

exciplex or excimer) does not exist, however, a nonemissive excited state complex cannot be 

ruled out. As previously observed in Figure 14, the doped nanoparticle suspensions are red 

shifted with respect to the molecular solutions, indicative of an enhancement of interchain and 

intrachain π-stacking interactions.
38,44,47

 In addition, Figures 14 depict the spectral overlap (    ) 

between the emission spectra of BPPV and the absorption spectra of MEH-PPV. According to 

Equation 4, the extent of spectral overlap is directly proportional to the rate of energy transfer:
82
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where QD is the quantum yield of the donor; κ
2
 is the orientation factor; τD is the lifetime 

of the donor; r is the distance between donor and acceptor; N is Avogadro’s number; n is the 

refractive index of the medium; FD corresponds to the normalized fluorescent spectrum of the 

donor; εA is the molar absorption coefficient of the acceptor at λ and λ is the wavelength. The 

overlap integrals for molecular solutions and nanoparticle suspensions were calculated by 

Equation 5, resulting in values of 2.9x10
18
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 nm
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 and 3.7x10
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respectively. These values imply the potential for efficient intermolecular energy transfer within 

a BPPV/MEH-PPV composite nanoparticle. 

The BPPV emission of the doped nanoparticles is shown to blue shift from 504 to 489 nm 

as the doping level of MEH-PPV is increased. Similar observations were previously reported for 

composite P3HT:PCBM and MEH-PPV:PCBM nanoparticles suspension with respect to 

undoped nanoparticle suspensions.
106-111

 These authors contribute this spectral feature to the 

reduction in the conjugation length of polymer chains, a result caused by PCBM steric effect 

during doping. The vibronic progression of BPPV, however, remains unaltered during doping 

indicating minimal reduction in intermolecular π-stacking interactions. 

Moreover, the emission intensity of BPPV is sequentially reduced with increased doping, and 

can be assigned to the energy transfer mechanism (i.e. Trivial, Förster or Dexter) that occurs 

between polymer chains of BPPV and MEH-PPV. In the case of a Trivial mechanism, donor and 

acceptor interactions occur without affecting the emissive ability of donor. X. Li et al. recently 

excluded energy transfer through a trivial mechanism by observing a decreasing in the donor 

lifetime, where decay of the donor (    ) was proportional to the change of fluorescent intensity 

(    ) with respect to the quenchers molecular fraction.
116

 These measurements further illustrate 

positive nonlinear deviation in the Stern-Volmer relationship that has been demonstrated in gold 

and blended organic nanoparticles,
116-118,132

 which was indicative of a dynamic Förster process. 

In the latter, quenching of the donor emission intensity via Förster and Dexter mechanisms occur 

over short distances through nonradiative dipole-dipole interaction (<10nm) and electron 

exchange (<2nm), respectively. Conjugated polymers furthermore provide an additional energy 

migration mechanism, where excitons have been shown to migrate along polymer chains at 

lengths of 5-20 nm,
133,134

 a process characterized by the exciton diffusion length.To properly 
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assign the energy transfer mechanism, we recently studied the excited-state dynamics of these 

undoped and doped nanoparticle suspensions by time-correlated single photon counting 

spectroscopy.
135

 These data illustrate that the donor lifetime decreases as the doping level of 

MEH-PPV increases; therefore, rules out the possibility of a Trivial energy transfer mechanism. 

In addition, the dependence of BPPV fluorescence intensity with respect to the MEH-PPV 

doping concentration was modeled using a modified Stern-Volmer relationship (Figure 17), 

where F0 and F are the fluorescence intensity in the absence and presence of the acceptor, 

respectively, and q is the MEH-PPV concentration expressed as a molecule fraction. It was 

observed that the modified Stern-Volmer relationship deviates (positive) from linearity, 

especially at high doping concentrations. This phenomenon is indicative of a hyperefficient 

quenching system,
 41-43,63

 suggesting that the nanoparticles consist of densely packed polymer 

chains that efficiently transfer energy from BPPV to MEH-PPV. Consequently, these steady-

state and time-resolved studies demonstrate that our blended nanoparticle system primarily 

consist of a dynamic Fӧrster process, but a combination of energy migration and energy transfer 

cannot be ruled out. Moreover, we cannot rule out a Dexter quenching mechanism involving 

electron exchange at short distances (i.e. over an order of one to two molecules.  

To gain further insight into the random distribution of donor and acceptor molecules 

residing within a composite nanoparticle, the effect of multiple quenchers and their statistical 

distribution were evaluated by the following nanoparticle quenching model
117

 given in Equation 

6 to the Stern-Volmer relationship depicted in Figure 17, 
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where the Poisson probability distribution function describes the   quenchers per nanoparticle, 

number of donor molecules ( ), molecular fraction of the quencher ( ), and the quenching 

efficiency ( ) defined by                    . The curve fittings depicted in Figure 4 

shows that the quenching model fits our experimental data and are, therefore, applicable in 

describing the composite nanoparticles. Previous studies have demonstrated quenching 

efficiencies that exceed 90% for hyperefficient blended nanoparticle systems.
116-118

 Interestingly, 

the number of BPPV molecules (N > 2000) exceeds previous N calculation by more than an 

order of magnitude, and likely results from low molecular weight of BPPV. These fitting 

variables further suggest that a Dexter type mechanism would be negligible in blended 

nanoparticles obtaining a diameter of ~36nm. In a scenario where the number of BPPV 

molecules per nanoparticle exceeds the number of MEH-PPV quenches, a single MEH-PPV 

should efficiently quench thousands of BPPV molecules over a larger Förster distance verse the 

molecular scale of a Dexter mechanism. 
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Figure 17: Nanoparticle quenching model fitting results for bulk spectroscopy (red) and SPS 

(black) which are in good agreement. Both data sets depict a quenching efficiency (q) of >90%, 

while the number of donor (N) is in excess of 2000 molecules. 

In addition to the BPPV emission component of the composite nanoparticle suspensions, the 

MEH-PPV emission component in Figure 14d displays several key features of the composite 

nanoparticle suspensions with respect to decreasing doping levels of MEH-PPV. First, from 50 

wt% to 10 wt% the MEH-PPV emission increases while the emission spectra blue shifts to 587 

nm. Second, the MEH-PPV emission intensity of the 5 wt% nanoparticles does not follow the 

monotonic intensity progression from 50 wt% to 10 wt% (i.e. the emission intensity of the MEH-

PPV component gradually increase as the doping level decreases, but decreases at doping level 

of 5 wt%). To provide further insight of the MEH-PPV emission intensity, the molecular 

solutions (Figure 18a) and nanoparticle suspensions (Figure 18b) were studied under direct 
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excitation of the acceptor.. While the doped molecular solutions emission maxima coincides with 

undoped molecular solution in Figure 13b, the nanoparticle suspension emission maxima are 

within good agreement to the composite nanoparticle suspension depict under BPPV excitation 

in Figure 14d. This data implies that the fluorescence spectrum of the 5 wt% nanoparticle 

suspension in not artificially influenced by the fluorescence spectrum of the BPPV component. 

In fact, these data are directly correlated to the absorption spectra (Figure 14a-b) of the 

composite molecular solutions and nanoparticle suspensions, which display an increase in the 

absorbance of MEH-PPV with respect to increased doping levels.  

 

Figure 18: Fluorescent spectra illustrating direct excitation of MEH-PPV in undoped and 

doped molecular solutions and nanoparticle suspensions. Both systems depict a decrease in 

emission intensity with respect to reduced doping level of MEH-PPV, which is directly 

correlated to the decrease in MEH-PPV absorption presented in Figures 3a-b. a) the doped 

molecular solutions depict a constant 552nm emission maxima that resemble the undoped 
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molecular solution b) undoped MEH-PPV nanoparticle emission maximum is located at 595nm, 

while the doped emission maxima blue shift to 586nm with respect to decreasing doping levels. 

These emission maxima are in good agreement with those presented in Figure 3d.  

On the bases of these data, we have outlined several plausible mechanisms that could 

effectively influence the peak wavelength maximum and emission intensity of MEH-PPV: i) 

fewer absorbing BPPV molecules ii) phase separation iii) reduction in quantum yield iv) the 

formation of H-aggregates. In the case of a lower concentration of donor molecules per 

nanoparticle, the rate of energy transfer would be limited by BPPV ability to absorb photons and 

emit non-radiatively. Although concentration of donor molecules would coincide with the 

relatively low molar extinction coefficient (ε = 64,000 M
-1

 cm
-1

), we have ruled out this 

possibility since the energy transfer nanoparticle model predicts a large number BPPV molecules 

(N>2000) residing within a nanoparticle. We further believe that fewer absorbing BPPV 

molecules and phase separation are limiting factors since the rate of energy transfer per 

nanoparticle (kET_SPS) are orders of magnitude larger at higher doping levels (Figure 8l). The 

contribution of a reduced MEH-PPV quantum yield (ΦSOLN = 0.21; ΦNPs = 0.02) in composite 

nanoparticles could also influence the fluorescent emission intensity of MEH-PPV. In this case, 

the presence of aggregate quenching increases with concentration and, consequently, provides a 

larger number of excited state species that funnel to weakly emissive interchain states. These 

interchain states act as energy traps and effectively reduce the photoluminescence of the solid 

state material.
136,137

 Lastly, it is important to specifically consider the assignment of H-

aggregates to the reduced photoluminescence and red shifted MEH-PPV emission maximum 

while increasing the dopant level. In oligo- and poly(phenylene-vinylene) derivatives
130,131

, the 

delocalized exciton coupling of the interacting chromophores split the excited state in the face-
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to-face stacking geometry of H-aggregates, while forbidding the transition to the lowest excited 

state.
129

 This architecture leads to blue shifted Uv-vis spectrum, which is corroborated by the 

bulk Uv-vis spectroscopy, forms of excited state excimers. These excited state complexes 

subsequently reduce the photoluminescence efficiency and exhibit red shifted fluorescent 

spectra.
131

 We note, however, that the formation of interchain excited state complexes (i.e. 

excimer) are typically nonemissive at ambient temperature and rapid internal conversion to the 

lower energy excited state can contribute to the reduction in emission intensity 
138-140

 and that the 

increased aggregated state could result in quenching of the excited state by excimers. 

In the case of 5wt%, we have estimated that approximately 1-6 MEH-PPV molecules 

resided within nanoparticle consisting of a 36nm diameter. We propose that the reduction in 

MEH-PPV emission intensity at 5wt% may result from dilution effects that form isolated MEH-

PPV molecules which are phase separated from regions of aggregated BPPV molecules. These 

aggregated regions effectively enhance nonradiative deactivated pathways through excess 

interchain energy traps (i.e. aggregate quenching), leading to a partial intermolecular energy 

transfer process that is limited by the inability of locating isolated MEH-PPV molecules over the 

donor diffusion length during energy migration. It should be noted, that this proposed 

mechanism would not explain this phenomenon if the ultrafast energy transfer observed at 5wt%, 

resulted in complete quenching of the donor emission. 

4.2.3 Single Particle Spectroscopy of pure (undoped) and composite (doped) 

nanoparticles 

Single particle spectroscopy was performed on undoped and doped nanoparticles by spin 

coating a dilute solution of nanoparticles suspended in a nonfluorescent inert polymer matrix (i.e. 

PVA). The resulting film provided an imaging substrate where the nanoparticles were separated 
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by several micrometers. Fluorescent spectra of ~100 individual nanoparticles per composition 

were compiled into corrected FRET ensemble spectra (Figure 19a-f, black). The BPPV and 

MEH-PPV emission maxima appear to shift in the ensemble spectra during doping, however, the 

broad spectral overlap of BPPV provides inaccurate assignment of these values. To minimize the 

error when determining the individual emission maxima, the ensemble spectra were 

deconvoluted into donor-only (blue) and acceptor-only (orange) spectra by fitting the onset of 

the ensemble with the undoped BPPV ensemble spectrum (Figure 19a). These spectra were fitted 

with three Gaussian functions to obtain the respective emission maximum. In addition, the 

resulting data was used to construct peak wavelength histogram for each composition (Figure 

19a-f, grey). These data depict two key observations of the optoelectronic and photophysical 

properties, and discussed hereafter: i) the individual donor and acceptor spectra shift with respect 

to the MEH-PPV doping level and ii) the peak wavelength histogram become broad and bimodal 

when the doping level of MEH-PPV is reduced. Compared to the steady-state spectroscopy, 

undoped (Figure 19a, black) and doped (Figure 19b-f, blue) BPPV emission spectra are red 

shifted to 518nm and 509nm, respectively, indicative of enhance pi-stacking interactions at the 

single particle level. MEH-PPV emission spectra of 50wt% and 25wt% are red shifted to 

approximately 600nm, while the emission spectra blue shifts to 590nm as the MEH-PPV doping 

level is reduce below 25wt%. The red shifted MEH-PPV spectra are in agreement with other 

undoped MEH-PPV nanoparticle and thin film studies,
38,44,47

 while the blue shifted spectra of 

BPPV and MEH-PPV are indicative of kinking and bending along the polymer backbone. The 

latter implies that BPPV and MEH-PPV sterically affect the interchain interaction of the 

counterpart during doping and effectively reduces the polymer conjugation length, while the red 

shifted spectra suggest that pi-stacking interaction are slightly enhanced. Moreover, the enhanced 
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π-stacking interactions and steric effects coincide with bulk spectroscopy observed in the 

nanoparticle suspensions (Figure 14d), while the unaltered vibronic progress of the deconvoluted 

BPPV and MEH-PPV spectra suggest that intrachain interaction remains unaffected during 

doping. Interestingly, the spectra for doped nanoparticles display a broad distribution of 

maximum wavelength ranging from 500nm to 612nm, which is inaccessible at the bulk level. In 

addition, the peak wavelength distribution becomes bimodal and increasingly broader (Figures 

19b-c), while those of 15wt%, 25wt% and 50wt% display similar single modal peak wavelength 

distributions of previously studied MEH-PPV nanoparticles.
106,111

. These observations validate 

the distribution of photophysical properties displayed in Figures 20 and 21 for a given 

nanoparticle composition.  
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Figure 19: Single particle ensemble spectra with deconvoluted donor and acceptor spectrum 

and peak wavelength histograms of undoped and doped nanoparticles. a-f) Ensembles (black) 

were deconvoluted by fitting the onset of undoped (0wt%) nanoparticle and performing a least 

square analysis, yielding the corresponding donor (blue) and acceptor (orange) spectrum. These 

data were used to determine the donor and acceptor emission maxima since the spectral overlap 

of BPPV and MEH-PPV can in effect alter the spectral progression of the unmixed spectrum. 

Undoped nanoparticle emission maximum is located at 518nm, while the donor emission in 

composite nanoparticles blue shifts to 509nm. In turn, the deconvoluted MEH-PPV emission 

maximum varies slight (596nm ± 2nm) compared to the unmixed composite ensembles. g-l) 

Peak wavelength histogram of individual undoped and doped nanoparticles. 0wt% nanoparticles 

depict a single modal distribution at 518nm, while the bimodal distribution in composite 



56 

 

nanoparticles less than 15wt% are centered around 509nm and no donor emission is observed 

thereafter. In addition, the distribution of MEH-PPV peak wavelength narrows when increasing 

the doping level of MEH-PPV. At doping levels less than 15wt% the MEH-PPV peak 

wavelength is centered at 594nm, while majority of the peak wavelengths in 50wt% are red 

shifted to 603nm. 

Corrected energy transfer efficiencies (EcFRET_SPS, Figures 20a-e) and rates (kcFRET_SPS, 

Figures 21a-e) were computed from a least squares deconvolution of individual correct 

nanoparticle spectra with the undoped BPPV ensemble spectrum. Individual nanoparticle 

EcFRET_SPS and kcFRET_SPS were calculated by Equation 7 and 8, respectively,  

              
   
  

         

           
   

         
           

   
  
  

   
  
  
             

where FDA and FD represent the fluorescent intensity of the donor in the presence and absence 

of the acceptor, respectively.    is the lifetime of the donor,       and       represent the 

quantum yield and detector efficiency of the donor and acceptor, respectively. The excited-state 

lifetime of BPPV nanoparticles was determined by time-correlating single photon counting, 

yielding an averaged lifetime of 100ps. The quantum efficiency of the EMCCD is nearly 

constant over the spectral range of SPS analysis and resulted in a detector efficiency ratio of 1.  

