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ABSTRACT OF THE DISSERTATION 

 

Self-Assembly of Semiconducting Polymers and 

Fullerenes For Photovoltaic Applications 

 

by 

 

Rachel Colleen Huber 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles 

Professor Sarah H. Tolbert, Chair 

 

 

 In this thesis we present methodologies for control and characterization of nanoscale film 

morphology and self-assembly in systems containing semiconducting polymers and fullerenes 

for use in photovoltaic devices. These materials are of interest to the photovoltaic community 

due to their facile processing and relative low cost.  Organic photovoltaics consist of a photo-

absorbing electron-donating polymer and an electron-accepting fullerene, upon exposure to light 

an electron-hole pair (excition) is formed. This exciton can travel 10-20 nm before if finds a 

polymer-fullerene interface or it will recombine. Due to this small exciton diffusion length, the 

study of the nanoscale morphology is pivotal in understanding and improving device properties.  

Here we first explore how the crystallinity of different molecular components of a 

blended film affects device performance. Using grazing incidence wide-angle X-ray scattering 



 iii 

(GIWAXS), we find that different device fabrication techniques are optimized by polymers with 

different crystallinities. Additionally we studied all-polymer solar films through GIWAXS, 

which shows that these blends are approximately an addition of the two polymers; however, 

shifts of the polymer peaks elucidated how the polymers are mixing. To further these X-ray 

studies we used time-resolved microwave conductivity to study the local mobilities of fullerenes. 

In the second half of this thesis, we examine a hydrogel network formed from a charged 

amphiphilic polymer, poly(fluorene-alt-thiophene) (PFT). This polymer self-assembles into rod-

like structures in water and also shows improved conductivity in dried films due to its assembled 

structure. Here we use small angle X-ray scattering (SAXS) and TEM to confirm the nanoscale 

rod-like assembly, and employ rheology to study how the three dimensional network is held 

together. Finally, we examine photophysical changes upon the addition of a water-soluble 

fullerene, C60-N,N-dimethylpyrrolidinium iodide, to PFT, as a step towards water-processable 

organic solar cells. Photoexcitation of aqueous assemblies of cationic polymers and fullerenes 

result in the formation of free charge carriers (polarons). These separated charge carriers are 

stable for days to weeks, which is unprecedented in polymer/fullerene assemblies. We have 

shown that through these fundamental studies of device architectures and intelligent molecular 

design, self-assembly has the power to provide a pathway towards improved photovoltaic device 

properties. 
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CHAPTER 1 

 

INTRODUCTION 

 

 Organic photovoltaics (OPVs) are of increased interested due to their ease of processing, 

ease of installation and low cost. Traditional solar devices are fabricated from mono- or 

polycrystalline silicon, which is costly to install but has the benefit of higher efficiencies than 

OPVs. An apt method of comparison between OPV and silicon (Si) devices is the energy 

payback time (EPBT), this is a calculation of how much time is required to gain back the energy 

that was used to fabricate these devices.1 The EPBT time is comparable for Si and OPV device, 

where Si is 1.65-4.14 years and OPV is 0.2-4 years. It is worth mentioning that this is a 

comparison between efficiencies of 25% for Si devices and only 2% for OPVs. So even at this 

juncture with OPV efficiencies significantly lower then their competitor, OPVs are still a viable 

option. If the quoted efficiencies of 10% can be reached on large area roll-to-roll processing, 

then OPVs could become a main source of renewable energy.2 

 OPVs consist of a photo-absorbing electron-donating polymer and an electron-accepting 

fullerene. The workhorse polymer and fullerene in literature is poly(3-hexylthiophene-2,5-diyl) 

(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM); however, the higher efficiency 

OPVs employ redder absorbing donor-acceptor polymers.3 Upon excitation of the polymer, an 

electron-hole pair (exciton) is formed. This exciton has a diffusion length of 10-20 nm, where it 

can either find a polymer:fullerene interface and undergo charge transfer or it recombines.4 

Recombination of the electron and hole means that the photons absorbed by the device are not 

contributing to the photocurrent; therefore, an OPV device requires an intermixed morphology to 
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efficiently split the exciton into free carriers. Our aim is to use careful design of the nanoscale 

morphology through self-assembly of the active layer materials is a pathway towards increased 

efficiencies of polymer:fullerene devices. 

 My thesis is divided into five chapters: Polymer properties required for different methods 

of device fabrication (Chapter 2), structural characterization of all-polymer solar devices 

(Chapter 3), comparing local and macroscopic mobilities of fullerene derivatives (Chapter 4), 

structural characterization of an amphiphilic polymer (Chapter 5), and analysis of long-lived 

charge carriers produced by the assembly of an amphiphilic polymer and water-soluble fullerene 

(Chapter 6).  

 The second chapter is a study of controlling active layer morphology by varying polymer 

regioregularity (RR) and polydispersity index (PDI) between two different fabrication 

techniques, blend-casting (BC) and sequential processing (SqP). BC is the traditional technique 

employed for solar device fabrication, where the polymer and fullerene are dissolved and 

deposited out of the same solvent. The other technique, SqP, deposits the polymer layer first and 

then the fullerene is deposited on top of the polymer out of an orthogonal solvent. The use of the 

orthogonal solvent is to insure that the underlying polymer layer is not dissolved. Each of these 

fabrication techniques results in an intimately mixed system that is referred to as a bulk 

heterojunction (BHJ). The SqP device morphology relies on intercalation of the fullerene into the 

underlying polymer layer; whereas, BC relies on phase separation of the polymer and fullerene 

driven by thermal annealing. Because of this difference, SqP leads to more reproducible and 

scalable devices. 

 To further study these fabrication techniques we used two different polymers, one was 

the commercially available Rieke polymer that has low regioregularity (LR P3HT) and two high 
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regioregularity P3HTs with molecular weights (MW) of 16 kDa and 37 kDa (16K HR P3HT and 

37K HR P3HT, respectively) synthesized by Christine Luscombe’s group from the University of 

Washington. It has been shown that as RR increases so does the crystallinity; therefore the 16K 

HR P3HT and 37K HR P3HT are more crystalline than the LR P3HT. When these polymers are 

integrated into a solar cell device we found that SqP performs better with the LR P3HT and BC 

performs better with HR P3HT. BC requires phase separation of the polymer and fullerene, 

which will be kinetically driven by a higher crystalline polymer. Whereas, SqP relies on 

intercalation of the PCBM into the P3HT layer, this process is facilitated by the presence of 

amorphous P3HT for the PCBM to intercalate into. This study showed that BC and SqP require 

different polymer characteristics to achieve the highest device efficiency. 

 In the third chapter of this thesis, we study the use of a n-type polymer as an electron 

acceptor as a replacement for the traditional fullerene derivative. Since fullerenes do not 

typically absorb visible light, the introduction of another polymer into an organic photovoltaic 

allows for more excitation events in the active layer of the film. Even with this extra advantage, 

the n-type polymer does not perform as well as devices fabricated with PCBM as the electron 

acceptor. Two similar n-type polymers (PBFI-T and PBFI-S) are synthesized with the main 

difference being the linking group in the co-polymer, either thiophene (T) or selenophene (S). A 

majority of the characterization techniques show similar physical properties; however, by 

grazing incidence wide-angle X-ray scattering (GIWAXS) we are able to observe more mixing 

of the PBFI-S with the p-type polymer (PSEHTT) then with the PBFI-T copolymer. This 

difference in miscibility of the polymers results in different device performance.  

 In the fourth chapter, we study the local and macroscopic mobilities of two fullerene 

derivatives. These fullerene derivatives are pentaaryl-substituted (shuttlecocks (SCs)), one with 
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tert-butyl groups (4-tBu) and the other with methyl groups (4-Me). The assembly of these 

fullerenes affects the electron mobilities, which can be studied through time-resolved microwave 

conductivity (TRMC). TRMC is a unique tool that allows for measurement of local mobilities in 

solid-state films. In TRMC photoinduced carriers are created by an incident laser pulse on the 

sample. The carriers are then induced to move by the electric field from microwave radiation, 

and the change in microwave power is measured as these photoinduced carriers absorb 

microwaves. The change in microwave power after passing through the sample is proportional to 

the local nm-scale photoconductivity of the sample, which is the carrier yield times the sum of 

the mobilities of all carriers, which in our case is both electron and hole mobilities. We are able 

to compare these local mobilities to macroscopic mobilities by fabricating space-charge limited 

current (SCLC) devices. Through this study, we determined that the local mobilites of 4-tBu and 

4-Me were similar to PCBM; however, the bulk mobilities of the SCs was significantly lower. 

In the fifth chapter, we deduce the structure of poly(fluorene-alt-thiophene) (PFT) 

hydrogel. PFT is an amphiphilic polymer that forms rod-like micelles in water. At a 2% w/v of 

PFT it forms a gel and through various rheology experiments we were able to determine that the 

gel is held together by “sticky-ends”. These “sticky-ends” are created because not all of the 

polymer chains in the micelle align upon creation of the hydrogel. These misaligned ends, or 

“sticky-ends”, of the polymer chains can then bridge other polymer micelles thus forming an 

interconnected network. PFT is a semiconducting polymer with a conducting backbone that runs 

the length of the polymer micelle and such an interconnected network would be highly beneficial 

for moving charges through a solar cell device. Our group has previously shown that the self-

assembled network mobility is four times higher than the uncharged version of the PFT 
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polymer.5 The use of PFT in a water-processable solar cell device would also be a pathway 

towards a “green” environmentally friendly method to fabricate OPVs. 

The fourth chapter combines PFT with a water-soluble fullerene, C60-N,N-

dimethylpyrolldinium iodide (C60(N+)n), to create long-lived charge carriers in solution. These 

long-lived charge carriers are polarons, a stable radical ion with a resulting lattice distortion. The 

polaron formed on PFT is observable in the visible region at ~700 nm, which means we can track 

the polaron formation by UV-vis. However, C60(N+)n is composed of various isomers (n=2-5) 

and the polaron formation is only observed with the bis (n=2) fullerene adducts. The bis adducts 

are composed of six different isomers, and to further study the self-assembly of PFT and ‘mixed-

bis’ adducts we were able to separate these isomers into two fractions that were composed of 

mostly trans-2 and trans-3 isomers. Overall, the bis adducts are not water-soluble so assembly 

with PFT is required to dissolve the fullerene. The charged side groups on the trans-3 isomer are 

on the same side of the fullerene ball, allowing trans-3 to assemble within the PFT micelle. The 

trans-2 adducts are arranged on opposite sides of the fullerene ball making trans-2 more 

isotropically charged then trans-3. Thus trans-3 assembles between the polymer chains in the 

PFT micelle and trans-2 assembles outside of the micelle near the charged side chains of PFT; 

allowing both fullerene bis adducts to be thermodynamically stable in their respective 

environments. The compilation of these results tells us that the long-lived polaron formation is 

facilitated by the fast charge transfer to the trans-3 isomer present in the polymer micelle, after 

this the electron is shuttled out to the trans-2 isomer where is it stabilized by the dielectric of the 

water. This process is reminiscent of photosynthesis, where the electrons created are shuttled out 

of the recombination range to be used in later processes. The polarons formed from the assembly 
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of PFT and C60-(N+)2 are stable for months without recombining, which is unprecedented in the 

literature. 