Figures 6 and 7 illustrate a broad distribution of energy transfer efficiencies and rates per 

unit over several orders of magnitude, resulting from the degree of spectral variation depicted in 

the SPS ensemble data. In the case of 15wt%, 25wt% and 50wt%, the majority of the energy 
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transfer efficiencies reside around 80 to 100%. This suggest that BPPV and MEH-PPV polymer 

are dispersed in the nanoparticle where direct energy transfer could occur through close 

proximity of polymer chains or the excited state can effectively transfer energy within the 

exciton diffusion length. The data also display rates of energy transfer on the time scale between 

10
9
 and 10

10
 s

-1
. Additionally, 10wt% and 5wt% display a largest distribution of correct FRET 

efficiencies and rates of energy transfer between 10
8
 and 10

9
 s

-1
. These photophysical 

parameters, once more, directly correlated to the broad distribution of spectral variation depicted 

in ensemble spectra of Figure 19, where the chemical, structural and morphological properties 

consequently effect the electronic and photophysical properties on the nanoscale for a given 

nanoparticle composition, which remain masked at the bulk level.  

 

Figure 20Figure 7: Corrected FRET efficiencies for individual nanoparticle of a given 

composition. 5wt% (a) and 10wt% (b) display a large distribution of energy transfer efficiency, 

while majority of the efficiencies of 15wt%, 25wt% and 50wt% (c-d) resides between 80 to 

100%. 
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Figure 21: Correct rates per unit time of energy transfer for individual nanoparticles of a 

given composition. The rates are displayed on a logarithmic scale for convince. As illustrated, 

the rate of energy transfer decreases when the MEH-PPV doping level is reduced. a-b) kcFRET_SPS 

≈ 10
8
 to 10

9
 s

-1 
and c-e) kcFRET_SPS ≈ 10

9
 to 10

10
 s

-1
. 

Lastly, we will specifically address the degree of spectral variation when assembling a 

broad absorbing composite nanoparticle consisting of blended BPPV and MEH-PPV, as 

illustrated in Figure 9. These data are normalized at 590nm to display the donor-to-acceptor 

intensity ratio. A slight fluctuation in the shape of the fluorescence spectra  is observed in 50wt% 

nanoparticles (Figure 22a) with a small variation in donor intensity and constant MEH-PPV 

emission maximum, while 25wt% nanoparticles (Figure 22b) resembled the latter but were found 

to have increased donor emission with a slight blue shift in the MEH-PPV peak maximum. As 

the doping level was reduced below 25wt% (Figure 22c and 22d), single nanoparticle spectra 

were found with similar vibronic progressions of 50wt% and 25 wt%, while obtained spectra 
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with higher and equal donor-to-acceptor intensity ratios. Additionally, 10wt% (Figure 22d, green 

line) and 5 wt% (Figure 22e, red line) nanoparticle contained undoped BPPV nanoparticle 

emission as depicted by the normalized intensity of ~2, and demonstrates a broad distribution of 

peak wavelength maxima. To our knowledge, spectral variation at the single particle level has 

never been demonstrated for a blended polymer system. We therefore proposed two plausible 

circumstances that could account for the degree of spectral variations of a given composition: i) 

heterogeneous arrangement of donor and acceptor molecules with a given nanoparticle and/or ii) 

nanoparticle suspension which obtains different BPPV and MEH-PPV concentrations per 

nanoparticle. In the former, the arrangement of BPPV and MEH-PPV may result in a nanoscale 

morphology that becomes increasingly heterogeneous and multifaceted when lowering the 

dopant level of MEH-PPV suggesting that inter- and intrachain interaction are severely 

interrupted during doping. In turn, the relationship between energy transfer and photophysical 

properties with respect to the dopant concentration would be affected by exciton migration and 

the broad distribution of aggregate morphologies found within the blended energy transfer 

nanoparticles, which can be attributed to variation in the polymer folding and stacking geometry. 

In the latter, variation in the donor and acceptor concentration per nanoparticle would lead to a 

broad distribution of optical and photophysical properties since the FRET models described 

above are directly related to the quenching of the donor emission intensity. We do acknowledge 

that neither scenario can fully explain the variation in spectral shapes, since both scenarios may 

occur simultaneously.  
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Figure 22: Exemplifies the complex heterogeneity within the composite nanoparticle 

systems. Spectrum from averaged single particle spectra corresponds to the ensemble(s) in 

Figure 6, and normalized at 590nm for comparison.  a) 50wt% acceptor maxima remain constant 

with small intensity differences in the donor maxima. b) The subtle variation in 25wt% acceptor 

maxima occurs with different donor intensities, while providing nanoparticle spectrum that 

resemble that of 50 wt%. c) 15wt% nanoparticle obtains blue shifted spectra and spectra that are 

similar to 50wt% and 25wt%. However, nanoparticles with equal or higher donor-to-acceptor 

intensities are revealed. d-e) 10wt% and 5wt% nanoparticle obtain spectra that resemble Figures 

8a-c. However, the presences of undoped BPPV nanoparticles were observed, and are depicted 

by the elevated normalized intensity (~2). Furthermore these averaged spectra explicitly illustrate 
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the heterogeneous arrangement of BPPV and MEH-PPV molecules residing within a given 

nanoparticle and/or differences in BPPV/MEH-PPV composition per nanoparticle. 

4.3 Conclusion 

In this work, a modified reprecipitation method was utilized to fabricate self-assembled 

composite broadband absorption BPPV/MEH-PPV nanoparticles. These nanomaterials reside 

between single molecules and bulk materials; retain the bulk materials functionality, while 

providing molecular level properties at the nanoscale. The undoped and doped nanoparticles 

were characterized by size, morphology, bulk and single particle photophysical properties. These 

broadband absorbing nanoparticles display a range of electronic and morphological interaction, 

including Fӧrster Resonance Energy Transfer, band gap changes and physical changes in chain 

folding and chain-chain stacking. SPS revealed a broad distribution of spectral shapes and 

photophysical properties which signifies a heterogeneous arrangement of donor and acceptor 

molecules within a given nanoparticle. These findings provide an understanding of 

morphological, optoelectronic and photophysical properties of polymer-polymer active layers in 

organic electronic devices, while suggesting that the doping level of energy transfer 

nanoparticles for biological probes should be carefully considered. 
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CHAPTER 5: EXCITED-STATE DYNAMICS OF BROADBAND 

ABSORBING ENERGY TRANSFER CONJUGATED POLYMER 

NANOPARTICLES 

5.1 Introduction 

The conversion of solar energy into a viable energy source through artificial light 

harvesting systems continues to attract much interest in the global market of renewable energy. 

Semiconducting polymers processed from solution have emerged into a vital class of materials 

for organic photovoltaic (OPV) active layers due to their low cost and easy 

processability.
85,141,142

 While the most efficient devices are blends of conducting polymers and 

fullerene derivatives,
64

 blending two or more semiconducting polymers (electron donor and 

acceptor polymers) has also been explored.
30

 More recently, research efforts have been focused 

on enhancing the light harvesting ability of OPV devices by blending conducting polymers with 

complementary light absorbing materials such as inorganic semiconductors,
143

 small 

molecules
144

 and low bandgap polymers.
73

  While these blended systems already exhibit 

complex morphological and photophysical properties,
21,99,101

 fullerene derivatives are typically 

still required for efficient charge separation. Under ideal conditions, charge transfer from 

polymer to fullerene is thought to occur on the femtosecond time scale while the kinetically 

hindered back transfer process is orders of magnitude slower.
145

 However, Janssen et al. 

demonstrated that the degree of solvent polarity can control the dominating electron or energy 

transfer process that occurs in fullerene-oligothiophene-fullerene triads, a result consistent with 

quantitative calculation rationalized by the Weller relationship.
146,147

 On the other hand, near 

equal contributions of electron and energy transfer processes in perylene derivative-C60 dyads 

were reported by Martini et al., implying that simultaneous photophysical process may occur 

between two closely packed chromophores.
148

 More recently, Ohkita and co-workers 
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incorporated a third light harvesting component into P3HT/PCBM active layer that absorb longer 

wavelengths and displays an efficient cascade of photocurrent.
70,71

 The ternary blends indicate 

that the light-harvesting dyes are distributed at phase separated polymer/fullerene interface 

without forming dye aggregates, while the dyes efficiently serving as a photosensitizer and 

extending the exciton diffusion length through long-range Fӧrster energy transfer mechanism. 

These studies underline the importance of fundamentally understanding competing 

photophysical processes in blended organic systems regardless of the original donor and acceptor 

materials. In polymer-polymer-fullerene ternary blends, for example, energy transfer between the 

different polymers will be probable, while charge transfer between the constituent conducting 

polymers and fullerene will occur as well. Moreover, photophysical process such as energy 

transfer between constituent conducting polymers and fullerene and charge transfer between the 

different polymers must be considered. Thus, the relative quantum yields of these competitive 

processes will mainly depend on the spatial distribution of the components and the 

optoelectronic properties of the polymers. The latter being more strongly influenced by the 

morphology of individual polymer chains, morphology of the blended material (which 

determines interchain interactions and exciton migration), and blending or phase separation 

between polymers and fullerene (which in part determines charge transfer kinetics). 

Additionally, research has extensively demonstrated that the degree of aggregation (i.e. 

morphological properties that result from interchain and intrachain interactions) directly affects 

the optical, electronic and photophysical properties of semiconducting materials,
22,23,44,149-152

 

which consequently can be controlled by solution processing conditions.
123,125,134,136,138,153-158

  

Specifically, understanding the excited-state dynamics of conjugated polymers is vital for 

optimizing the active layer in organic electronics. For example, the excited-state dynamics of 
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classical conjugated polymers such as PPV
159-161

 and MEH-PPV
37,124,162-164

 have been 

extensively studied, while reports of new generation conjugated polymers such as APFO3,
165

 

PBTTT
166

 and PCDTBT
167

 have become more available. These studies general focus on the 

nature and evolution of the excited-state dynamics in non-aggregated and aggregated forms of 

the conjugated polymer by using time-resolved fluorescence spectroscopy techniques such as 

time-correlated single photon counting (TC-SPC). In “good” solvent systems, dilute conjugated 

polymer solutions typically exhibit single excited-state dynamics owing to isolated polymer 

chains with minimal interchain interactions.
123,124,140,168-170

 For conjugated polymer films casted 

from solution, the degree of aggregation in the molecular solution to a large extent is retained 

after spin-coating procedures. However, conjugated polymer films obtain a significantly larger 

degree of interchain interaction in comparison to dilute molecular solutions, leading to more 

complex excited-state dynamics that often display nonexponential decays and bimolecular 

quenching. While the nonexponential behavior of conjugated polymer films can be ascribed to 

polymer chain aggregation and the local environment of the exciton,
171-173

 high excitation power 

densities on average reduce the exciton density directly after photoexcitation by means of rapid 

exciton-exciton annihilation quenching process of neighboring excitons.
124,174-178

 Moreover, 

conjugated polymer films display detection wavelength dependencies that give rise to spectral 

diffusion most likely resulting from rapid Fӧrster energy transfer migration from high energy 

chromophores with faster initial decays to longer lived low energy chromophores.
160,161,179-181

 

Although the phenomena described above provide substantial understanding of the effects of 

interchain and intrachain interaction on the optoelectronic and photophysical properties for 

complex conjugated systems, these traditional steady-state studies fail to spectrally resolve single 
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conjugated polymer chains and correlated the photophysical and optoelectronic properties of 

single polymer chains with their respective morphologies. 

With the advent of single molecule spectroscopy (SMS), Barbara et al. undoubtedly 

revealed a rich molecular level picture of a multichromophoric conjugated polymer with single-

step photobleaching and fluorescence intermittence, which is attributed to efficient 

intramolecular energy transfer to photogenerated quenching sites.
45

 These quenching sites were 

later revealed as a product of photochemical reactions between exciton traps and oxygen;
38

 

thereafter, Fluorescence-Voltage/Single Molecule Spectroscopy (F-V/SMS) demonstrated that 

the fluorescence quenching reaction is reversible.
46

 Additionally, the relationship between chain 

confirmation (i.e. morphology adopted by single polymer chains) and spectroscopic properties 

were extensively studied by several groups.
22,47,49,51,55,100,182

 For example, Hu et al. utilized 

Monte Carlo simulations of MEH-PPV polarization distributions to predict two districted 

polymer confirmations (collapsed defect cylinder and extended defect coil),
55

 while Huser et al. 

demonstrated polymer conformational changes in single MEH-PPV with respect to the solvent 

preparation conditions.
47

 Together, these single molecule studies demonstrate that the degree to 

intrachain π-stacking greatly affects the extent of intramolecular energy transfer (i.e. energy 

funneling) and, as a consequence, the polymer chain confirmations, photophysical and 

optoelectronic properties of multichromophoric conjugated polymers.  

Recently, pure (undoped) and composite (doped) organic aggregates/nanoparticles that 

consist of a limited number of conjugated oligomer or polymer molecules have been fabricated 

and spectroscopically characterized for material and biological based purposes.
46,100,106-

111,115,120,121,183-186
 These nanoparticle systems provide researches the unique opportunity to study 

polymer chain interaction of the bulk film (i.e. interchain interactions), which are inaccessible at 
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the single molecule level. Our group has recently shown how the morphology and photophysical 

properties at the molecular level are affected by polymer chain folding and the interactions 

between polymer-fullerenes
107-111

 and polymer-polymer
183

 at the nanoscale by using single 

particle spectroscopy (SPS). Specifically, we demonstrated that broadband absorbing energy 

transfer nanoparticles display a degree of spectral variations and broad distribution of energy 

transfer efficiencies and rates for a given nanoparticle composition, which remain masked in 

steady-state measurements due to ensemble averaging. These data are indicative of a nanoscale 

morphology that becomes heterogeneous in the solid state due to polymer-polymer aggregation, 

changing polymer chain morphologies, and strong variations in polymer distribution at the 

nanoscale. Furthermore, Peteanu et al. demonstrated that long-chain (13 rings) alkoxy-

substituted oligomeric PPVs (OPPVs) aggregates exhibit similar spectral and time-resolved 

properties as aggregated MEH-PPV polymers.
184

 Specifically, the fluorescence spectra display 

an anomalous Franck-Condon structure with emission dependent fluorescence lifetimes, 

implying that oligomeric aggregates self-assemble into a “shell” of loosely packed chains 

(monomer-like emitters, ~0.6 ns) that surrounds tightly packed chains (aggregate-like emitters, 

~0.3 ns) located in the “core” of the aggregate. More recently, Peteanu’s group provided addition 

evidence of oligomeric aggregate “core-shell” model by studying the spatial variations in the 

excited-state dynamic of individual OPPV aggregates with fluorescence lifetime imaging 

microscopy (FLIM).
185

  

Herein, we extend our research endeavors in fundamentally understanding the optical, 

electronic and morphological properties of broadband absorption energy transfer nanoparticles 

by examining the excited-state dynamics of pure (undoped) and composite (doped) nanoparticle 

suspensions consisting of BPPV and MEH-PPV. By combining steady-state absorption, steady-
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state fluorescence spectroscopy and time-resolved fluorescence spectroscopy, changes in 

polymer chain morphologies and polymer-polymer aggregation as a function of doping 

concentrations of MEH-PPV, from 0 wt% to 100 wt%, were studied. Similar to the OPPV 

aggregates,
184,185

 these nanoparticles display multiple fluorescence lifetime components with 

respect to the molecular solutions, indicating that the pure and composite nanoparticles consist of 

different types of emitting chains that differ in their interchain and intrachain interactions. 

Moreover, the broadband absorbing composite nanoparticles depict an enhanced Fӧrster energy 

transfer mechanism with higher doping concentrations of MEH-PPV, implying a higher 

probability of intermolecular interactions between BPPV and MEH-PPV with respect to the 

BPPV to MEH-PPV doping ratio. Perhaps most interesting is the observed photophysical and 

optoelectronic properties of the 30 and 40 wt% composite nanoparticles, which deviate from the 

monotonic trends observed in the remaining nanoparticle compositions. We hypothesize that 

these enhanced photophysical and optoelectronic properties result from nanoscale morphology of 

well mixed molecular-like and aggregate-like polymer chains with increased interfacial 

interactions between donor and acceptor molecules, which consequently leads to a more efficient 

non-radiative energy transfer process from BPPV to MEH-PPV.  