Chapter 6 will summarize this work and suggest future directions to continue this 

research.  

Overall the purpose of this work is to study the self-assembly and structure of 

semiconducting polymers and fullerenes, to determine how to improve the active layer 

morphology of an OPV. We analyzed the structure of polymer:fullerene and polymer:polymer 

films to determine how structure affects device performance. Along with studying the local and 

macroscopic mobilities of fullerene derivatives, we strive to determine what makes PCBM the 

best electron acceptor for organic solar devices. Next, we studied an amphiphilic polymer in 

hopes to use self-assembly of PFT to create more efficient pathways for the charges to be 

removed from a solar device. Lastly, in the process of creating a water-soluble solar cell we 

discovered long-lived charge carriers in a PFT:fullerene solution system that proves back-

electron transfer is blocked, which could be beneficial for an all water-processable solar cell. 
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CHAPTER 2 

 

Crystallinity Effects in Sequentially-processed and Blend-cast Bulk-heterojunction 

Polymer/Fullerene Photovoltaics 

 

2.1. Introduction 

 In recent years, dramatic progress has been made in the field of organic photovoltaics 

(OPVs),6,7 resulting in power conversion efficiencies (PCEs) of polymer/fullerene devices 

surpassing 10%.8–11 This achievement is based mostly on traditional blend-cast (BC) bulk 

heterojunctions (BHJs),12 in which an electron-donating polymer and electron-accepting 

fullerene are mixed together in a solution that is used to cast the active layer of the organic solar 

cell.  The resulting film is then typically thermally or solvent annealed to promote phase 

separation of the polymer and fullerene, resulting in a conductive network for both electrons and 

holes as well as intermixed regions where a majority of charge separation occurs.13–22  The 

morphology of BC BHJ films is dictated by multiple factors, including the donor/acceptor 

miscibility, the propensity of one or both materials to crystallize,21,23–26 the relative solubilities of 

the two materials in the casting solution, the drying kinetics of the film, the presence of any 

solvent additives,27–31 etc.  Because the nm-scale morphology depends on so many of the details 

of how the film is cast, the device performance of BC BHJ solar cells is hypersensitive to the 

processing kinetics of the active layer.12  Thus, for any new set of OPV materials, an Edisonian 

approach involving the fabrication of hundreds of BC devices is needed to find the processing 

conditions that lead to the optimal morphology and best device performance.   
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 An alternative approach to preparing polymer/fullerene active layers for photovoltaic 

applications has been to sequentially process the polymer and fullerene components in separate 

steps by depositing the materials from orthogonal solvents.32  This sequential processing (SqP) 

technique has been studied by several groups in both polymer-fullerene33–41 and small molecule-

fullerene systems.42  It is well established that even though the fullerene is deposited on top of 

the polymer layer, the resultant film still has a significant amount of fullerene dispersed through 

the polymer layer,43 particularly after thermal annealing.44–46  Not only are the PCEs of devices 

fabricated via SqP comparable to or better than the more traditional BC devices,41,42,47–53 but the 

SqP method also provides several distinct advantages that could make it the preferred route for 

large-scale fabrication of polymer-based photovoltaics.  First, films produced via SqP have a 

more reproducible morphology because SqP does not rely on kinetic control of the nm-scale 

structure, resulting in devices that behave more consistently (cf. Figure 2.1, below).32,54  Second, 

since the two materials are deposited separately, one can optimize or otherwise deliberately alter 

the donor material (e.g., by chemical doping) either before55–57 or after58 it has been processed, 

without unwanted chemistry occurring with the electron-accepting material.  Third, sequentially-

processed films are guaranteed to have a fullerene network that is connected to the top of the 

film, avoiding issues with undesirable vertical phase separation that necessitate the use of an 

inverted device geometry.  Finally, many solubility issues can be bypassed since one can 

separately choose optimal solvents for the donor and acceptor materials.42,59  Thus, the SqP 

technique potentially opens the photovoltaic field to a variety of donor and acceptor materials 

that once were not usable due to compatibility issues between solvents and materials. 

Although it is clear that the BHJ morphology of films produced via SqP is generally 

similar to that of BC films in that the fullerene is dispersed throughout the polymer, a variety of 
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experiments have suggested that the details of the nm-scale distribution of the polymer and 

fullerene differ between the two processing techniques.  For example, ultrafast spectroscopic 

studies have shown that the dynamics of exciton quenching and polaron production are different 

in optically-matched sequentially-processed and BC films made from the workhorse materials 

poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric-acid-methyl-ester (PCBM).60  

Moreover, nominally matched sequentially-procssed and BC photovoltaic devices show different 

behaviors upon thermal annealing.42,53,54,61  Thus, one of the most important issues concerning 

solar cells fabricated via SqP is precisely how the nm-scale morphology is different from that in 

BC films, and what factors control the extent and distribution of fullerene interpenetration into 

the polymer underlayer.   

In this paper, we work to build an understanding of the fullerene distribution in 

P3HT/PCBM BHJ solar cells produced via both SqP and blend-casting.  Our approach is to take 

advantage of a series of P3HTs with a narrow molecular weight distribution and precisely 

controlled regioregularity that allow us to explore how changing specific attributes of the 

polymer leads to differences in both the BHJ architecture and in the PV performance of 

sequentially-procssed and BC devices.  It is well known that polymer regioregularity and 

polydispersity index (PDI) can have dramatic effects on the photovoltaic performance of BC 

BHJs,62–68  and here we extend these studies to sequentially-processed devices, focusing in 

particular on how regioregularity affects the morphology and device performance of thermally 

annealed P3HT/PCBM active layers.  In agreement with previous suggestions, we first find that 

PCBM deposited by sequential processing preferentially penetrates into the amorphous regions 

of the P3HT underlayer, leaving the crystalline regions of the polymer essentially intact.45,61  We 

then show that too much polymer crystallinity is actually unfavorable for SqP photovoltaic 
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devices because too little fullerene can penetrate around the crystallites, leading to over-phase 

separation of the polymer and fullerene.  In contrast, BC devices show the opposite behavior: 

highly regioregular (and thus more crystalline) P3HT provides better efficiencies than BC 

devices made from lower regioregularity P3HTs.  We thus conclude that sequentially-processed 

and BC BHJ devices require different materials properties to achieve formation of their ideal 

active layer morphologies.  