5.2 Results and Discussion 

5.2.1 Steady-state spectroscopy for pure (undoped) and molecular solutions and 

nanoparticle suspensions 

Figure 23 displays the absorption and photoluminescence spectra, and time-resolved 

fluorescence decays of neat BPPV and MEH-PPV molecular solutions in THF and the 

corresponding aqueous nanoparticle suspensions. The absorption spectra of BPPV (blue, dash 
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line) and MEH-PPV (orange, dash line) molecular solution in THF are shown in Figure 23a with 

peak absorption wavelengths of 353 nm and 500 nm, respectively. As expected the absorption 

spectra display broad and featureless vibronic structure, indicating that chemical and physical 

defects along the polymer backbone causes individual chromophores to adopt various 

conjugation lengths which absorb different energies.
32-34

 The fluorescence spectra (Figure 23a, 

solid lines) of the molecular solutions in THF display red shifted emission maxima with respect 

to the absorption spectra. . The emission maximum of BPPV (blue, solid line) is located at 466 

nm with a blue shoulder at ~415 nm, while the emission maximum of MEH-PPV (orange, solid 

line) is located at 552 nm with a red shoulder at ~590 nm. In the case of BPPV, the broad and 

blue shoulder emission indicates that intramolecular energy transfer is significantly reduced 

which likely results from poorly coupled intrachain interactions between portions of short chain 

chromophores and low energy chromophores. This hypothesis is consistent with previously 

report tetrahedral defected MEH-PPV studies, demonstrating that the magnitude of 

conformational disordered leads to multiple emitting chromophoric species.
187,188

 On the other 

hand, MEH-PPV displays a vibronic structured fluorescence spectrum which clearly indicates 

that excitation energy from high energy chromophores efficiently funnels to lower energy 

chromophores during the exciton lifetime, a result indicative of an intramolecular Fӧrster energy 

transfer process.
38,44

 

The absorption (dash line) and fluorescence (solid line) spectra of undoped BPPV (red) and 

MEH-PPV (green) nanoparticle suspensions in aqueous solution are shown in Figure 23b. The 

absorption maxima of BPPV and MEH-PPV nanoparticles, each in their pure form, are located at 

353 nm and 502 nm, respectively. While the nearly unchanged absorption spectra with respect to 

solution for BPPV nanoparticles suggest that intrachain and interchain electronic interactions 
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remain unaltered in the ground state during nanoparticle assembly, the MEH-PPV nanoparticles 

absorption spectrum displays a red tail with respect to the molecular solutions. The broadening 

absorbance spectrum at the red spectral side indicates that interactions between chromophore 

segments on the polymer chain alter the ground state during nanoparticle assembly, a result 

indicative of aggregate states.
123,189

 Additionally, the  corresponding fluorescence spectra for 

both BPPV and MEH-PPV nanoparticles are red shifted by ~40 nm with respect to molecular 

solutions in THF, an observation  indicative of enhanced inter- and intrachain pi-stacking 

interactions.
38,44,47,174

 For the undoped BPPV nanoparticles, the emission maximum is located at 

504 nm compared to the molecular solution in THF. Interestingly, the intramolecular blue 

shoulder emission of the molecular solution, ascribed to short chain chromophores with weak 

coupling interactions to low energy chromophores, is absent in the undoped BPPV nanoparticles 

suspension. This may allude to changes in molecular conformation upon stacking of BPPV 

chains in the solid state material, or efficient exciton migration to lower energy π-stacked regions 

in the nanoparticle (i.e. intramolecular and intermolecular aggregates). In the case of undoped 

MEH-PPV nanoparticles, the emission maximum is located at 596 nm, and the emission spectra 

exhibit a red shoulder at ~640 nm that is enhanced with respect to molecular solution. The 

enhanced red shoulder of MEH-PPV implies efficient exciton migration to emitting aggregate 

species in the pure (undoped) nanoparticles, which is in agreement with previous studies of semi-

conducting polymer nanoparticles
109-111

 and films.
130,190-192 
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Figure 23: Undoped absorption and fluorescence spectra and fluorescence decay profiles. a) 

Normalized absorption (dash line) and fluorescence (solid line) spectra for BPPV (blue) and 

MEH-PPV (orange) dissolved in THF. BPPV and MEH-PPV obtains peak wavelength 

absorption maximum at 353 and 500 nm, respectively. BPPV emission maximum is located at 

466 nm with a blue shoulder emission at ~425 nm. The emission maximum for MEH-PPV is 

located at 552 nm with a red shoulder emission at ~610 nm. b) Normalized absorption (dash line) 

and fluorescence (solid line) spectra for BPPV (red) and MEH-PPV (green) nanoparticles 

suspended in deionized water. Compared to the molecular solutions, BPPV and MEH-PPV 

absorption maximum remain constant, while the emission maximum are red shifted to 504 and 

596 nm for BPPV and MEH-PPV, respectively. MEH-PPV displays an enhanced emission from 
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the aggregate emitter (630 nm), while BPPV blue shoulder emission is significantly reduced 

compared to the molecular solutions. c). BPPV exhibits a bi-exponential decay behavior with an 

averaged lifetime of 1.5 ns, while MEH-PPV in THF display a single excited specie with a 

lifetime of 0.25 ns. d) Fluorescent decay profiles of BPPV at 504 nm (red) and MEH-PPV at 590 

nm (green) and 630 nm (cyan) nanoparticles suspensions. BPPV nanoparticle obtain averaged 

lifetimes of 100 ps. MEH-PPV display emission dependencies with averaged lifetimes of 93 and 

136 ps for 590 and 630 nm, respectively. Individual lifetime components and contributions are 

summarized in Tables 1-2. 

5.2.2 Time-resolved spectroscopy of pure (undoped) molecular solutions 

In Figure 23c, the PL decay profile of BPPV dissolved in THF (blue line) is depicted. The 

photophysical properties of BPPV exhibit bi-exponential excited-state behavior with individual 

lifetimes components (and corresponding contributions, weighted amplitudes) of 1.7 ns (83%) 

and 0.35 ns (17%). These individual lifetime components correspond to an average lifetime of 

1.5 ns. It has been well documented that the PL lifetime increases with respect to decreasing 

conjugation length.
193-195

 More recently, Lim et al. demonstrated that MEH-PPV of short 

conjugation length exhibits excited-state lifetimes ranging from 1.2-1.4 ns.
196

 By taking the 

molecular weight (Mw = ~2200) and the molecular weight per monomer (Mw = 362) of BPPV 

into account, these data suggest that the BPPV polymer chains obtain relatively short conjugation 

length which is in agreement with the long averaged lifetime. However, the bi-exponential 

behavior of BPPV implies that the dilute molecular solution consists of multiple emitting 

species. Wang et al. recently reported bi-exponential behavior in ethylene glycol substituted 

poly(phenylene vinylene) derivatives.
197

 and ascribed the long (>1.1 ns) and short (<0.5 ns) PL 

lifetimes to unquenched and partially quenched chromophore segments, respectively. With the 
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latter arising from exciton trap sites (such as H-aggregation
138,154

 or photooxidized chromophore 

segments)
22,137,198

 that form on the polymer chain and partially or completely quench the 

excitations.
171

 Therefore, the assumption is made that a small portion of the short conjugated 

segments in the molecular solution of BPPV acting as energy traps are partially quenched (0.35 

ns, 17%). While the majority of the short conjugated segments in BPPV account for unquenched 

chromophores that exhibit long lifetimes (1.7 ns, 83%). 

In the case of MEH-PPV dissolved in THF, a single exponential function was fitted to the PL 

decay indicative of the presence of a single excited species. The observed PL lifetime is 240 ps, 

which is in good agreement with previous literature reports of single emitting specie in dilute 

molecular solutions of MEH-PPV.
136,171,199

  

The radiative lifetimes (τr) of BPPV and MEH-PPV in THF solution were estimated by 

means of the measured PL lifetimes and the quantum efficiencies of BPPV and MEH-PPV 

determined in solution. The MEH-PPV radiative lifetime was determined to be 1.2 ns by 

Equation 7, 

Φ    
  

         
  

 

  
          

where kr and knr are the radiative and nonradiative rate constants, and τ and τr are the measured 

lifetime and radiative lifetime, respectively. For BPPV, the radiative lifetime was estimated to be 

3.4 ns by Equation 8,  

Φ    
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where α1and α2 represent the weighted amplitude contributions of τ1 and τ2, respectively.
199

 These 

estimated radiative lifetime calculations are used in the following sections to discuss the 

presence/absence of excited-state complexes in undoped and doped nanoparticle suspensions. 

5.2.3 Time-resolved spectroscopy of pure (undoped) nanoparticle suspensions 

Figure 23d shows the PL decay profiles for the undoped BPPV and MEH-PPV nanoparticle 

suspension in aqueous solution. From these data it can be clearly seen that the PL decays faster 

for the undoped nanoparticles compared to the corresponding dilute molecular solutions. In both 

nanoparticle suspensions, the PL decay profiles were modeled with multiexponential functions, 

indicating the presence of multiple emitting species that may be due to differences in polymer 

chain aggregation and local environment of the exciton.
171

. For BPPV, the fitting procedure 

yields lifetimes (contributions) of 0.91 ns (1%), 0.24 ns (18%) and 0.06 ns (81%). In the case of 

MEH-PPV, the fitting procedure yields lifetimes (contributions) of 0.80 ns (2%), 0.22 ns (16%) 

and 0.04 ns (82%) for 590 nm emission, and 0.92 ns (5%), 0.29 ns (18%) and 52 ns (77%) for 

630 nm emission. The lifetime components of the undoped MEH-PPV nanoparticles exhibit 

similar fluorescence decay components previously reported by Collison et al. for MEH-PPV in 

reduced solvent quality medium.
201

 Additionally, the undoped MEH-PPV nanoparticles display 

detection wavelength dependencies in comparison to the dilute molecular solution of MEH-PPV. 

This observation is indicative of enhanced interchain interaction and aggregate emission, as 

supported by the enhancement of the aggregate shoulder emission of the undoped MEH-PPV 

nanoparticles with respect to the molecular solution.
111

 

Compared to molecular solution the undoped BPPV and MEH-PPV nanoparticle suspensions 

exhibit reduced amplitude-weighted averaged lifetimes. In the case of BPPV, the nanoparticle 

suspension obtains an averaged lifetime of 100 ps. For the MEH-PPV nanoparticle suspension, 
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the averaged lifetimes range from 85-93 ps and 107-137 ps at the detection wavelengths of 590 

and 630 nm, respectively.  These reduced averaged lifetimes imply that new nonradiative 

pathways are created or preexisting nonradiative pathways are enhanced during nanoparticle 

assembly and polymer chain aggregation. In fact this observation correlates directly with the 

reduced quantum efficiency of BPPV (0.01) and MEH-PPV (0.02) nanoparticle suspensions 

resulting from weakly emissive interchain trap sites with respect to the molecular solution.
135-137

 

These findings are discussed in detail in the following section based on the individual lifetime 

components found for the nanoparticles, and will be correlated with molecular solution and solid 

state properties.  

Turning our attention to individual lifetime components (contributions) of the undoped 

BPPV and MEH-PPV nanoparticle suspensions, the excited state dynamics are governed by fast 

(τ3), intermediate (τ2) and slow residual (τ1) lifetime components.  

The long PL lifetime decay components found for the BPPV and MEH-PPV nanoparticles 

are 0.91 ns and 0.80 ns, respectively, with very small (<2%) weighted amplitude contributions. 

With respect to the molecular solution experiments completed in our studies for these 

compounds, this is a new and longer lifetime component in the case of the undoped MEH-PPV 

nanoparticles. The τ1 lifetime may be attributed to emission from MEH-PPV chains that 

compartmentalize in the nanoparticles and act as isolated polymer chains or shorter conjugation 

length polymer segments that contain weak interchain interactions. As such, these chains are 

compartmentalized from the bulk of the MEH-PPV nanoparticles, suggesting that this emission 

component may arise from chains on the nanoparticle surface. A similar core-shell model has 

been recently reported for aggregates fabricated from PPV oligomers.
184,202

 Scheblykin et al. 

recently studied the excited-state dynamics of MEH-PPV dispersed in PMMA as a function of 
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MEH-PPV concentration in order to elucidate effects of interchain aggregation. The findings of 

these investigators demonstrate that concentrated film-like samples of MEH-PPV embedded in 

PMMA matrix exhibit non-exponential decay dynamics with the major lifetime component at 0.3 

ns, which are assigned to aggregation of MEH-PPV chains, while isolated MEH-PPV chains 

show lifetimes in the range of 0.4 to 1.2 ns.
203,204

 Moreover, Sherwood et al. 
184,185

 recently 

proposed a core-shell model for PPV oligomer aggregates where the two emitting species likely 

occur from differences in the strength of interchain interactions as a result of variations in 

polymer chain packing. For this model the PPV oligomer aggregates consist of a core with 

“aggregate-like” polymer chains (short-lived dynamics) obtaining strong interchain interactions, 

while a shell of “monomer-like” polymer chains (long-lived dynamics) exhibiting weak 

interchain interaction surrounds the aggregate core. Smith et al.
205

 more recently reported long-

lived PL decay components in MEH-PPV thin films cast from various solvents that are similar to 

τ1 decay component of the undoped MEH-PPV nanoparticles and, thus, suggesting emission 

from short conjugated length chromophores due to reduced interchain energy migration or 

differences in the conjugation length of individual polymer chains. When comparing the 

fluorescence spectra associated with the long-lived decay component in these studies to the 

undoped MEH-PPV nanoparticles. It is clearly observed that the undoped nanoparticles do not 

exhibit blue site emission, a result consistent with single particle spectroscopy studies.
106,111

 

Consequently, the spectral behavior of the undoped MEH-PPV nanoparticles indicates that the τ1 

lifetime likely results from shorter conjugation length segments rather than variation in the 

strength of interchain interactions (i.e. blue emitting chromophores due to reduced energy 

migration from high energy chromophores to low energy chromophores). When considering the 

substantial polydispersity (~5) of the samples received as-is, the long τ1 lifetime agrees well with 
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chromophores of shorter conjugation length, as reported in PPV oligomers and short MEH-PPV 

chains. 
193,194,196

 Because our purification method of MEH-PPV in combination with the high 

Mw are expected to virtually eliminate short MEH-PPV chains, we hypothesize that the long-

lived τ1 lifetime component of the undoped MEH-PPV nanoparticles may arise from polymer 

chains possibly on/near the nanoparticle surface that contain weak interchain interactions, i.e. 

small regions coexisting within the nanoparticle where polymer chains are only loosely 

aggregated and exhibit limited electronic coupling with neighboring chains. This interpretation is 

supported by (i) the core-shell model proposed by Sherwood et al.
184,185

 and (ii) the spectral and 

photophysical properties of “highly” aggregated regions within MEH-PPV thin films, as reported 

by Smith et al.
205

 

In the case of the undoped BPPV nanoparticles, the t1 lifetime component decreases to 0.85 

ns with respect to the 1.7 ns t1 lifetime component measured in dilute BPPV molecular solution. 

The reduced t1 lifetime may be contributed to short chain excitations that efficiently migrate to 

defect sites or undergo nonradiative quenching. While intrachain exciton migration is known to 

be a less efficient process than interchain migration (i.e., ~100 times slower),
39

 enhanced 

interchain pi-stacking regions are expected upon nanoparticle aggregation. Thus, excitations 

generated in the BPPV nanoparticles may obtain a significantly increased probability of finding 

nonradiative chains, which may manifest into a reduced t1 lifetime component. On the other 

hand, conformational changes have previously shown changes in fluorescence lifetimes because 

of changes in the electronic coupling between the ground-state and excited-state manifold.
175

 An 

observation previously associated to regions of enhanced nonradiative channels in dye-doped 

and polymer-doped polymer systems.
206,207

 Although, the lifetime measurements cannot solely 

distinguish which proposed mechanism dominates the reduced t1 lifetime component of the 
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undoped BPPV nanoparticle suspensions, these interpretations coincide closely with the 

mechanisms proposed for the reduced blue shoulder emission of the undoped BPPV nanoparticle 

suspension (i.e., changes in molecular confirmation upon stacking or efficient exciton migration 

to low energy pi-stacked regions). 

Alternative interpretations of these data have also been considered. Rothberg et al. previously 

reported long-lived PL decay components for PPV and MEH-PPV.
137,201

 The nanosecond decay 

component of PPV was attributed to relaxed intrachain exciton formed through interchain 

excitons, while the singlet state of MEH-PPV was attributed to back transfer from nonradiative 

interchain excited states to intrachain excited states. In addition, time-resolved PL spectroscopy 

studies previously uncovered long lifetime components in conjugated oligomers, polymers and 

cofacially aggregated molecules that correspond well with the τ1 component found for the BPPV 

and MEH-PPV nanoparticle suspensions.
34,123,153,174,208-210

 These long lifetime components are 

indicative of an intermolecular excited-state complex (i.e. excimer), which show distinct 

unstructured red shifted emission and PL lifetimes that are longer than the molecular solution 

radiative lifetime of the respective monomer. For example, films and oligomer aggregates 

containing electronegative functional groups such as cyano- display excimer emission with 

lifetimes approximately three times longer than the radiative lifetime.
153,186,209,210

  While oligo-

PPV aggregates have displayed long lifetimes of 2-4 ns, these components contribute to ≤20% of 

the total weighted amplitude.
184

 The data presented within this paper provide little evidence for 

assigning the τ1 lifetime in the undoped and doped nanoparticles to an excited-state complex, 

since excited-state complex spectral properties where not observed in the steady-state 

spectroscopy, and the τ1 lifetime is substantially shorter than the radiative lifetime of BPPV (3.4 

ns) and MEH-PPV (1.2 ns). However, nonradiative excimer emission should not be ruled out. 
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This process would compete with overall photophysical properties of the nanoparticle by 

reducing fluorescent lifetime, and was shown to decay through a nonradiative pathway at room 

temperature.
138,211,212

 Second, the long lifetime may result from chromophores with shorter 

conjugation lengths, as reported in PPV oligomers and short MEH-PPV chains, when 

considering the substantial polydispersity of the samples received as-is.
193,194,196

 Our purification 

method of MEH-PPV in combination with the high Mw is expected to virtually eliminate this 

issue. However, in the case of BPPV this does not preclude that the polymer chains intrinsically 

consist of short conjugation length chromophore segments.  Finally, the polymer nanoparticles 

may consist of polymer chains that stack as weakly emissive H-aggregates. . While the strongly 

reduced quantum yields of the nanoparticles and longer lifetime component with respect to 

molecular solution suggest the presence of weakly emissive H-aggregates, the absorption spectra 

of the conjugate polymers remain unperturbed. The latter does not fit well with the typical 

observations made for H-aggregates, specifically the occurrence of blue shifted absorption 

spectra
129,213

 and long excited-state dynamics with respect to molecular solution that were 

previously reported for aggregates and thin films of organic materials such as PPV, thiophene 

oligomers and P3HT.
149,156,214-216

. 