 

2.2. Experimental 

The key feature underpinning this work is the successful synthesis of P3HT with well-

defined regioregularity and extremely narrow PDI.69  In what is described below, we compare 

the behavior of three different batches of P3HT: commercial P3HT purchased from Rieke Metal 

Inc. (BASF SepiolidTM P100), which we denote as LR P3HT, and two in-house batches 

synthesized with 98% regioregularity and average molecular weights of about 16 kDa (PDI = 

1.18) and 37 kDa (PDI = 1.19), denoted as HR P3HTs, where LR and HR stand for low 

regioregularity and high regioregularity, respectively.  The full characteristics of the three 

batches we focus on here are summarized in Table 2.1.  

For measurements of the optical properties and for structural characterization of our BHJ 

films, we prepared a series of sequentially-processed active layers by first spinning a ~110-nm 

thick layer of P3HT from o-dichlorobenzene, and then we subsequently deposited PCBM layers 

from either 5%, 10% or 15% wt/wt dichloromethane solutions on top by spin-coating, leading to 

P3HT/PCBM films with a total thickness in the range of 155 to 185 nm.  We then prepared BC  
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Table 2.1.  Characteristics of P3HT used in this work. 

 

 

 

 

 

 

 

 

 

 Mn                  
(kDa) 

Regioregularity PDI Mobility (SCLC) 
(cm2 V-1 s-1) 

Low RR (LR) P3HT ~50-60 ~94% ~2.20 1.6×10!! 

16k High RR (HR) 
P3HT 

15.9 98% 1.18 3.4×10!! 

37k High RR (HR) 
P3HT 

36.9 98% 1.19  1.3×10!! 
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active layers (~175 nm thick) by spinning a composite P3HT:PCBM (1:0.9 weight ratio) solution 

from o-dichlorobenzene at 1000 rpm for 60 s.  Identical active layers were used to fabricate 

photovoltaic devices with Ca/Al evaporated on top as the cathode.   

We note that no slow drying of solvent or solvent vapor treatments were performed on 

either the sequentially-processed or BC devices, even though such treatments are necessary to 

optimize the PCE for the P3HT/PCBM materials combination.  Instead, we chose our spin-

coating parameters to provide us with completely dry films after spinning.  We made this choice 

to eliminate drying kinetics, which can cause marked variations in the performance of BC 

devices.47,70  In this way, we were able to maintain our focus on how polymer properties such as 

regioregularity and molecular weight control variations in morphology and device performance.  

 

2.3. Results and Discussion 

In this section, we begin by discussing the hole mobility of the three polymer batches we 

investigate in this work (Table 2.1).  Although we find that polymer regioregularity and 

molecular weight do slightly affect hole transport, the differences we observe are subtle, 

suggesting that BHJ morphology is a much larger factor in determining device performance than 

the raw hole mobility of the bare polymer.  We then use these different polymer batches to 

fabricate SqP and BC solar cells, and demonstrate that polymer regioregularity has the opposite 

effect for the two different processing techniques in terms of photovoltaic device efficiency.  

This result can be understood through a series of morphological studies, including thin film 

absorption, fluorescence quenching and grazing incidence X-ray scattering measurements, which 

allow us to directly explore the structural changes that occur upon thermal annealing and to 

define the optimal conditions needed to create ideal morphologies for BC and SqP solar cells.   
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2.3.1. The Device Physics of BC and SqP Solar Cells Made From Different P3HTs 

2.3.1.1. Hole Mobility of Different P3HTs 

Many groups have examined how the mobilities of P3HT films are controlled by 

different polymer properties, such as the regioregularity and/or molecular weight.63,64,71–75 The 

generally accepted trend is that increasing regioregularity and increasing molecular weight lead 

to higher charge carrier mobilities,73 although such measurements are made on field-effect 

transistors (FETs).76 Since the direction of charge transport for photovoltaic devices is 

perpendicular to that in FETs, we chose to examine the carrier mobilities in our P3HT batches in 

sandwich-structure devices so that our measurements would be directly relevant for the 

performance of these materials in solar cells.  

       We fabricated diodes from each batch of P3HT using an architecture of 

ITO/PEDOT:PSS/P3HT/Au to ensure that the majority carriers in the device are holes.  We then 

fit the corresponding dark J-V curves using the space-charge limited current (SCLC) model, 

yielding the mobilities listed in Table 2.1. The 16k HR P3HT shows the highest hole mobility, a 

bit over twice that of the LR P3HT, which has a molecular weight of roughly 50 kDa.  

Surprisingly, the 37k HR P3HT shows the lowest mobility, even though it has the same 

regioregularity as the 16k HR batch but a higher molecular weight.  These results indicate that 

P3HT hole mobility has a complex dependence on both regioregularity and molecular weight.  

We note, however, that the hole mobilities for all three P3HT batches all fall within a factor of 

2.6.  This suggests that when these different P3HTs are employed in photovoltaic devices, all 

else being equal, differences in hole mobility are not likely to explain any significant difference 

in device performance.  This allows us to use these batches to understand how differences in  
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Figure 2.1. Current density versus applied bias for (a) ITO/poly(ethylene-

dioxythiophene):poly(styrenesulfonic acid)(PEDOT:PSS)/P3HT/PCBM/Ca/Al sequentially-

processed solar cells and (b) ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al BC-BHJ solar cells under 

AM-1.5 illumination.  The SqP active layer was made by spinning 5 mg/mL PCBM solution 

onto a 110 nm P3HT underlayer (see SI).  All of the SqP and BC films were thermally annealed 

at 150 °C for 20 min prior to deposition of the cathode.   The error bars show 1 standard 

deviation in measurements over at least 12 independent devices.  Although error bars can be 

clearly seen in panel (b), they are comparable to or smaller than the symbols used to plot the data 

in panel (a), indicating that SqP devices are more reproducible than BC devices.   
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regioregularity and molecular weight result in morphology differences that affect solar cell 

performance, and how these differences depend on the processing route chosen to make the BHJ 

active layer.   

2.3.1.2. Comparing the Performance of SqP and BC Devices with Controlled P3HT 

Regioregularity and Fullerene Composition 

To determine the effect of polymer regioregularity/crystallinity on the performance of the 

solar cells with different active-layer processing methods, we constructed working photovoltaic 

devices with both SqP and BC active layers from both the 16k HR P3HT and LR P3HT batches.  

Figure 2.1 demonstrates the J–V characteristics of the devices under AM 1.5 solar illumination; 

the data plotted are the average J–V curves from at least twelve separate devices, and the error 

bars (which in some cases are smaller than the symbols used to plot the data) are ±1 standard 

deviation. The full J–V characteristics for all the devices we studied are detailed in Table 2.2.  

The data shows clearly that even though SqP devices require one more spin-coating step than BC 

devices, SqP devices can be fabricated far more reproducibly.  This is because SqP avoids the 

kinetic sensitivity of the BHJ morphology that is inherent with BC processing.42   

The most interesting result from Figure 2.1 is the fact that the two P3HT batches show 

opposite performance trends, depending on the processing method used to make the devices.  

The SqP solar cells made with LR P3HT show J–V characteristics similar to those published 

previously,32 with average open circuit voltage Voc = 0.68 V, short circuit current Jsc = 7.2 mA 

cm–2, fill factor FF = 56% and PCE = 2.9%.  The HR P3HT batch, however, makes poorer SqP 

devices with Jsc values of only ~5.1 mA cm–2, and PCE of only ~1.4%.  In contrast, the HR 

P3HT:PCBM BC devices have a significantly higher Jsc and ~40% higher PCE compared to the 
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Figure 2.2. Effect of molecular weight, regioregularity and film composition on the J–V 

characteristics of P3HT/PCBM devices made via SqP.  LR P3HT (blue up-triangles) and two HR 

P3HTs with different molecular weights, e.g. 37k Da (violet squares) and 16 kDa (green left 

triangles) are used as underlayer.  All P3HT underlayers were kept at ~110 nm.  Three different 

concentrations of PCBM (5 mg/mL, 10 mg/mL and 15 mg/mL) were spun on top of the P3HT 

underlayers from DCM and the corresponding J–V curves are shown in panels (a), (b) and (c), 

respectively.  The total thicknesses of the active layers are 155 nm, 169 nm and 185 nm with 

increasing PCBM solution concentratio, respectively.  All samples were annealed at 150° C for 

20 min before deposition of the Ca/Al cathode.  The error bars show 1 standard deviation for 

measurements over at least 12 independent devices. 



 17 

BC devices fabricated with LR P3HT.  Thus, the way polymer regioregularity/crystallinity 

affects device performance is not a simple material property, but instead depends on the route via 

which the active BHJ layer is processed.   

To understand why changing the polymer regioregularity leads to opposite changes in 

performance for SqP and BC devices, we performed a series of control experiments to verify that 

the performance changes we observed did not result from changes in the polymer molecular 

weight or the polymer:fullerene composition of the active layer.  Figure 2.2 and Table 2.2 

summarize the J–V characteristics of SqP solar cells made from the 16k HR P3HT (green 

triangles) and LR P3HT (blue squares), as well as the 37k HR P3HT (violet squares).  The in-

house synthesized 37k HR P3HT batch has the same high regioregularity and low PDI as the 16k 

HR P3HT, but a molecular weight closer to that of the commercial LR P3HT.  The Voc and FF of 

the 37k HR batch are similar to the 16k HR P3HT, but the overall PCE is higher, mainly due to 

increased Jsc.  However, even though increasing the molecular weight improves the device 

performance, we see that the LR P3HT still shows superior performance for devices fabricated 

by SqP.  Thus, for SqP devices, the overall performance is governed more by the degree of P3HT 

regioregularity instead of the polymer molecular weight.   

In addition to polymer regioregularity, the performance of OPVs also depends sensitively 

on the overall polymer:fullerene composition,48,77 a factor that is directly controlled using the 

ratio of polymer to fullerene in the casting solution in BC processing.  In SqP, by contrast, the 

composition is indirectly controlled by the relative solution concentrations and spin speeds used 

to deposit each component of the active layer.  Figure 2.2 thus illustrates the change in SqP solar 

cell performance with different polymer:fullerene compositions.  In these experiments, we fixed 

the thickness of the P3HT underlayer and increased the concentration of the PCBM solution spun 
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Figure 2.3.  Dark J-V characteristics of the same SqP devices in Figure 2.2 and the same BC 

devices in Figure 2.1.   
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on top.  We find that with increasing fullerene loading in SqP active layer, the LR P3HT-based 

devices show only slight variations in Jsc, with an optimal polymer/fullerene composition 

obtained when the PCBM overlayer is spun from a 10 mg/mL solution.32  In contrast, the 

performance of the SqP devices based on HR P3HT continually decreases with increased PCBM 

loading.  Thus, not only does increased P3HT regioregularity lead to poorer SqP device 

performance, the results also imply that the introduction of extra fullerene cannot be 

accommodated in pre-formed high-RR P3HT underlayers.   