 The intermediate τ2 lifetimes of MEH-PPV (0.22ns) and BPPV (0.24ns) nanoparticles 

are consistent with the observations made for MEH-PPV and BPPV molecular solutions, as 

reported above and in literature.
136,171,199

 These lifetimes can be attributed to emission from 

partially quenched chromophores, in part due to the intrinsic non-radiative decay of these 

polymers as well as aggregation of the chains that leads to efficient exciton migration on 

individual chains and in the bulk of the nanoparticles. This is rationalized by a Franck-Condon 

model of aggregated conjugated polymers, where the polymer aggregate consist to dual emission 
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from molecular-like (resembling the singlet state emitter) and aggregate 

emitters.
109,110,125,184,190,217,218

 

 The BPPV and MEH-PPV nanoparticles exhibit a fast decay component (τ3) of 40ps and 

60ps, respectively, with >80% of the overall amplitude weighted contribution. This is the major 

decay component, which is assigned to emission from chromophores that are quenched by intra- 

and intermolecular energy transfer to chemical or structural defects along the polymer backbone 

and in the bulk of the nanoparticles, as well as aggregates.
31,34,38-40,219

 While intramolecular 

energy transfer primarily occurs in polymer chains with extended confirmations (i.e. good 

solvents), thin films and nanoparticles, for example, are dominated by more efficient 

intermolecular energy transfer.
44,106,111,201

 This was previously demonstrated in quantum 

mechanical simulations.
31

 In addition, it has also been shown that aggregate emission exhibits a 

slow PL rise time upon pulsed excitation, which again suggests that aggregates are excited for 

the most part through an energy transfer process originating from surrounding polymer 

chains.
168,181,220-222

  While future experiments are planned to investigate the aggregate species by 

pulse excitation , these literature reports give aggregate lifetimes similar to the short lifetime 

component observed for our undoped and doped nanoparticle suspensions.   

On the basis of the above considerations, the undoped nanoparticle suspensions reported 

herein are representative of a core-shell assembly of interacting polymer chains that are governed 

by the following excited-state dynamics: isolated-like molecules (τ1), molecular-like (τ2) and 

lifetime component that resemble aggregate emission or energy transfer process from polymer 

chains to aggregates (τ3). ). Moreover, it is important to note that a three exponential decay 

profile is observed at emission wavelength of 640 nm for the undoped MEH-PPV nanoparticle 

suspension, while similar emitting species are observed at the emission wavelengths of 504, 590 
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and 630 nm for the doped nanoparticle suspensions. These data are discussed in greater detail in 

the proceeding sections.5.2.4 Steady-state spectroscopy of composite (doped) molecular 

solutions and nanoparticle suspensions 

In Figure 24, the absorption and fluorescence spectra of undoped and doped molecular 

solutions in THF and the corresponding nanoparticles suspended in deionized water are shown. 

Steady-state and single particle spectroscopy of these composite broadband absorbing molecular 

solutions and nanoparticle suspensions were recently studied in detail.
183

 The absorption spectra 

obtained for molecular solutions and shown in Figure 24a depict a peak wavelength maximum of 

353 nm and 500 nm for BPPV and MEH-PPV, respectively, with absence of vibronic structure. 

For the nanoparticle suspensions shown in Figure 24b, the vibronic structure of the absorption 

spectra remains nearly unchanged with respect to the molecular solutions in THF and pure 

(undoped) nanoparticle suspensions. As the dopant level of MEH-PPV increases per 

nanoparticles composition, the absorption spectra peak wavelengths for BPPV and MEH-PPV 

appear to blue shift with respect to the molecular solutions and undoped nanoparticle 

suspensions. For example, the peak wavelength for BPPV in the 5 wt% absorption spectrum blue 

shifts to 340 nm, while the peak wavelength for MEH-PPV in the 75 wt% absorption spectrum 

blue shifts to 510 nm. At first glance these data suggest that during nanoparticle assembly 

excesses bending and kinking along the polymer backbone, leads to polymer chains with reduced 

conjugation length that collapse into coiled structure.
44,100,106,111,128

 While coiled MEH-PPV 

chain confirmations were previously reported for undoped and doped nanoparticles,
76,77

 there are 

several reasons to believe that the polymer chains of BPPV and MEH-PPV adopt different 

confirmations during nanoparticle assembly. In the case of BPPV, proper deconvolution of these 

doped absorption spectra may lead to a doped BPPV absorption maximum that resembles the 
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undoped nanoparticle suspension, resulting from the additional ultraviolet vibronic progress of 

MEH-PPV that may distort the actual absorption maximum. This data suggest that doping does 

not affect the interchain and intrachain electronic interactions of BPPV in the ground state during 

nanoparticle assembly. On the other hand, when comparing MEH-PPV absorption maximum of 

the doped nanoparticles to undoped MEH-PPV nanoparticle absorption maximum, it is clearly 

illustrated that the absorption maxima red shift by greater than 10 nm as the dopant levels of 

MEH-PPV decreases. The fact that MEH-PPV may adopt a defected cylinder confirmation with 

excess interchain and intrachain π-stacking interactions is inconsistent with previous MEH-PPV 

studies of aggregates and concentrated solutions that demonstrate red shifts in the absorption 

spectra.
44,128

 However, a nanoparticle morphology that consist of MEH-PPV molecules located 

in segregated regions that are tightly packed into collapsed defected cylinder confirmations or a 

“highly” aggregated regions that share an overall enhancement in the π-stacking interactions may 

account for the red shifted MEH-PPV absorption maximum in the doped nanoparticle 

suspensions.
183
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Figure 24: Bulk spectroscopy of undoped and doped molecular solutions and nanoparticle 

suspensions as a function of MEH-PPV doping level. a) Absorption spectra of molecular 

solutions in THF, resulting in a constant absorption maxima for BPPV (353 nm) and MEH-PPV 

(500 nm). b) Absorption spectra of nanoparticle suspensions displaying at constant BPPPV 

absorption maximum at 353 nm, while the maxima of MEH-PPV red shifts of 525 nm with 

respect to a decreased doping level. c) Fluorescence spectra of molecular solutions in THF, 

depicting a constant BPPV emission maximum at 466 nm with an appearance of MEH-PPV (552 

nm) emission at high doping levels. Solutions were excited at 350 nm with constant excitation 

and emission slit widths of 0.5 and 0.5 nm, respectively. d) Fluorescence spectra of nanoparticle 

suspensions excited at 350 nm with constant slit widths of 2 and 2 nm, respectively. The 

emission intensity of BPPV is shown to decrease and blue shift as the doping of MEH-PPV 
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increases, while the emission intensity of MEH-PPV monotonically decreases and red shifts to 

600 nm. Exceptions to the observed MEH-PPV emission trend occur at 5, 30 and 40 wt%. In the 

case of 5 wt%, MEH-PPV emission maximum is located at 587 nm while the emission intensity 

is reduced. For 30 and 40 wt%, enhanced emission intensity is observed with respect to the other 

nanoparticle compositions.  

The fluorescence spectra of the doped molecular solution dissolved in THF are depicted in 

Figure 24c. These data display similar fluorescence spectra to the corresponding undoped 

molecular solution of BPPV. The spectral feature at 552 nm is due to superposition of MEH-PPV 

emission resulting from direct excitation of MEH-PPV that becomes apparent at high doping 

levels. For the nanoparticle suspensions shown in Figure 24d, the fluorescence spectra display 

red shifted emission maximum with respect to the molecular solutions, a result consistent with 

enhanced inter- and intrachain pi-stacking interactions.
38,44,47,174

 In addition, the vibronic 

structure of the emission spectra obtain for doped nanoparticle suspensions are the superposition 

of the undoped nanoparticle suspensions of BPP and MEH-PPV, suggesting that excited-state 

complexes do not occur. When comparing the emission maxima of the undoped BPPV (500 nm) 

and MEH-PPV (596 nm) nanoparticles to the peak wavelengths of the doped nanoparticle 

suspensions, it is clearly illustrated that the peak wavelengths in the doped nanoparticle 

suspensions blue shifts for both BPPV and MEH-PPV. For example, the peak wavelength of 

BPPV blue shifts to 480 nm for the 75 wt% nanoparticle suspension, while the peak wavelength 

of MEH-PPV blue shifts to 576 nm for the 5 wt% nanoparticle suspension. These data imply that 

the conjugation length of BPPV and MEH-PPV reduces as a result of steric effects that are 

imposed by the opposite component. Perhaps more interestingly is the change in the relative 

intensity of both BPPV and MEH-PPV per composition. In Figure 25 (blue line), the Stern-
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Volmer relationship displays hyperefficient quenching of BPPV emission intensity with respect 

to increased doping levels of MEH-PPV, a results consistent with other blended organic 

nanoparticles and representative of a dynamic Fӧrster energy transfer process.
117,118,183

 On the 

other hand, the emission intensity of MEH-PPV (Figure 25, black line) gradually increases with 

respect to decreasing the dopant level of MEH-PPV, a finding indicative of reduced aggregate 

quenching (i.e. reduced intrachain π-stacking interaction that form trap sites). However, 

deviation from the monotonic increase of MEH-PPV emission intensity is observed at the doping 

levels of 5, 30 and 40 wt%. For the 5wt% nanoparticle suspension, the emission intensity of 

MEH-PPV is slightly reduced in comparison to the 10 wt% nanoparticle suspension, suggesting 

of an incomplete energy transfer process to a limited number of segregated polymer chains (i.e. 

the excitons of BPPV recombine to the ground state before effectively locating MEH-PPV 

molecules during exciton diffusion over the exciton lifetime). Based on the absorption spectra of 

the doped nanoparticle suspension, we have approximated the total number of MEH-PPV 

molecules present in a 5 wt% nanoparticle by assume that MEH-PPV molecules adopt a defected 

cylinder confirmation (r = 2.5 nm; h = 10 nm) previously reported by Barbara et al. This packing 

arrangement indicates that a undoped 36 nm diameter MEH-PPV nanoparticle (i.e. 100 wt%) 

consist of approximately 124 MEH-PPV molecules and, thus, a composite nanoparticle of the 

same diameter but doped with 5 wt% of MEH-PPV accounts for approximately 6 MEH-PPV 

molecules present in a composite nanoparticle. Such calculations support the hypothesis of an 

incomplete energy transfer process segregated MEH-PPV molecules. Additionally, these 

calculations support the hypothesis of incomplete energy transfer to a region of highly 

aggregated MEH-PPV polymer chains, where the reduced emission intensity may result from a 

combination of (i) incomplete energy transfer described above and (ii) enhanced intrachain π-
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stacking interaction, in other words, enhanced aggregate quenching by a limited number of 

“highly” aggregated polymer chains. Wu et al. also observed similar spectral characteristics in 

composite nanoparticle with low dopant concentrations. In contrast to the 5 wt% nanoparticle 

suspension, the concentration range of 30 and 40 wt% exhibit an enhanced MEH-PPV emission 

intensity which is clearly more intense than the remaining composite nanoparticle suspensions. 

Several studies have previously demonstrated that the FRET emission intensity and spectral 

shape of the acceptor in composite thin films and nanoparticles is dependent on the dopant 

concentration, especially for dye doped systems. The investigators contribute these 

photophysical phenomena to the extent of dopant segregation or aggregation. Consequently, the 

fluorescence spectra of the 30 and 40 wt% nanoparticle suspensions signifies a mixed molecular-

like and aggregate-like morphology that efficiently transfers energy nonradiatively from BPPV 

to MEH-PPV whereby photons are emitted from MEH-PPV before decaying through a 

nonradiative channel, i.e. MEH-PPV molecules are “uniformly” distributed throughout the 

nanoparticle matrix which exhibits limited polymer-polymer segregation or aggregation 
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Figure 25: Changes of MEH-PPV and BPPV emission intensity for undoped and doped 

nanoparticle suspension as a function of the doping weight percent of MEH-PPV. s The 

quenching with elevated dopant levels, while the . With elevated dopant levels of MEH-PPV, the 

BPPV (blue line) emission intensity is shown to quench hyperefficiently. In the case of MEH-

PPV (black line), the emission intensity gradually decreases and deviates from the monotonic 

trend at a dopant level of 5, 30 and 40 wt%.  

5.2.5 Time-resolved spectroscopy of composite (doped) nanoparticle suspensions. 

In Figure 26, the raw PL decay profiles and exponential fits for the doped nanoparticle 

suspensions are shown and numerically provided in Tables 2-3 using the same experimental 

parameters as the undoped nanoparticle suspensions (i.e. donor (375 nm) and acceptor (490 nm) 

excitation wavelengths while detecting emission maxima of the BPPV (504 nm) and MEH-PPV 

(590 nm) nanoparticles and the 630nm red shoulder of MEH-PPV). When probing the 
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nanoparticle suspension at the donor excitation wavelength, in a concentration range from 5 to 

75 wt%, the fitted decay profiles in Figure 26a-c yield individual lifetimes (contributions) 

ranging from 0.71-0.95 ns (0.2-1.3%), 0.09-0.23 ns (3-18%) and 0.02-0.06 ns (81-97%) for 

BPPV. For the same concentration range, the individual lifetimes (contributions) of MEH-PPV 

that range from 0.85-1.4 ns (2.4-4.4%), 0.25-0.37 ns (14-31%) and 0.05-0.10 ns (65-83%) at a 

detection wavelength of 590 nm, and 0.93-1.4 ns (4.0-6.2%), 0.29-0.37 ns (17-37%) and 0.05-

0.09 ns (57-79%) at a detection wavelength of 630 nm. When probing the nanoparticle 

suspension at the acceptor excitation wavelength, in a concentration range from 5 to 75 wt%, the 

fitted decay profiles in Figure 26d-e yield individual lifetimes (contributions) of MEH-PPV that 

range from0.84-1.4 ns (4.0-9.0%), 0.24-0.36 ns (17-26%) and 0.05-0.07 ns (65-81%) at a 

detection wavelength of 590 nm, and 0.96-1.4 ns (6.0-14%), 0.29-0.39 ns (20-26%) and 0.05-

0.07 ns (60-74%) at a detection wavelength of 630 nm. In addition, the individual lifetime 

components reported were used to calculate the amplitude-weighted averaged lifetimes of BPPV 

and MEH-PPV per composition. While the averaged lifetimes for BPPV monotonically decrease 

from 96 ps to 23 ps as the doping level of MEH-PPV increases from 5 to 75 wt%, the averaged 

lifetime of MEH-PPV resides between 95 and 342 ps regardless of the excitation or emission 

wavelengths. The resulting data were used to construct individual lifetimes (components) as a 

function of MEH-PPV dopant level for each of the excitation and detection wavelengths. Several 

key observations can be made from these data, which will be discussed in further detail in the 

proceeding sections: (i) similar to the case of the undoped nanoparticle suspensions, the local 

environment of the exciton and/or polymer chain aggregation may directly contribute to the 

presence of these multiple emitting species,
171

 (ii) the averaged lifetimes of the doped 

nanoparticle suspension are clearly shorter with respect to the molecular solutions, again, imply 
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that during nanoparticle assembly and polymer chain aggregation, preexisting nonradiative 

pathways are enhanced or new nonradiative pathways are created and (iii) the averaged MEH-

PPV lifetimes of the doped nanoparticles are longer than  the average lifetime of the undoped 

MEH-PPV nanoparticle suspensions, suggest dissimilar but close morphologies and chain 

stacking as the undoped  nanoparticle suspensions. 
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Figure 26: Photoluminescent decay profiles and exponential fits of undoped and doped 

nanoparticle suspension as a function of the doping percent of MEH-PPV. Nanoparticle 

suspensions were excited with a 375nm (a-c) and 490nm (d-e) pulse excitation source, while the 

PL decays were collected were collected at the emission maximum of BPPV (504±5nm; 3a) and 

MEH-PPV (590±5nm; 3b, 3d), and the red shoulder emission of MEH-PPV (630±5nm; 3c, 3e). 
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Table 2: Individual lifetime components, contributions and averaged lifetimes using 375 nm 

pulse excitation. 