We also have performed identical experiments exploring the changes in device 

performance for different batches of P3HT with different fullerene compositions for BC devices.  

We find, in agreement with the literature, that increased P3HT regioregularity is beneficial to BC 

device performance.  Surprisingly, however, we find that for BC devices made from the 16k HR 

P3HT, the optimal P3HT:PCBM weight ratio is 1:1.3, significantly higher than the 1:0.9 optimal 

ratio typically seen in the literature (with lower regioregular, commercially-available P3HT).  

Thus, for the HR-P3HT, the trend in fullerene loading for optimal BC devices also goes in the 

opposite direction as that for SqP devices. 

 

2.3.1.3. The Effect of Polymer Regioregularity on BC and SqP Device Physics 

To begin our exploration of why polymer regioregularity has opposite effects on solar 

cells fabricated via BC and SqP, we measured the dark J–V curves of the SqP and BC solar cells 

discussed above; the results are summarized in Figure 2.3 and Table 2.2.  Perhaps the most 

interesting parameter to consider for purposes of this study is the dark ideality factor.  Typically 

the dark ideality factor falls into the range between 1 and 2, although numbers outside this range 

have been reported mainly due to resistivity effects.78,79  Within the range of 1 and 2, a larger 
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 Voc 
(V) 

Jsc 
(mA/
cm2) 

FF PCE 
(%) 

nideal 
(Dark 
J-V) 

Rseires 
(Ω-
cm2) 

Rshunt 
(×105 
Ω-

cm2) 
37k HR 

P3HT/PCBM(5mg/mL) 
SqP 

0.56 
±0.01 

5.98 
±0.06 

0.44 
±0.02 

1.48 
±0.07 

1.62 
±0.03 

11.2 
±2.2 

13.0 
±0.3 

16k HR 
P3HT/PCBM(5mg/mL) 

SqP 

0.56 
±0.01 

5.08 
±0.06 

0.50 
±0.01 

1.43 
±0.02 

1.62 
±0.03 

8.8 
±0.7 

7.8 
±0.0 

LR      
P3HT/PCBM(5mg/mL) 

SqP 

0.68 
±0.01 

7.72 
±0.04 

0.56 
±0.01 

2.92 
±0.02 

1.43 
±0.02 

10.6 
±0.3 

20.8 
±0.4 

37k HR 
P3HT/PCBM(10mg/mL) 

SqP 

0.53 
±0.01 

5.67 
±0.26 

0.51 
±0.01 

1.52 
±0.09 

1.88 
±0.03 

12.3 
±2.2 

12.6 
±0.0 

16k HR 
P3HT/PCBM(10mg/mL) 

SqP 

0.54 
±0.01 

4.02 
±0.29 

0.50 
±0.03 

1.09 
±0.10 

1.64 
±0.04 

10.7 
±2.1 

8.7 
±0.0 

LR     
P3HT/PCBM(10mg/mL) 

SqP 

0.64 
±0.01 

8.21 
±0.19 

0.57 
±0.01 

2.97 
±0.03 

1.40 
±0.04 

10.9 
±2.1 

14.8 
±0.2 

37k HR 
P3HT/PCBM(15mg/mL) 

SqP 

0.51 
±0.01 

5.15 
±0.27 

0.48 
±0.02 

1.26 
±0.12 

2.09 
±0.05 

9.1 
±1.9 

9.5 
±0.0 

16k HR 
P3HT/PCBM(15mg/mL) 

SqP 

0.515 
±0.01 

3.34 
±0.27 

0.47 
±0.02 

0.82 
±0.08 

1.64 
±0.05 

18.3 
±1.9 

10.0 
±0.0 

LR    
P3HT/PCBM(15mg/mL) 

SqP 

0.636 
±0.01 

7.93 
±0.39 

0.52 
±0.02 

2.63 
±0.06 

1.43 
±0.05 

10.8 
±2.0 

82.2 
±21 

16k HR P3HT:PCBM BC 0.58 
±0.01 

7.80 
±0.15 

0.53 
±0.03 

2.39 
±0.14 

1.51 
±0.02 

11.2 
±1.5 

22.6 
±0.0 

LR P3HT:PCBM BC 0.64 
±0.01 

6.68 
±0.45 

0.42 
±0.01 

1.79 
±0.07 

1.65 
±0.07 

6.9 
±1.4 

7.4 
±0.1 

 

Table 2.2. Summary of Device Parameters  
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ideality factor is considered as a strong indication of increased trap-assisted recombination in the 

device, whereas lower ideality factors are more reflective of bimolecular recombination.80–82  We 

derived the ideality factors for our SqP and BC devices in Table 2.2 from the slope of the linear 

regions in Figure 2.3; we find that the ideality factors mirror the trends in device performance.  

For SqP devices with a given fullerene concentration, the ideality factors for devices based on 

LR P3HT are consistently lower than those fabricated with HR P3HTs.  For BC devices, the 

opposite is true: the HR P3HT-based devices exhibit lower ideality factors than the LR P3HT-

based devices.  This implies that the polymer/fullerene interfacial trap distribution is quite 

different for the different BHJ morphologies formed through the two different processing 

techniques.  