 

 

 

 

 

 

 

 

Table 3: Individual lifetime components, contributions and averaged lifetimes using 490 nm 

pulse excitation. 

 

 

 

 

 

Doping 

Percent 

(wt%)

Excitation 

Wavelength 

(nm)

Emission 

Wavelength 

(nm) t1 (pS) A1 (%) t2 (pS) A2 (%) t3 (pS) A3 (%) <t> (pS)

0 375 504 906±87.1 1.3±0.28 235±14.5 18±0.9 57±2.9 81±1.1 100±2.5

5 375 504 894±47.1 1.3±0.37 233±4.4 18±2.2 58±1.0 81±2.5 96±11.0

10 375 504 805±52.0 1.2±0.17 215±15.9 16±2.0 54±4.4 82±2.2 89±11.2

15 375 504 804±17.7 0.7±0.0 201±1.4 13±0.1 49±0.0 87±0.1 73±0.0

25 375 504 830±60.2 0.6±0.22 179±5.1 12±2.3 44±1.2 88±2.5 64±5.8

30 375 504 706±91.5 0.6±0.22 153±14.7 11±3.2 34±6.1 88±3.4 51±2.3

40 375 504 701±5.6 0.6±0.4 142±18.8 10±4.4 32±0.6 89±4.8 48±9.8

50 375 504 906±82.3 0.2±0.04 132±12.7 6±1.3 26±4.6 94±1.3 35±4.0

75 375 504 951±77.9 0.5±0.05 85±8.5 3±1.0 16±2.9 97±0.9 23±2.1

5 375 590 1374±24.8 4.4±1.17 374±21.3 31±6.1 103±7.2 65±5.1 242±2.6

10 375 590 1300±29.9 3.1±0.47 350±9.0 27±1.1 93±7.4 70±1.0 200±1.0

15 375 590 1226±85.5 3.1±1.44 337±54.3 27±3.1 91±11.4 70±4.6 193±52.0

25 375 590 991±47.1 2.3±0.45 270±15.3 22±1.1 66±4.0 76±1.5 132±11.4

30 375 590 1082±66.5 2.9±0.15 297±14.4 19±2.3 67±3.2 78±2.4 141±1.0

40 375 590 1056±14.7 3.2±0.51 298±15.9 19±6.1 63±9.1 78±6.6 139±26.3

50 375 590 1008±62.1 3.4±0.9 284±2.9 17±1.2 57±8.7 80±0.2 127±1.7

75 375 590 849±35.2 2.4±0.10 246±12.7 14±1.8 47±6.1 83±1.8 95±10.4

100 375 590 803±10.2 1.7±0.26 236±4.5 13±0.5 46±1.7 85±0.6 85±0.6

5 375 630 1396±25.6 6.2±1.80 366±11.3 37±3.8 92±13.4 57±2.6 270±10.8

10 375 630 1323±35.9 4.4±0.51 360±12.7 30±0.7 94±12.1 66±1.1 228±2.6

15 375 630 1257±61.2 4.3±2.63 357±36.9 27±6.4 90±4.0 68±9.0 216±65.4

25 375 630 1087±24.2 3.2±0.35 308±19.6 23±0.3 73±3.5 74±0.6 159±12.1

30 375 630 1138±61.7 4.4±0.79 335±22.1 21±2.0 72±3.5 75±1.5 174±12.5

40 375 630 1154±34.8 5.7±0.79 355±21.7 22±4.7 71±5.0 72±4.0 194±1.5

50 375 630 1105±73.5 5.7±1.9 352±29.3 19±0.7 66±3.5 75±1.6 182±26.0

75 375 630 929±8.1 4.0±0.46 294±15.0 17±1.6 53±4.0 79±1.1 130±0.6

100 375 630 869±17.4 2.6±0.38 273±3.2 16±0.4 50±1.5 82±0.7 107±3.8

Doping Percent 

(wt%)

Excitation 

Wavelength 

(nm)

Emission 

Wavelength 

(nm) t1 (pS) A1 (%) t2 (pS) A2 (%) t3 (pS) A3 (%) <t> (pS)

5 490 590 1359±42.9 9±1.4 357±22.5 26±8.1 68±1.5 65±7.2 256±7.4

10 490 590 1289±59.3 7±0.8 330±17.6 23±2.2 58±1.0 70±1.4 207±11.1

15 490 590 1233±58.5 5±1.6 328±23.5 23±2.9 59±6.0 71±3.3 197±25.1

25 490 590 1057±46.4 5±1.1 274±13.9 21±2.6 52±4.0 74±3.4 150±21.7

30 490 590 1135±40.4 6±0.7 304±24.8 20±2.7 55±8.9 74±3.3 171±23.6

40 490 590 1073±59.3 5±1.2 291±27.1 22±5.2 56±11.0 73±5.8 159±36.4

50 490 590 980±134.2 4±1.6 271±53.2 20±4.7 54±15.0 76±5.9 139±50.7

75 490 590 843±92.0 4±0.7 239±30.8 17±2.9 47±8.2 81±4.2 119±9.2

100 490 590 803±57.5 3±0.7 224±17.4 16±1.6 42±2.3 82±2.3 93±10.3

5 490 630 1429±28.3 14±2.7 391±16.7 26±6.5 71±3.2 60±3.8 342±24.6

10 490 630 1347±26.4 13±2.6 376±12.3 24±1.3 65±2.5 64±1.7 297±25.2

15 490 630 1303±42.5 11±2.0 373±16.9 24±1.3 66±6.6 65±2.8 280±35.9

25 490 630 1171±55.5 8±1.7 337±5.0 23±1.5 60±6.2 69±3.1 209±22.6

30 490 630 1234±7.9 9±1.3 361±8.6 24±3.3 62±6.5 67±2.3 239±14.2

40 490 630 1139±23.6 8±0.7 342±5.1 23±2.9 63±9.6 68±3.7 219±25.4

50 490 630 1108±68.1 6±2.4 331±23.5 23±3.1 60±12.5 70±5.3 191±51.3

75 490 630 959±40.9 6±1.2 291±7.8 20±1.7 54±7.2 74±2.9 153±22.0

100 490 630 925±61.0 5±1.1 289±15.7 18±1.2 52±4.5 77±2.3 136±22.1
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Figure 27: Averaged lifetime of undoped and doped nanoparticle suspensions excited at 

375nm (solid line) and 490nm (dash line). The decay profiles were detected at 504 (black circle), 

590 (orange circle) and 630nm (blue circles). These averaged lifetime display excitation and 

emission dependencies with lifetimes that increase at 30 and 40wt% as the doping level of MEH-

PPV is increased. The average lifetimes at 504nm also display a general decrease with 

decreasing doping levels. 

In Figure 27, the averaged lifetime of the undoped and doped nanoparticle suspensions are 

shown as a function doping weight percent of MEH-PPV and emission wavelength. The average 

lifetimes of BPPV (black circles) display a monotonic decrease from 100 ps (0 wt%) to 23 ps (75 

wt%),indicative of a dynamic nonradiative dipole-dipole energy transfer process (i.e. Fӧrster) 



92 

 

from BPPV to MEH-PPV.
 71

 Other donor-acceptor systems containing multiple emitting 

components (i.e. nanoparticles and solid materials) previously observed this phenomenon. The 

averaged lifetime components of BPPV (black circles) are depicted at donor (black line, solid) in 

Figure 27 with respect to the MEH-PPV doping level. The average lifetime monotonically 

decreases from 100 ps (0 wt%) to 23 ps (75 wt%); coincides with the BPPV decay profiles 

(Figure 26a) and the extrapolated intensity projection (Figure 28a) that become shorter and 

subside after 4ns. Previous studies have observed this phenomenon in other donor-acceptor 

systems containing multiple emitting components (i.e. nanoparticles and solid materials), for 

which, the observed decrease in excited state lifetime of the donor was described by an energy 

transfer model.
116,223

 In addition, the hyperefficient quenching of BPPV and in other doped 

conjugated polymer nanoparticle systems further supports the proposed dynamic nonradiative 

dipole-dipole energy transfer process (i.e. Fӧrster) from BPPV to MEH-PPV.
117,118,183

  

In the case of MEH-PPV, the averaged lifetimes plotted in Figure 27 show the excited state 

dynamics at the MEH-PPV emission maximum (blue circles) and red shoulder emission (red 

circles) at donor (black line, solid) and acceptor (black line, dash) excitation wavelengths with 

respect to the doping level of MEH-PPV. Several key observations are made as the doping level 

of MEH-PPV increases. First, when comparing the blue emitter (λems = 590nm, blue circles) of 

MEH-PPV to the corresponding red emitter (λems = 630nm, orange circles), the average lifetimes 

decrease with the exception of the 30 and 40 wt% nanoparticle suspension s. In addition, the 

excited-state dynamics of the blue or red emitter display excitation wavelength dependencies, as 

demonstrated by the reduction of the average lifetimes at 375nm pulse excitation with respect to 

490nm pulse excitation. These general trends are further depicted in the extrapolated intensity 

projections (Figures 28b-e) where the white dotted lines represent the doping weight percent of 
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MEH-PPV for a given nanoparticle composition. The data presented are indicative of excitation 

and emission dependencies of the excited state dynamics, which were attributed to enhanced 

interchain interaction from aggregate emission
111

 and primary excitation of high energy 

chromophores followed by rapid energy transfer to low energy chromophores through interchain 

and intrachain interactions.
224

 Second, ss the doping level of MEH-PPV increases, the averaged 

lifetime of MEH-PPV decreases from 300 ps (5 wt%) to 100 ps (75 wt%), suggesting a transition 

in morphology from isolated MEH-PPV molecules or a single region of densely packed MEH-

PPV molecules to aggregated MEH-PPV domains. In other words, at low MEH-PPV dopant 

levels the excited-state dynamics exhibit similar fluorescence lifetimes as the molecular 

solutions, while increasing the dopant level results in fluorescence lifetimes that are comparable 

to enhanced interchain and intrachain pi-stacking interactions of the undoped MEH-PPV 

nanoparticle suspension.. In the case of 5wt%, we have calculated that approximately 1-6 MEH-

PPV molecules reside within a 36nm diameter nanoparticle. This suggests that the nanoscale 

morphology may result in spatially separated domains larger than the Forster distance (i.e. 2xR0) 

or BPPV inability to locate MEH-PPV molecules over the polymer exciton diffusion length. For 

either scenario, this would lead to inefficient Forster energy transfer process, while reducing the 

5wt% nanoparticle emission intensity of MEH-PPV as shown in Figure 24b (red line). On the 

other hand, increasing the relative concentration of MEH-PPV may lead to increased interchain 

quenching effects (e.g., aggregate quenching) and, thus, a decreases in the emission intensity of 

MEH-PPV as shown in Figure 24b (blue line). Finally, the 30 and 40 wt% nanoparticle 

suspensions display enhanced excited-state dynamics with respect to the decreasing trend of the 

averaged lifetimes, which directly correlates to the enhanced MEH-PPV emission intensity of 30 

and 40 wt% in Figure 24b. This indicates, in both cases, that during nanoparticle assembly and 
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polymer chain packing events new radiative decay pathways are created or preexisting pathway 

are enhance by constructing a mixed morphology of organized molecular-like and aggregate 

emitting domains that efficiently transfer energy within the exciton diffusion length and 

respective lifetime.  

 

Figure 28: Extrapolated intensity projection from the raw decay profiles as a function of 

doping weight percent of MEH-PPV. Nanoparticle suspensions were excited with a 375nm (a-c) 

and 490nm (d-e) pulse excitation source, while the PL decays were collected were collected at 

the emission maximum of BPPV (504±5nm; 4a) and MEH-PPV (590±5nm; 4b, 4d), and the red 

shoulder emission of MEH-PPV (630±5nm; 4c, 4e). 
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 Apart for the averaged lifetimes, the individual lifetime components (τ1,2,3) and 

corresponding weighted amplitude contributions (A1,2,3) provide substantial insight into the 

changing polymer-polymer and polymer-aggregate interactions which ultimately affects the 

optoelectronic properties of the composite nanoparticle suspensions. The data plotted in Figures 

29 and 30 again, displays excitation and emission dependencies of the excited state decays, 

which are in agreement with the averaged lifetime data discussed above. Interestingly, the τ1,2 

components for 30 and 40 wt% are reduced at the emission maximum of BPPV (Figure 24a, 

black circles), while the τ1,2 components simultaneously increase at MEH-PPV emission 

maximum (Figure 29a, orange circles) and red shoulder of MEH-PPV (Figure 29a, blue circles). 

In fact the same trend is observed in the weighted amplitude contributions (Figure 29b), 

implying that the unquenched and partial quenched chromophores of BPPV effectively transfer 

energy more efficiently to MEH-PPV in the morphology of 30 and 40 wt% nanoparticles. This 

data once more supports the hindrance of exciton migration or energy transfer to nonradiative 

states which are manifest into increased emission intensities and fluorescence lifetimes for the 30 

and 40 wt% nanoparticle suspensions. 
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Figure 29: Individual lifetime components and amplitude weighted contribution as a function 

of MEH-PPV doping levels. These data are excited with a 375 nm pulse excitation sources, 

while the PL decays were collected at 504 (black), 590 (orange) and 630 nm (blue). Left) the 

individual life components illustrate a gradual reduction in lifetime with increasing doping levels 

of MEH-PPV, while the lifetimes of 30 and 40wt% are increased. Inserted graph depicts the fast 

τ3 lifetimes. Right) amplitude weighted contributions of the respective individual life 

components, which display decreased A1and A2 and increased A3 contributions with respect to 

increased dopant levels of MEH-PPV. Additionally, the relative weighted percentages τ1 and τ2 

amplitudes are the opposite of τ3 amplitudes. 
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Figure 30: Individual lifetime components and amplitude weighted contribution as a function 

of MEH-PPV doping levels. These data are excited with a 490 nm pulse excitation sources, 

while the PL decays were collected at 590 (orange) and 630 nm (blue). Left) the individual life 

components illustrate a gradual reduction in lifetime with increasing doping levels of MEH-PPV, 

while the lifetimes of 30 and 40wt% are increased. Inserted graph depicts the fast τ3 lifetimes. 

Right) amplitude weighted contributions of the respective individual life components, which 

display decreased A1and A2 and increased A3 contributions with respect to increased dopant 

levels of MEH-PPV. Additionally, the relative weighted percentages τ1 and τ2 amplitudes are the 

opposite of τ3 amplitudes. 

 Additionally, the insert in Figures 29 and 30 depict a reducing τ3 component and rising 

A3 contribution with respect to increased doping levels. In the case of BPPV, we would expect 

the opposite trend if the τ3 component was governed by aggregate emission (i.e. the contribution 

of aggregate emissive should be higher for undoped BPPV nanoparticles). The data, therefore, 

suggest that the resulting τ3 component of BPPV consist of energy transfer from polymer chain 
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to aggregate species, as previously discussed in the undoped nanoparticle sections. It should be 

noted that the observation is purely speculative since the dynamic energy transfer mechanism 

would ultimately result in quench of the donor emission with respect to increased doping levels. 

As for MEH-PPV, reducing and rising trend of τ3 and A3 alludes to the presence of aggregate 

quenching and/or energy transfer from molecular emitters to aggregate emitters. Assessment of 

the relative A3 contribution at 590nm and 630nm it is clear that the excited-state dynamics at 

590nm display a higher percent contribution, which point to more a likely scenario of facilitate 

energy transfer from molecular to aggregate emitters. On the basis of specifically assigning the 

excited-state dynamic mechanism responsible for the τ3 contribution in MEH-PPV, additional 

experiments are planned to probe the aggregate specie at longer wavelength. These studies 

should provide insight into the initial energy transfer process from polymer chains to trap sites, 

or intermediate decay times which transfer from polymer chain to aggregates. 

5.3 Conclusion 

Broadband absorbing nanoparticles consisting of Poly[(o-phenylenevinylene)-alt-(2-

methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] (BPPV) and Poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) were fabricated by the reprecipitation 

method to address the issues of morphology, intermolecular interactions and efficient light 

absorption in polymer-polymer organic photovoltaic devices (OPVs). These nanomaterials 

provide a model system that maintains the functionality of the bulk material, while relating the 

material function to molecular level properties. Time-correlated single photon counting (TC-

SPC) was applied to fundamentally excited-state properties of the resulting broadband absorbing 

composite nanoparticles. TC-SPC demonstrates that the composite nanoparticle suspensions 

consist of a dynamic fluorescent resonance energy transfer mechanism involving molecular and 
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aggregate emitters. Surprisingly, with nanoparticle suspensions with 30 and 40 weight 

percentage (wt%) of MEH-PPV display enhanced fluorescence emission and lifetimes, 

suggesting a mixed molecular-like and aggregate morphology. These data clearly illustrate that 

the nanoscale morphology of densely packed (i.e. solid state) broadband absorbing composite 

nanoparticles is extremely complex and heterogeneous due to changing polymer chain 

morphologies and changing polymer-polymer aggregation, which ultimately affect the optical 

and electronic properties of the bulk materials found within OPVs. 
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CHAPTER 6: INFLUENCES OF FULLERENE DOPING IN BROADBAND 

ABSORBING ENERGY TRANSFER CONJUGATED POLYMER 

NANOPARTICLES 

6.1 Introduction 

Organic photovoltaic (OPV) devices have attracted increasing attention because of the 

potential advantages that include large area, light weight and flexible devices through low cost 

solution processing.
225

 Over the past decade, considerable progress has been made in the power 

conversion efficiency (PCE) of OPVs, as evidenced by the increase PCE from 1% to 9%.
226

 In 

most cases, OPVs adopt a bulk heterojunction (BHJ) structure, where the light harvesting active 

layer consist of a phase separated blend of donor and acceptor materials
21,56

 (e.g., the most 

prominent BHJ mixture of poly(3-hexylthiophene)(P3HT) and [6,6]-phenyl C61-butyric acid 

methylester (PCBM)
227

). Because conjugated polymers harvest a limited amount of the solar 

energy, extensive research efforts have been devoted to improving the light harvesting efficiency 

with the use of low band gap polymers and dye sensitization. In the case of low band gap 

polymers, it is well recognized that high PCE are achieved when simultaneously optimizing the 

polymer band gap and energy levels.
228

 While the latter is a simple and versatile method for 

adding a third light absorbing component, dye aggregation typically results in reduced charge 

mobility or absorption efficiency of the active layer.
66,71,229-231

 On the other hand, blending two 

or more conjugated polymers offers a unique opportunity to enhance the light harvesting ability 

and open circuit voltage of OPV devices (See reference within Advanced Materials 2009, 21, 

3840-3850); however, efficient charge separation typically requires the addition of fullerene 

derivatives. More importantly, the fundamental understanding of the principle phenomena and 

mechanisms of the solid-state films such as charge transfer/transport, chain-chain interactions 

and morphological aggregation, must be unraveled in order to increase device efficiency.
21,44,232-
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237
 For example, aggregation in solid-state films provides good charge transport through strong 

interacting pi-electron systems, but evidently induces emissive quenching traps and 

heterogeneous morphologies which can greatly affect the device performance.
138,155,174

 
238

  

Consequently, the photophysical and optoelectronic properties of conjugated polymer 

materials have attracted a lot of scientific interest with respect to the bulk material morphology. 

Single molecule spectroscopy (SMS) has been proven to be very successful for unraveling the 

complex excited-state dynamics of conjugated polymers such as correlating spectroscopic 

properties of the solid-state material to different morphology that can be adopted by single 

polymer chains.
45,47,55,237

 Additionally, it was discovered that extended chromophore segments 

undergo ultrafast energy transfer processes from high energy chromophores to low energy 

chromophores (i.e., energy funneling), which results in photophysical phenomena that includes 

fluorescence blinking, single-step photobleaching and variations in the fluorescence spectral 

properties with respect to the preparation conditions.
38,49,215

 However, these SMS studies are not 

completely representative of the function and properties of the bulk material. 

 More recently, conjugated polymer nanoparticles have been fabricated and 

spectroscopically characterized.
100,106-111,115,120,121,183

 These nanoparticle studies are motivated by 

the ability to study a limited number of molecules and interchain interactions at the molecular 

level on a length scale between single molecule and bulk material. We recently reported the 

fabrication of composite nanoparticles of the conjugated polymers poly[(o-phenylenevinylene)-

alt-(2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] (BPPV), poly[2-methoxy-5-(2-

ethylhexyl-oxy)-p-phenylenevinylene] (MEH-PPV). By using single particle spectroscopy 

(SPS), we were able to show how variations in polymer chain folding, polymer-polymer 

interaction and polymer aggregation affect the nanoparticles morphology and photophysical 
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properties of individual nanoparticle at the molecular scale. In particular, the shape of the 

fluorescence spectra and energy transfer properties for individual nanoparticles was found to 

change with the MEH-PPV dopant level, implying that the heterogeneous arrangement of donor 

and acceptor molecules results in band gap changes and physical changes in chain folding and 

chain-chain stacks.  

Herein, we extend our research endeavors to fundamentally understand the 

optoelectronic, morphological and photophysical properties of ternary broadband absorption 

nanoparticles that consist of BPPV, MEH-PPV and 1-(3-methoxycarbonylpropyl)-1-phenyl-

[6.6]C61 (PCBM). By combining stead-state absorption and fluorescence spectroscopy and 

single particle spectroscopy, we were able to report a comprehensive study on the extent of 

which polymer chain folding and the interactions between different conjugated polymers and 

fullerenes affect the nanoparticle morphology and photophysical processes (e.g., the competition 

between energy transfer and charge transfer) as a function of different MEH-PPV (0, 15 and 50 

wt%) and PCBM (0, 5, 25 and 50 wt%) blending ratios. While the  fluorescence spectroscopy 

measurements reveal quantitative estimates of the charge transfer rates in bulk solution that are 

orders of magnitude larger than the rates of energy transfer, the SPS measurement unmask 

several key features that are unobtainable in the bulk measurements. Specifically, SPS 

demonstrates that the extent of polymer chain folding is greatly affected by increased PCBM 

dopant concentrations and, the enhancement or reduction of energy transfer efficiencies and rates 

for a given PCBM dopant concentration is dependent on the BPPV:MEH-PPV blending ratio 

(i.e. the energy transfer process enhances in the 15 wt% nanoparticles with respect to increased 

PCBM doping levels, while the opposite is shown to occur in the 50 wt% nanoparticles). 
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6.2 Results and Discussion 

6.2.1 Electrochemical Properties 

To rationalize the differentiation between energy transfer and charge transfer in the 

monofunctional and difunctional PCBM doped nanoparticles, the energy levels of BPPV and 

MEH-PPV were determined by cyclic voltammetry. The cyclic voltammograms were measured 

in tetrahydrofuran (THF) at room temperature in a potential window ranging from -1.8 to +2.5 V 

(vs Ag/AgCl). Figure 31 illustrates the molecular energy level diagram and chemical structures 

of the materials used in the monofunctional and difunctional doped nanoparticle suspensions and 

presents the photophysical processes involved in the BPPV/MEH-PPV/PCBM system. 

The ground state energy levels (     
 ) were estimated by using a ferrocene/ferrocenium 

(Fc/Fc
+
) internal standard and calculated by the following equation: 

     
                   ,   (9) 

where     is the onset of the oxidation potential. The excited state energy levels of BPPV 

and MEH-PPV were estimated from the polymer band gap obtained in the UV-vis spectroscopy 

data according to the following equations:
239

 

      
        

        (10) 

         
    

      
    (11) 

where       
  is the excited state energy,    is the band gap of the conjugated polymer, and 

   is the absorption wavelength onset of the conjugated polymer. The ground state energy levels 
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for BPPV and MEH-PPV were estimated at -5.6 and -5.4 eV, respectively. The band gap energy 

for BPPV (2.6 eV) and MEH-PPV (2.2 eV) then correspond to excited state energy levels of -3.0 

and -3.2 eV for BPPV and MEH-PPV, respectively. The results show that the LUMO level of 

both BPPV and MEH-PPV lie above the LUMO level of PCBM (-3.7 eV) with molecular orbital 

level offsets of > 0.3 eV and indicate that photo-induced charge transfer from conjugated 

polymer to PCBM is likely to be thermodynamically favorable due to the required driving force 

needed to overcome the Coulomb binding energy of the singlet exciton.
61

 However, the LUMO 

level offset of 0.2 eV between BPPV and MEH-PPV indicates that photo-induced electron 

transfer is an unfavorable thermodynamic process, suggesting that intermolecular energy transfer 

primarily accounts for the observed exciton quenching of BPPV. These electrochemical 

properties are discussed hereafter to support the photophysical processes observed in the bulk 

and single particle spectroscopy data of the monofunctional and difunctional doped 

nanoparticles.  
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Figure 31: Energy level diagram displaying the HOMO and LUMO energies of the 

semiconducting polymers (BPPV and MEH-PPV) and fullerene derivative (PCBM) used in the 

monofunctional and difunctional doped nanoparticles. Here, kET and kCT are the rates of energy 

and charge transfer, respectively.  

6.2.2 Bulk Spectroscopy 

The absorption and fluorescence spectra of undoped, monofunctional doped and difunctional 

doped molecular solutions dissolved in THF and aqueous nanoparticle suspensions were 

collected. These spectra are shown in Figures 32-35, where the molecular solutions and 

nanoparticle suspensions are presented in the left (dash dot lines) and right columns (solid lines), 

respectively. The absorption spectra for the molecular solutions (Figures 32a-c) depict BPPV and 

MEH-PPV absorption maxima located at 353 and 500 nm, respectively. The nanoparticle 

suspensions absorption spectra (Figure 32d-e) are nearly unchanged with respect to the 

molecular solutions and suggest that during nanoparticle assembly, interchain and intrachain 
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interactions remain unaltered in the ground state. In addition, the absorption spectra illustrate the 

presence of PCBM by the characteristic absorption peak located at 330 nm that increases in 

absorbance in response to increased doping levels of PCBM. The absorption spectra are the sum 

of pure PCBM and the corresponding BPPV or BPPV/MEH-PPV constituents, indicating that 

there are no detectable ground state interactions occurring in the molecular solutions or 

nanoparticle suspensions.
240,241

 These spectral characteristics are similar to previous reports of 

composite nanoparticle suspensions.
111,135

 

 

Figure 32: The absorbance spectra of molecular solutions dissolved in THF (dash dot line) 

and aqueous nanoparticle suspensions (solid line) doped with 0 (black), 5 (green), 25 (blue) and 

50 (red) total weight percent (wt%) of PCBM. The presence of PCBM is confirmed by the 

absorbance peak located at 330 nm, which increases in absorbance with higher doping levels of 
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PCBM. a-c) The absorption spectra of the molecular solutions exhibit a constant BPPV and 

MEH-PPV maximum at 353 and 500 nm, respectively. d-f) The absorption spectra of the 

aqueous nanoparticle suspensions exhibit a BPPV absorption maximum that resemble the 

molecular solution, while MEH-PPV absorption maximum red shifts to 509 and 512 nm for 15 

and 50 wt% nanoparticle suspensions, respectively.  

In Figures 33-35, the fluorescence spectra of the molecular solutions dissolved in THF and 

aqueous nanoparticle suspensions are depicted and are comparable to previous bulk film and 

conjugated polymer nanoparticle fluorescence studies.
106,111,135,174

 The emission maxima for 

BPPV (Figure 33a, black line) and MEH-PPV (Figures 34b-35b, black line) dissolved in THF 

are located at 504 and 552 nm, respectively. While the undoped BPPV emission maximum is 

located at 504 nm (Figure 33b, black line), the BPPV emission intensity and peak wavelength for 

the 15 and 50 wt% monofunctional doped BPPV/MEH-PPV nanoparticles (Figures 34c-35c, 

black line) decrease and blue shift to 496 and 485 nm, respectively. In addition, the 

monofunctional doped nanoparticle suspensions obtain MEH-PPV emission maxima at 581 and 

594 nm for the 15 and 50 wt% monofunctional doped BPPV/MEH-PPV nanoparticles, 

respectively. These red shifted nanoparticle fluorescence spectra with respect to the molecular 

solutions are ascribed to enhanced interchain and intrachain π-stacking interactions,
38,44,47

 while 

the reduced BPPV emission of the monofunctional doped BPPV/MEHPPV nanoparticles is 

indicative of an intermolecular Fӧrster energy transfer process through non-radiative dipole-

dipole interactions.
135

 Consequently, the blue shifted fluorescence spectra are indicative of 

disrupted intrachain and interchain interaction which lead to disordered polymer chain 

morphologies.  
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For the monofunctional doped BPPV nanoparticles and difunctional doped BPPV/MEH-PPV 

nanoparticles, the fluorescence spectra display emission maxima that gradually blue shift to 

higher energies compared to the representative undoped nanoparticle suspension (Figures 33b, 

34c-d, 35c-d). Similar to the monofunctional doped BPPV/MEH-PPV nanoparticles, higher 

PCBM doping levels severely disrupt interchain and intrachain interactions of BPPV, resulting in 

more disordered chain morphologies and blue shifted fluorescence spectra. In addition, the 0-0 

and 0-1 peak intensities of MEH-PPV vary in the bulk material under direct excitation (Inserts in 

Figures 34d and 35d), suggesting that exciton migration to low energy sites is limited through 

compartmentalization of polymer chain segments by reducing intermolecular π-stacking 

interactions with respect to higher PCBM doping levels. These observations (i.e., more disorder 

chain morphologies and limited exciton migration with increased PCBM doping) are in 

agreement with previous studies of composite MEH-PPV/PCBM and P3HT/PCBM 

nanoparticles.
106-111

 

Compared to the undoped nanoparticle suspensions, the fluorescence intensity of the PCBM 

doped nanoparticle suspensions is quenched by greater than 75%. Fluorescence quenching of this 

nature was previously observed in blended conjugated polymer solutions,
242

 nanoparticles
106-

108,110,111
 and thin films.

240
 Several electron spin resonance studies have deduced that the 

fluorescence quenching mechanism is dominated by a charge transfer process.
240,243

 Heeger and 

colleagues, for example, demonstrated two resolvable photo-induced spin signals in a composite 

MEH-PPV/C60 film that were associated with the charge separated state. Additionally, it has 

been widely reported that ultrafast interfacial charge transfer occurs in intercalated networks of 

conjugated polymer-fullerene films on the time scale of ~ 40 fs,
145,240

 which is faster than the 

energy transfer reaction. A quantitative estimate of the composite nanoparticle interfacial charge 
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transfer process (Table 4) can be determined by the extent of fluorescence quenching and the 

excited state lifetime of the donor.
146,244

 For the monofunctional doped BPPV nanoparticles, the 

photoinduced rate constant is given by Equation 12, 

   
   

        

     
, (12) 

where    
  is the rate of charge transfer from BPPV to PCBM,       is the quenching emission 

intensity ratio of the BPPV/PCBM doped nanoparticles with respect to the undoped BPPV 

nanoparticles, and       is the excited state lifetime of undoped BPPV nanoparticles (100 ps).
135

 

The    
  values were estimated on the time scales of 2.0 x 10

10
, 1.9 x 10

11
 and 4.6 x 10

11
 s

-1
 for 5, 

25 and 50 wtT% PCBM, respectively. These calculations indicate that the interfacial charge 

transfer process is enhanced with respect to increasing doping concentrations of PCBM that is 

likely to result from greater intermolecular interactions between BPPV and PCBM. In the case of 

the difunctional doped BPPV/MEH-PPV nanoparticles, the photoinduced charge transfer process 

can take place by: i) an indirect two-step process where energy is initial transfer from BPPV to 

MEH-PPV followed by intermolecular electron transfer from MEH-PPV to PCBM, or ii) direct 

electron transfer from BPPV to PCBM. These photoinduced charge transfer processes are shown 

in Figure 31, where the difunctional doped nanoparticle rate for indirect charge transfer is 

quantitatively estimated by Equation 13. 

   
   

           

        
,  (13) 

Here,    
  is the rate of indirect charge transfer from MEH-PPV to PCBM,          is the 

MEH-PPV quenching emission intensity ratio of the difunctional doped nanoparticles with 

respect to the monofunctional undoped BPPV/MEH-PPV nanoparticles, and          is the 
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excited state lifetime of undoped MEH-PPV nanoparticles (140 ps).
135

 The estimated    
  values 

were on the time scale of 2.7 x 10
10

, 3.6 x 10
11

 and 7.3 x 10
11

 s
-1 

for the difunctional doped 15 

wt% nanoparticle suspensions with 5, 25 and 50 wtT% PCBM, respectively, and 5.2 x 10
10

,  

4.8 x 10
11

 and 5.1 x 10
11

 s
-1 

for the difunctional doped 50 wt% nanoparticle suspensions with  

5, 25 and 50 wtT% PCBM, respectively. These estimated rates for both difunctional doped 

nanoparticle suspensions are comparable to the monofunctional doped BPPV nanoparticles and 

suggest that the charge transfer process of these broadband absorbing nanoparticles are only 

affected by the addition of PCBM. Alternatively, if direct electron transfer takes place in the 

difunctional doped nanoparticles, additional fluorescence quenching is expected because the rate 

of electron transfer would transpire at a faster rate with respect to the energy transfer process. 