Based on the data presented above and the structural data presented below, we offer the 

following picture for the changes in device physics with polymer regioregularity.  Low P3HT 

regioregularity typically leads to more amorphous regions in BHJ films made from the 

traditional blend-casting method.  Since there are fewer crystalline polymer regions and more 

structural disorder, there is a greater degree of trap-assisted recombination.  In contrast, 

increasing the polymer regioregularity in SqP devices causes the ideality factor to increase no 

matter what fullerene loading is used.  This suggests that pre-existing P3HT underlayers can 

support only a certain amount of PCBM, an amount presumably limited by the fraction of the 

polymer that lies within amorphous regions.  Thus, increasing the polymer regioregularity 

decreases the available space for fullerene intercalation, so that increased regioregularity leads to 

poorer device performance.  If one tries to compensate for this by increasing the fullerene 

concentration in SqP devices, large-scale phase separation of the fullerene from the highly 
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crystalline polymer network occurs, leading to an increase in the fraction of structural traps and 

thus trap-assisted recombination, as seen with the increased ideality factor.   

Finally, we note that the devices made with different batches of P3HT also have slightly 

different Voc’s.  The trend that Voc is lower in both SqP and BC devices with HR P3HT correlates 

with the concomitant red-shift of the absorption spectrum, described further below.  This red-

shift results from the fact that the highest occupied molecular orbital (HOMO) increases slightly 

in energy with increasing regioregularity of P3HT because of enhanced delocalization.83,84  It is 

also known that increasing the amount of trap-assisted recombination can result in decreased Voc, 

particularly for devices with carrier mobilities similar to those used here.85  Since we indeed find 

that HR P3HT shows more trap-assisted recombination in the SqP devices but less in BC 

devices, this can help us explain the fact that the Voc decrease observed in BC devices (0.06 V) is 

smaller than that seen in SqP devices (>0.1 V): the recombination effect goes in the same 

direction as the HOMO level effect in determining Voc for the SqP devices while the two effects 

partially compensate in BC devices.  

 

2.3.2. Understanding How P3HT Crystallinity Affects the BHJ Architecture for SqP and 

BC OPVs 

Now that we have shown that polymer regioregularity causes opposite effects in SqP and 

BC photovoltaic device performance, we turn in this section to study how regioregularity affects 

the active layer morphology in both SqP and BC films.  To this end, we perform thin-film 

absorption, fluorescence quenching, and grazing incidence wide-angle X-ray scattering 

(GIWAXS) to examine differences in the active layer morphologies formed via SqP and BC.   
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Figure 2.4. UV-visible absorption spectra of thin films made from different batches of pure 

P3HT (solid dashed and dash-dotted lines) and SqP P3HT/PCBM films (symbols) made from the 

same P3HTs with (a) 5 mg/mL PCBM, (b) 10 mg/mL PCBM and (c) 15 mg/mL PCBM spun on 

top; and (d) BC P3HT:PCBM films made from the same P3HTs.  The pure P3HT films were 110 

nm thick in all cases.  All films were thermally annealed at 150 °C for 20 minutes and the spectra 

in both panels are normalized to the highest polymer optical density (i.e. highest OD red of 490 

nm) for ease of comparison.  
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2.3.2.1. UV-Vis and PL of SqP and BC Active Layers with Different P3HT 

Regioregularities 

Figure 2.4 shows the UV-Visible absorption spectra of pure P3HT films from each of the 

different polymer batches as well as spectra for all of the SqP and BC active layers discussed 

above.  The spectra of the pure LR P3HT (dashed curve) is shifted to the blue by about 13 nm 

compared to the HR P3HT (solid and dash-dotted curve), and the relative intensity of the 

vibronic peaks is also different.  Both Spano86,87 and others88–90 have shown that the ratio of the 

intensity of the 0-0 peak (A0-0) to the 0-1 peak (A0-1) is directly related to the intermolecular 

coupling and thus the crystallinity of P3HT.  For our polymer batches, we observe higher A0-0/A0-

1 ratios for the 37k and 16k HR P3HT than for the LR P3HT, indicating higher crystallinity in 

the HR P3HT films.  The slight decrease of A0-0/A0-1 for the 37k HR P3HT sample compared to 

the 16k sample indicates the crystallinity of the polymers is slightly affected by their molecular 

weights.  Despite this, the data suggest the polymer regioregularity is the most important factor 

in determining the film crystallinity.  

The symbols in Figures 4(a)-(c) show the absorption spectra of the same P3HT films after 

sequential deposition of a PCBM overlayer and subsequent thermal annealing at 150 °C for 20 

minutes.  We find that for all three P3HT batches, the SqP film absorption is nearly identical to 

that of the pure polymer, indicating that the fullerene incorporated into the film through 

sequential processing induces little disruption to the crystalline polymer domains.   

The band seen near 340 nm in the BHJ films in Figure 2.4 arises primarily from the 

absorption of PCBM, although there is some residual absorption of P3HT at this wavelength.  

Since the pure P3HT absorption at 340 nm is nearly identical for all three polymer batches, we 

can use the 340-nm peak intensity to roughly evaluate the PCBM content in each of the SqP 
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films (but see Ref. 42).  For SqP films with the PCBM overlayer cast from a 5 mg/mL solution, 

the fullerene content of the films is quite similar, suggesting that any of the underlayer films can 

accommodate the relatively modest amount of fullerene provided by the dilute solution.  For SqP 

active layers produced using more concentrated PCBM solutions, however, the HR P3HT 

samples show much weaker fullerene absorption than LR P3HT sample.  This confirms that 

higher crystallinity polymers are less able to incorporate fullerene during SqP; if there are fewer 

amorphous regions into which PCBM can penetrate into the bulk of the film, more of the 

fullerene is likely to simply spin off during deposition of the over-layer.  In Figure 2.5, we show 

optical micrographs of these films whose absorption spectra are shown Figure 2.4; the films 

made from HR P3HT batches with high PCBM concentrations spun on top show fullerene 

aggregates/crystals at the µm-length scale, consistent with the idea that sequentially-processed 

high crystallinity films cannot accommodate significant fullerene loadings. 