Compared to other OPVn-C60 dyads,
244,245

 the fluorescence spectra of the difunctional doped 

BPPV/MEH-PPV nanoparticles shown in Figures 5b and 6b clearly depict significant 

fluorescence quenching in comparison to the undoped 15 and 50 wt% nanoparticle suspensions. 

In this case, the rate for direct charge transfer is quantitatively estimated by a modified model 

according to Equation 14, 

   
   

      
                       

      

     
  (14) 

where    
  is the rate of direct charge transfer from BPPV to PCBM,      

   is the BPPV 

emission intensity quenching ratio of the difunctional doped nanoparticles with respect to the 

monofunctional undoped BPPV/MEH-PPV nanoparticles,         
  

 is the MEH-PPV emission 

intensity quenching ratio of the difunctional doped nanoparticles with respect to the 

monofunctional undoped BPPV/MEH-PPV nanoparticles,    and    are the quantum yields of 

the donor and acceptor, respectively, and       is the excited state lifetime of undoped BPPV 
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nanoparticles (100 ps).
135

 The estimated    
  values are on the time scale of 7.2 x 10

10
, 2.9 x 10

13
 

and 7.7 x 10
13

 s
-1 

for the difunctional doped 15 wt% nanoparticle suspensions with 5, 25 and 50 

wtT% PCBM, respectively, and 1.3 x 10
11

, 2.8 x 10
12

 and 5.3 x 10
12

 s
-1 

for the difunctional doped 

50 wt% nanoparticle suspensions with 5, 25 and 50 wtT% PCBM, respectively. Compared to the 

indirect charge transfer calculations, the rates of direct charge transfer in both difunctional doped 

compositions are faster by approximately one order of magnitude. These rates indicate that the 

bulk of the initial BPPV excited state charge transfers to PCBM before energy transferring to 

MEH-PPV and coincides with the significant reduction in the difunctional doped nanoparticle 

fluorescence intensity. In addition, the direct charge transfer rates are faster by approximately 

one order of magnitude for the 15 wt% difunctional doped nanoparticles compared to the 50 wt% 

difunctional doped nanoparticles. This possibly results from a higher doping wtT% of PCBM in 

the case of the 15 wt% difunctional doped nanoparticles, where enhanced intermolecular 

interactions between BPPV and PCBM over short distances may increase the probability of 

direct charge transfer. Nonetheless, the estimated calculations for both photoinduced charge 

transfer processes quantitatively support the quenched photoluminescent intensity of the PCBM 

doped nanoparticle suspensions with respect to the undoped nanoparticle constituents, and the 

interfacial charge transfer process that dominates the rate of intermolecular energy transfer.  
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Table 4: Monofunctional and Difunctional Doped Nanoparticle Suspensions Quenching 

Factors (   and Rate Constants for Energy Transfer        and Charge Transfer     
         

  . 

      
         

         
           

      
           

        
0wt%-5wtT% PCBM    3 

 
2.0 x 10

10 

0wt%-25wtT% PCBM    19  1.9 x 10
11

 

0wt%-50wtT% PCBM    46  4.6 x 10
11

 

15wt%-0wtT% PCBM 1.6 3.1 x 10
9
     

15wt%-5wtT% PCBM   5 5 2.7 x 10
10 

7.2 x 10
10 

15wt%-25wtT% PCBM   110 53 3.6 x 10
11

 2.9 x 10
13

 

15wt%-50wtT% PCBM   147 107 7.3 x 10
11

 7.7 x 10
13

 

50wt%-0wtT% PCBM 7.9 3.4 x 10
10

     

50wt%-5wtT% PCBM   5 9 5.2 x 10
10 

1.3 x 10
11 

50wt%-25wtT% PCBM   9 71 4.8 x 10
11

 2.8 x 10
12

 

50wt%-50wtT% PCBM   14 85 5.1 x 10
11

 5.3 x 10
12

 

 

Additional quenching mechanisms (i.e., Fӧrster or Dexter) may account for the quenched 

fluorescence intensity, where the excited state is quenching through a non-radiative deactivation 

pathway. In the case of Fӧrster mechanism, the fluorescence quenching may result from the 

spectral overlap between the conjugated polymer emission spectrum and the absorption spectrum 

of PCBM. The sharp vibronic transition (λmax = 680 nm) observed at high PCBM doping levels 

(i.e., 25 and 50 wtT% PCBM) may allude to PCBM emission by means of an Fӧrster mechanism, 

which therefore reduces the overall emission intensity of the difunctional doped nanoparticle 

suspensions. The overlap integral between BPPV or MEH-PPV and PCBM is small compared to 

the spectral overlap integral of BPPV and MEH-PPV,
246

 suggesting negligible energy transfer 

from BPPV and/or MEH-PPV to PCBM through an Fӧrster mechanism. However, Cook and co-

workers previously observed similar fluorescence spectra in pristine PCBM thin films using an 

ultraviolet excitation source.
247

 This data suggests that the 680 nm vibronic transition may result 

from direct excitation interfacial regions of aggregated PCBM molecules. On the other hand, the 

fluorescence quenching resulting from a Dexter mechanism cannot be ruled out due to 
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intermolecular interactions between polymer chains and fullerenes. In this case, energy may be 

transferred over short distances. 

Interestingly, bulk spectroscopy displayed variations in the ratio between the BPPV peak 

intensity relative to the peak intensity of MEH-PPV (IBPPV/IMEH-PPV). As depicted in the 

normalized intensity inserts in Figures 34c and 35c, the 15 and 50 wt% monofunctional doped 

nanoparticle suspensions (black lines) peak intensity ratios were calculated as 60 and 7 %, 

respectively. As the doping level of PCBM increases, the peak intensity ratio increased to 200 

and 37 % for the 15 and 50 wt% difunctional doped nanoparticle suspensions, respectively, 

indicating that PCBM doping reduces the efficiency of the energy transfer process. Several 

possible mechanisms may contribute to the observed reduction in FRET efficiency. First, the 

initial excited state of BPPV may be dominated by the charge transfer process to PCBM at short 

distances
240

 and in doing so, limiting the intermolecular energy transfer process between densely 

packed BPPV and MEH-PPV polymer chains of a given nanoparticle composition. This 

interpretation is supported by the estimated charge transfer rates, where direct charge transfer 

was shown to exceed indirect charge transfer by an order of magnitude. In addition, the emission 

intensity of MEH-PPV in both difunctional doped BPPV/MEH-PPV nanoparticle suspensions is 

enhanced under direct excitation (Figures 34d and 35d) with respect to the fluorescence intensity 

of MEH-PPV when directly exciting BPPV (Figures 34c and 35c), which further supports a 

dominant charge transfer process of the initial excited state of BPPV. Second, nanoparticle 

morphology may consist of phase separated polymer and fullerene interfacial regions, thus 

preventing intermolecular energy transfer by separating BPPV and MEH-PPV molecules on a 

size scale greater than the Fӧrster distance. Phase separation of this nature has been extensively 

reviewed in blended polymer films (i.e., polymer-fullerene and polymer-
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polymer).
21,92,98,103,174,248-250

 Finally, the changes in MEH-PPV vibronic structure during PCBM 

loading may allude to a nanoscale morphology where the overall disruption of intermolecular π-

stacking interactions between dissimilar polymers (i.e., BPPV and MEH-PPV) occurs throughout 

the nanoparticle,  thereby reducing intermolecular energy transfer by limiting exciton migration. 

 

Figure 33: Fluorescence spectra of BPPV molecular solutions dissolved in THF (dash dot 

line) and aqueous nanoparticle suspensions (solid line) doped with 0 (black), 5 (green), 25 (blue) 

and 50 (red) wt% of PCBM. a) Molecular solutions of BPPV depicting a constant emission 

maximum located at 466 nm, displaying slightly quenched fluorescence intensity with respect to 

higher PCBM doping levels. b) Aqueous nanoparticle suspensions depicting an undoped BPPV 

emission maximum at 503 nm. As the doping level of PCBM increased from 5 to 50 wt%, the 

fluorescence intensity becomes increasingly quenched and the emission maximum blue shifts to 

452 nm. The inserted graph in Figure 2b depicts the normalized fluorescence intensity of the 

nanoparticle suspensions. A new vibronic structure is observed for 25 and 50 wt% at 

approximately 680 nm. This new feature may arise from PCBM emission when directly exciting 

the fullerene molecules with an ultraviolent excitation source (375 nm). 
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Figure 34: Fluorescence spectra of 50 wt% molecular solutions dissolved in THF (dash dot 

line) and aqueous nanoparticle suspensions (solid line) doped with 0 (black), 5 (green), 25 (blue) 

and 50 (red) total wt% of PCBM. a) Molecular solutions in THF excited at 375 nm, displaying a 

BPPV emission maximum at 466 nm with a 552 nm shoulder that results from direct excitation 

of MEH-PPV. b) Molecular solutions in THF excited at 488 nm, which confirms the presence of 

MEH-PPV at an emission maximum at 552 nm. c) Aqueous nanoparticle suspension excited at 

375 nm, displaying quenched emission intensity and blue shifting emission maxima for both 

BPPV and MEH-PPV with higher PCBM doping levels. The BPPV emission peaks at 480 nm 

and shifts to 453 nm for 50 wt% PCBM, while the undoped MEH-PPV emission maximum is 

located at 593 nm and shifts to 586 nm for 50 wt% PCBM. The 680 nm vibronic structures 

observed in the 25 and 50 wt% PCBM nanoparticles suggest that vibronic feature results from 
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PCBM emission. The inset in Figure 3c illustrates the fluorescence spectra normalized to the 

emission maximum of MEH-PPV, which display variations in the peak intensity ratios of BPPV 

to MEH-PPV. d) Aqueous nanoparticle suspensions excited at 488 nm, depicting quenched 

emission intensity and blue shifting emission maximum for MEH-PPV with respect to higher 

doping levels of PCBM. The undoped MEH-PPV emission maximum is located at 593 nm and 

shifts to 588 nm for 50 wt% PCBM. The insert in Figure 3d illustrates the normalized 

fluorescence spectra for the MEH-PPV emission, which display variations in the 0-0 to 0-1 

vibronic transitions. 

 

Figure 35: Fluorescence spectra of 15 wt% molecular solutions dissolved in THF (dash dot 

line) and aqueous nanoparticle suspensions (solid line) doped with 0 (black), 5 (green), 25 (blue) 
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and 50 (red) total wt% of PCBM. a) Molecular solutions in THF excited at 375 nm, displaying a 

BPPV emission maximum at 466 nm. b) Molecular solutions in THF excited at 488 nm, which 

confirms the presence of MEH-PPV at an emission maximum at 552 nm. c) Aqueous 

nanoparticle suspension excited at 375 nm, displaying quenched emission intensity and blue 

shifting emission maxima for both BPPV and MEH-PPV with higher PCBM doping levels. The 

BPPV emission peaks at 498 nm and shifts to 453 nm for 50 wt% PCBM, while the undoped 

MEH-PPV emission maximum is located at 586 nm and shifts to 579 nm for 50 wt% PCBM. 

The 680 nm vibronic structures observed in the 25 and 50 wt% PCBM nanoparticles suggest that 

vibronic feature results from PCBM emission. The inset in Figure 3c illustrates the fluorescence 

spectra normalized to the emission maximum of MEH-PPV, which display variations in the peak 

intensity ratios of BPPV to MEH-PPV. d) Aqueous nanoparticle suspensions excited at 488 nm, 

depicting quenched emission intensity and blue shifting emission maximum for MEH-PPV 

relative to higher PCBM doping levels. The undoped MEH-PPV emission maximum is located at 

587 nm and shifts to 581 nm for 50 wt% PCBM. The insert in Figure 3d illustrates the 

normalized fluorescence spectra for the MEH-PPV emission, which display variations in the 0-0 

to 0-1 vibronic transitions. 

6.2.3 Single Particle Spectroscopy 

Fluorescence imaging of individual BPPV, BPPV/MEHPPV and BPPV/MEH-PPV/PCBM 

nanoparticles were investigated by raster scanning laser confocal microscopy. As shown in 

Figure 36, the bright spots in the fluorescence images are representative of individual undoped 

BPPV and monofunctional doped BPPV nanoparticles. Compared to the undoped BPPV 

nanoparticles fluorescence intensity, the excitation power was increased by 9 to 12 times to 

achieve similar fluorescence counts for the PCBM doped nanoparticles. However, these images 
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confirm the presence of ultra fast charge transfer from conjugated polymer to fullerene that leads 

to a dynamic quenching process, as previously described by Heeger and co-workers.
240,242

 The 

co-existence of fluorescence emission during the dynamic quenching process implies that instead 

of complete charge transfer to fullerene molecules every time the polymer molecule is cycled to 

the excited state, the fluorescence signal results from the probability of the excited state returning 

to the ground state through a radiative pathway. 

 

Figure 36: Line scan images (10 x 10 μm) of individual undoped BPPV and monofunctional 

doped BPPV nanoparticles that are dispersed in a non-fluorescence polyvinyl alcohol film. a) 

Single particle image of undoped BPPV nanoparticles using a laser power of 10 nW. b) Single 

particle image of monofunctional doped BPPV nanoparticles (0 wt% - 5 wtT% PCBM using a 

laser power ~ 90 nW to achieve similar fluorescence count with respect to the undoped BPPV 

image. 

Single particle fluorescence spectra were collected from ~100 nanoparticles per composition. 

The individual fluorescence spectra for 0, 15 and 50 wt% nanoparticles doped with 0 (black), 5 

(green), 25 (blue) and 50 (red) total weight percent (wtT%) of PCBM were averaged into a single 
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particle ensemble spectra (Figures 37,39 and 40, left column) and peak wavelength distributions 

(Figures 37, 39 and 40, right column). In addition, the energy transfer efficiencies (EFRET_SPS) 

and rates of energy transfer (kFRET_SPS) in the left and right columns of Figures 41-42, 

respectively, were calculated for the 15 and 50 wt% monofunctional and difunctional doped 

nanoparticles by least square deconvolution of individual nanoparticle spectra with the 

corresponding undoped BPPV or BPPV/PCBM ensemble spectrum via Equations 15 and 16. 

             
   

  
  (15) 

             
   

         

           
  

  

  
  

  

  
  (16) 

Here, FDA and FD represent the fluorescent intensity of the donor in the presence and absence 

of the acceptor, respectively.    is the lifetime of the donor,       and       represent the 

quantum yield and detector efficiency of the donor and acceptor, respectively. The excited-state 

lifetime of undoped BPPV nanoparticles was determined by time-correlating single photon 

counting, yielding an averaged lifetime of 100 ps, while the quantum efficiency of the EMCCD 

over the spectral range of the SPS analysis resulted in a detector efficiency of 1. Consequently, 

these data clearly indicate that the optoelectronic and photophysical properties per nanoparticle 

per composition are greatly affected by conformational changes that the polymer chains adopt 

through intermolecular and intramolecular interactions, and the nanoscale morphology that 

evolves during nanoparticle assembly. Nonetheless, by assuming that the nanoparticles are 

viewed as a composite of interacting polymer chains and fullerenes in a closely packed nanoscale 

structure, the SPS data can provide further insight into the polymer chain confirmations, 

nanoscale morphology and photophysical processes that remain masked at the bulk level. 
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In Figure 37, the undoped BPPV and monofunctional doped BPPV nanoparticle ensemble 

spectra and peak wavelength distributions are depicted, and correspond well with steady-state 

fluorescence measurements. The undoped BPPV nanoparticles emission maximum red shifted to 

510 nm with respect to the molecular solution dissolved in THF, while emission maximum of the 

monofunctional doped BPPV nanoparticle ensemble spectra continuously blue shifted to 480 nm 

with increasing doping concentration of PCBM. In Scheme 1 of Figure 38, the polymer chain 

confirmations of undoped BPPV and monofunctional doped BPPV nanoparticles are presented. 

These illustrations depict collapsed polymer chains with excess intrachain and interchain π-

stacking interactions that yield polymer segments that fold back onto themselves and form 

emissive π-stacked red sites. With increasing doping concentrations of PCBM, however, 

interchain and intrachain interactions are severely altered due to PCBM steric effects, resulting in 

blue shifted fluorescence spectra due to reduced exciton migration to low energy sites and 

disordered BPPV chain morphologies. Moreover, broadening of the peak wavelength 

distributions with respect to higher PCBM concentrations further support changes in chemical, 

structural and morphological properties of BPPV polymer chains; consequently, the electronic 

properties of individual nanoparticles are altered.  

Interestingly, two new broad and structureless vibronic features were observed in Figure 37 

with PCBM addition. Compared to the 5 wtT% PCBM doped nanoparticles, the red shifted and 

structureless emission with a peak wavelength of ~ 650 nm is more pronounced in the 25 wtT% 

PCBM doped nanoparticles. Broad, structureless and red shifted fluorescence features have been 

widely reported in bulk films with respect to molecular solutions,
138,153,251-254

 indicative of an 

interchain excited-state (i.e., exciplex or excimer) that forms between the excited-state of a 

polymer chain with the ground-state of a fullerene neighbor or vice versa. The intermolecular 
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excited-state complex, however, is not clearly observed for the 50 wtT% PCBM doped 

nanoparticles, which may result from a new non-radiative interchain state or reduced interfacial 

interactions. A new non-radiative pathway does not fit well with emissive excited-state 

complexes; specifically, the red shifted emission intensity grows with respect to higher PCBM 

doping concentrations. If, however, interfacial contact between BPPV and PCBM is primarily 

limited to grain boundary lines along phase separated regions of BPPV and PCBM, interaction 

between the excited-state chain and the ground-state neighbor may reduce the probability of an 

emissive excited-state complex. In fact, the broad red shifted vibronic transition that resembles 

the S1 singlet excited state emission of PCBM (λmax = 740 nm) may spectrally mask the 

interchain excited-state complex. With higher PCBM doping levels, the PCBM emission 

increased while becoming the primary emitting specie in the 50 wtT% PCBM doped 

nanoparticles, which may result from direct excitation of PCBM regions or by means of non-

radiative energy transfer process from BPPV to PCBM. The latter seems less likely since the 

overlap integral of BPPV and PCBM is negligible, and several orders of magnitude smaller with 

respect to the overlap integral of BPPV and MEH-PPV.
246

 The former, however, fits well with 

the photophysical properties of pristine PCBM films which display S1 Ą S0 singlet emission 

with an emission maximum around 730 nm.
247

 In fact, direct excitation of PCBM regions further 

support the interpretation of limited interfacial interaction due to phase separated BPPV and 

PCBM regions, and the primary emitting specie of PCBM for the highly doped PCBM 

nanoparticles.  
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Figure 37: Single particle ensemble spectra and peak wavelength distribution of BPPV 

nanoparticles doped with 0 (black), 5 (green), 25 (blue) and 50 (red) wt% of PCBM. a-d) Single 

particle ensemble spectra that display an undoped BPPV emission maximum at 525 nm, which 

blue shift to 480 nm with respect to higher PCBM doping levels. New vibronic features are 

observed at 640 and 730 nm for the PCBM doped nanoparticles, suggesting that fluorescence 

emission may result from excited state complexes and singlet emission from PCBM. e-h) Peak 

wavelength histograms illustrating blue shifted emission maxima with broadening distributions 

as the doping level of PCBM rises. In the case of 50 wtT% PCBM nanoparticles, the peak 

wavelength frequency at 740 nm is higher than the peak wavelength frequency of BPPV, 

indicating that the primary emitting specie of these composite nanoparticles results from 

fullerene molecules. 



123 

 

 

Figure 38: Schematic illustrating the changes in BPPV (blue) and MEH-PPV (red) inter- and 

intrachain interactions, resulting from increasing PCBM (black) doping levels. Scheme 1, 2, and 

3 are representative of 0, 15 and 50 wt% nanoparticles, respectively. 

The normalized ensemble spectra, peak wavelength distributions and photophysical 

properties for the 15 and 50 wt% monofunctional and difunctional doped nanoparticles are 
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depicted in Figures 39-42. In the case of the monofunctional doped nanoparticles, the spectral 

and photophysical properties are within good agreement with previous SPS studies of undoped 

MEH-PPV nanoparticles and composite BPPV/MEH-PPV nanoparticles
106,111

 (add BPPV/MEH-

PPV citation). For the 15 wt% monofunctional doped nanoparticles, the BPPV peak wavelength 

and MEH-PPV emission maximum were located at 510 and 596 nm, respectively. The EFRET_SPS 

values depicted in Figure 41 displayed a broad distribution ranging from 10 to 90 % with the 

distribution maximum at ~ 50 %, while the kFRET_SPS values ranged between 10
9
 - 10

10
 s

-1
 (Figure 

41). Compared to the 15 wt% monofunctional doped nanoparticles, the 50 wt% monofunctional 

doped nanoparticles displayed a BPPV peak wavelength and MEH-PPV emission maximum 

positioned at 500 and 600 nm, respectively, while the EFRET_SPS values displayed a narrower 

distribution ranging from 80 – 100 % with the distribution maximum at ~ 95 % and kFRET_SPS 

values residing between 10
10

 - 10
12

 s
-1

 (Figure 42). 

Additionally, the interchain and intrachain interactions of both BPPV and MEH-PPV are 

illustrated for the monofunctional doped nanoparticles in Schemes 2 and 3 of Figure 38. 

Compared to the undoped BPPV nanoparticles, the monofunctional doped BPPV polymer chain 

morphologies are more disordered and extended, while a higher degree of disordered BPPV 

chain morphologies are depicted for the 15 wt% monofunctional doped nanoparticles than the 50 

wt% monofunctional doped nanoparticles. These disordered polymer chain morphologies are 

indicative of disrupted interchain and intrachain π-stacking interactions of BPPV due to MEH-

PPV steric effects, which leads to blue shifted fluorescence spectra due to limited exciton 

migration to low energy red sites. Moreover, the spectral characteristics of MEH-PPV suggest 

that the polymer chains co-exist as defect cylinder confirmations whereas the long conjugated 

segments form π-stacked red sites during self-assembly by folding back onto themselves. 
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However, the defected cylinder confirmations of the 15 wt% monofunctional doped 

nanoparticles are slightly disordered relative to the 50 wt% monofunctional doped nanoparticles. 

Again, the difference in chain morphologies is most likely to result from the higher BPPV 

concentration (BPPV concentration for 15 wt% monofunctional doped nanoparticles was ~ 85% 

higher than  the 50 wt% monofunctional doped nanoparticles) that induces steric effects where 

interchain and intrachain π-stacking interactions of MEH-PPV are slightly interrupted, leading to 

more disordered chain morphologies and blue shifted fluorescence spectra due to reduced 

exciton migration to low energy sites.  

Compared to the monofunctional doped BPPV nanoparticles, similar spectral characteristics 

(blue shifting peak wavelengths, broadening peak wavelength distribution and pronounced 740 

nm emissions) were observed in the 15 and 50 wt% difunctional doped nanoparticles when 

increasing the PCBM doping concentration. Moreover, we cannot exclude an interchain excited-

state complex since the emission spectra of MEH-PPV may spectrally mask the excited-state 

complex. With increased PCBM doping levels, the interchain and intrachain π-stacking 

interactions for both BPPV and MEH-PPV are severely disrupted, resulting in more disordered 

chain morphologies and blue shifted spectral characteristics due to reduced exciton migration to 

low energy red sites. These chain morphologies with respect to excess PCBM doping are 

illustrated in Schemes 2-3. Interestingly, the overlaid normalized ensemble spectra of the 

monofunctional and difunctional doped nanoparticles (Figure 43) depict an intermolecular 

Fӧrster energy transfer process that amplifies or reduces with excess PCBM doping for a given 

difunctional doped nanoparticle composition. In accordance, the calculated EFRET_SPS and 

kFRET_SPS values for individual nanoparticles per composition exhibit similar photophysical 

properties. For example, the 15 wt% difunctional doped nanoparticles, from 0 to 50 wtT% 
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PCBM, displayed EFRET_SPS distribution that became narrower and shifted to higher efficiencies 

while the kFRET_SPS values ranged from 10
10

 - 10
11

 s
-1

 increase in relative abundance. On the other 

hand, the 50 wt% - 5 wtT% and 50 wt% - 25 wtT% difunctional doped nanoparticles displayed 

similar EFRET_SPS and kFRET_SPS distributions ranging from 70 - 100% and 10
9
 - 10

12
 s

-1
, 

respectively, while the distribution maxima shifted slightly to lower values. As the PCBM 

doping level reached 50wtT%, the 50 wt% difunctional doped nanoparticles displayed a 

broadening bimodal EFRET_SPS and kFRET_SPS distribution where the distribution maxima was 

reduced considerably. In fact, the bimodal kFRET_SPS distribution agreed well with the trimodal 

peak wavelength distribution for the 50 wt% - 50 wtT% PCBM nanoparticles (Figure 39, red 

histogram), suggesting the PCBM doping effectively reduced energy transfer by separating 

intermolecular interactions at distances larger than the quenching radius or individual 

nanoparticles that obtain different doping ratios for a given composition. While these SPS data 

clearly signifies that the interchain and intrachain interactions between polymer chains and 

fullerenes, to a great extent, affect the optoelectronic and photophysical properties of both 

monofunctional and difunctional doped nanoparticles compositions, the variations of the energy 

transfer process per nanoparticle per composition cannot solely be explained through interchain 

and intrachain interactions.  

It has been widely reported that controlling the polymer blend morphology (i.e., the nature of 

phase separation) is highly dependent upon solutions processing variables such as solvent 

additives,
248

 annealing,
92,174

 blending ratios,
103,249

 concentration
98,174

 and molecular weight.
21,250

 

In the case of MEH-PPV and other related conjugated polymers, increasing the fullerene doping 

level above the optimal polymer-fullerene blending ratio inherently results in phase separation 

and poor optoelectronic device performance.
58,98

 Consequently, the nanoparticle morphology 
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likely consists of compartmentalized regions (polymer-only, fullerene-only and polymer-

fullerene) that are interfacial separated on the nanometer scale, where the extent of phase 

separated interfacial regions directly affects the intermolecular energy transfer process for a 

given nanoparticle composition. In other words, PCBM addition could lead to the following: i) 

nanoscale morphology that enhances energy transfer through improved BPPV and MEH-PPV 

interactions while simultaneously allowing both charge and energy transfer processes to occur as 

efficient mechanisms (Figure 38, Scheme 2), and ii) nanoscale morphology that in many cases 

limits, severely reduces or forbids intermolecular energy transfer process by reducing BPPV and 

MEH-PPV interactions during the photoinduced charge transfer mechanism (Figure 38, Scheme 

3). The enhanced photophysical properties of the 15 wt% difunctional doped nanoparticles 

suggest that the nanoparticle morphology consists of well mixed polymer-polymer and polymer-

fullerene regions, and, as a result, interfacial boundary lines co-exist between these regions 

where energy and charge transfer can effectively take place. On the other hand, the 

photophysical properties of the 15 wt% difunctional doped nanoparticles suggest that excess 

PCBM doping creates an undesirable nanoparticle morphology for efficient energy transfer 

because the interactions between polymer-polymer regions are effectively limited by phase 

separation. Phase separation of this nature seems likely when considering the extent of 

morphologically induced steric effects for a given nanoparticle composition. Several 

monofunctional doped conjugated polymer nanoparticle studies have reported induced PCBM 

steric effects, which leads to limited exciton migration to low energy sites and reduced π-

stacking interactions (interchain and intrachain). In the case of the difunctional doped 

nanoparticles, the high molecular weight of MEH-PPV may contribute additional steric effects; 

in doing so, it creates nanoscale phase separated compartments of polymer-only and fullerene-
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only regions with limited polymer-polymer regions. This interpretation of the nanoscale 

morphology is quantitatively supported by larger abundance of high molecular weight MEH-

PPV molecules (~ 62) for the 50 wt% monofunctional doped nanoparticle with respect to the 15 

wt% monofunctional doped nanoparticle (~ 19).
255

 

 

Figure 39: Single particle ensemble spectra and peak wavelength distributions of 15 wt% 

nanoparticles doped with 0 (black), 5 (green), 25 (blue) and 50 (red) wt% of PCBM. a-d) 

Normalized fluorescence ensemble spectra depicting an undoped emission maximum located at 

596 nm. With increasing PCBM doping levels, the MEH-PPV emission maximum blue shifts to 

580 nm, while the peak wavelength intensity of BPPV decreases relative to MEH-PPV. 

Additional vibronic structure is observed at 730 nm at high PCBM doping levels. e-h) Peak 
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wavelength histograms illustrating the emission maximum blue shift with increasing PCBM 

doping levels. 

 

Figure 40:Figure 7: Single particle ensemble spectra and peak wavelength distribution of 50 

wt% nanoparticles doped with 0 (black), 5 (green), 25 (blue) and 50 (red) wt% of PCBM. Left 

column) Normalized fluorescence ensemble spectra depicting an undoped emission maximum 

located at 600 nm, while the MEH-PPV emission maximum blue shifts to 589 nm with enhanced 

vibronic structure at 730 nm as the doping level of PCBM increases. Right column) Peak 

wavelength histograms illustrating that the MEH-PPV emission maxima distribution exhibits 

blue shifting with higher PCBM doping levels. In the case of 50 % PCBM nanoparticles, peak 

intensity ratio of BPPV to MEH-PPV increases and the peak wavelength distribution becomes 

trimodal.  
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Figure 41: Single particle FRET efficiencies (EFRET_SPS) and rates (kFRET_SPS) of 15 

wt% nanoparticles doped with 0 (black), 5 (green), 25 (blue) and 50 (red) wt% of PCBM. a-d) 

The EFRET_SPS distribution maximum for the undoped 15 wt% nanoparticles is approximately 

50 %, while the efficiencies increase with higher PCBM doping levels. e-h) The kFRET_SPS of 

0 to 50 % PCBM are shown to reside between 109 to 1011 s-1. Similar to the EFRET_SPS, the 

energy transfer rates display a slight increase above 1010 s-1 with respect to higher PCBM 

doping levels, indicating that the energy transfer process is enhanced at excess PCBM levels. 
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Figure 42: Single particle FRET efficiencies (EFRET_SPS) and rates (kFRET_SPS) 50 wt% 

nanoparticles doped with 0 (black), 5 (green), 25 (blue) and 50 (red) total wt% of PCBM. a-d) 

The EFRET_SPS of undoped 50 wt% nanoparticles is approximately 95 %. The efficiencies of 

nanoparticle with up to 25 % PCBM resemble the undoped nanoparticle efficiencies, while the 

EFRET_SPS for 50 % PCBM display a bimodal distribution that is approximately equal in 

abundance at less than 5 and 85 %. e-h) The kFRET_SPS for 0 to 25 % PCBM displays a broad 

distribution of rates ranging from 1010 to 1012 s-1, while the kFRET_SPS distribution for 50 % 

PCBM become bimodal with rates ranging from 107 to 1012 s-1. These data suggest that excess 

PCBM disrupts the energy transfer process thereby decreasing the energy transfer efficiency and 

rate for 50 wt% nanoparticles. 
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Figure 43: Single particle ensemble spectra normalized to the emission maximum of MEH-

PPV. a) 15 wt% nanoparticles doped with 0, 5, 25 and 50 total wt% of PCBM. These spectra 

display a decrease in BPPV emission intensity with respect to higher PCBM doping levels, 

suggesting that the energy transfer process is enhanced at higher doping levels. b) 50 wt% 

nanoparticles doped with 0, 5, 25 and 50 total wt% of PCBM. These spectra display an increased 

BPPV emission for the 50 % PCBM nanoparticles, while BPPV emission intensity of 5 and 25 % 

PCBM resemble the undoped 50 wt% nanoparticles. These data suggest that the energy transfer 

process occurring at doping levels greater than 25 % are disrupted.  

6.3 Conclusion 

Broadband absorbing nanoparticles of the conjugated polymers poly[(o-phenylenevinylene)-

alt-(2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene)] (BPPV) and poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) were fabricated with different 1-(3-

methoxycarbonylpropyl)-1-phenyl-[6.6]C61 (PCBM) and MEH-PPV doping ratio by a modified 

reprecipitation method to address the issue of morphology, intermolecular chain interactions, 

light harvesting and the competition between charge and energy transfer in ternary polymer-

polymer-fullerene OPVs. These model nanoparticle systems related the material function to 
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molecular level properties, while maintaining the functionality of the bulk material. The 

monofunctional and difunctional doped nanoparticles display a broad distribution of electronic 

and morphological properties, including Fӧrster energy transfer, change transfer, band gap 

changes and physical changes in polymer chain stacking and folding. In particular, SPS revealed 

that the energy transfer process was not only dependent of the PCBM doping concentration, but 

also dependent on the BPPV:MEH-PPV blending ratio. These findings provide a fundamental 

understanding of the morphological, optical, electronic and photophysical properties that may 

occur in the active layer of ternary doped OPVs, while suggesting that energy transfer and 

interfacial charge transfer can simultaneously occur at the nanoscale between closely packed 

conjugated polymer constituents and fullerenes.  
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