Unlike the sequentially-processed films, whose absorption spectra do not change upon 

the addition of fullerene, the vibronic features in the absorption spectra of P3HT:PCBM BC 

films (Figure 2.4(d)) are strongly altered by the presence of fullerene.  For the LR P3HT flim, the 

vibronic peaks have a dramatcially decreased intensity relative to the pristine P3HT, even after 

20 minutes of thermal annealing at 150 °C.  This suggests for LR P3HT, the presence of 

fullerene hinders the crystallization of P3HT during both the spin-coating and thermal annealing 

processes.  In the case of the HR P3HT:PCBM BC films, although the A0-1/A0-0
 ratio does not 

remain constant as observed in the seqentially processed films, it does not decrease as strongly as 

in the LR P3HT:PCBM BC-BHJ films.  Thus, this data suggests that even in BC films, the 

inherent crystallinity of HR P3HT can be better retained than that of LR P3HT.    
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Figure 2.5. Optical microscopy images of thermally annealed films with three batches of 

P3HTs and three different PCBM concentrations pun on top of each other. The scale bar is 100 

µm. 
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Figure 2.6.  Photoluminescence (PL) spectra of thin films made from: pure P3HTs (same as 

Figure 2.4a), SqP P3HT/PCBM films (same as Figure 2.4a) and P3HT:PCBM BC films (same as 

Figure 2.4d).  The measured PL intensities were divided by each film’s optical density at 530 

nm, the excitation wavelength used in this experiment. and then normalized to the highest PL 

value (that of the pure 16k HR P3HT film) to best illustrate the extent of PL quenching in the 

different samples. 
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In addition to UV-Visible spectroscopy, we also performed a series of photoluminescence 

(PL) quenching experiments of SqP and BC P3HT:PCBM films made from the different polymer 

batches, the results of which are shown in Figure 2.6.  The PL spectra of the pure P3HT polymer 

films are similar, with only slight differences in the relative height of the 0-0 peak near 650 nm 

that reflect the changes in intermolecular coupling with the degree of polymer crystallinity,86 in 

agreement with the UV-Visible data in Figure 2.4.  Overall, the trends observed in BC and SqP 

films are very similar.  HR samples show less PL quenching in all cases compared to LR 

samples, a result that indicates that the equilibrium (i.e. post-annealing) extent of polymer-

fullerene mixing at the molecular scales is driven primarily by polymer regioregularity and not 

by the processing method.  This result is particularly interesting in light of the facts that HR 

material produces the best BC devices while LR material gives SqP devices with the highest 

efficiency.  The results thus emphasize how the same level of atomic-scale mixing must be 

accompanied by very different nanoscale architecture using the two different processing 

methods.  For a separation-based process like BC, strong separation appears to drive the 

formation of an optimized nanoscale architecture.  By contrast, for a mixing-based process like 

SqP, a strong driving force for mixing is needed to create that same ideal architecture. 

 

2.3.2.2. The Morphology of SqP and BC Films with Different Batches of P3HT Measured 

by X-Ray Diffraction 

To directly investigate how changes in the P3HT regioregularity affect the polymer and 

fullerene crystallinity for the different processing routes used to make BHJs, we performed a 

series of two-dimensional (2-D) grazing incidence wide-angle X-ray scattering (GIWAXS) 

measurements.  For these experiments, we used all the same processing methods described 
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above, but instead spun the active layer materials onto silicon substrates.  Our GIWAXS 

measurements were performed at the Stanford Synchrotron Radiation Light Source on beamline 

11-3 using a wavelength of 0.9742 Å.  We should note that the absolute diffraction intensities 

cannot be compared between SqP and BC data sets because of different beam intensities during 

separate experimental runs; the relative intensities for a single processing method, however, can 

be meaningfully compared within each set.  Below, we show only radially-integrated scattering 

data.  The results from our GIWAXS measurement are summarized in Figure 2.7 and Table 2.3.   

 

2.3.2.2.1. The Polymer Diffraction in SqP Samples 

We begin our discussion by examining the P3HT (200) peaks, located between 0.77 – 0.79 Å-1, 

which arise from P3HT lamellar interchain stacking.  The (200) peak is mostly distributed in the 

out-of-plane direction due to the dominant “edge-on” orientation of the P3HT chains relative to 

the substrate.  For the as-cast SqP films (dashed curves), the integrated (200) peak area of the 

16k HR P3HT is more than six times higher than that of the LR P3HT.  The peak center of the 

HR P3HT is also positioned at higher Q than that of LR P3HT, which indicates more compact 

lamellar stacking for the HR P3HT.  We note that in polymeric systems, the broadening of x-ray 

scattering peaks results from disorder in the polymer domains, rather than from the finite size of 

crystallites as seen in crystalline materials.21,91,92 Thus, the FWHM or coherence lengths reported 

here are those derived from the Scherrer equation, even though the size of the crystalline 

polymer domains are likely smaller.  In Table 2.3, the two P3HT batches show similar FWHM 

for the (200) peaks.  From this data, we conclude that a larger fraction of the as-cast HR P3HT-

based SqP samples is crystalline, but the crystallites in both films have similar coherence lengths.  
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Figure 2.7. (a) Radially-integrated 2-D GIWAXS intensities for P3HT/PCBM sequentially 

processed active layers cast on a silicon substrate for LR and HR P3HT.  In each case, the P3HT 

film thickness was 110 nm, and the PCBM over-layer was spun from a 5mg/mL solution. (b) 

Integrated peak area for the (200) polymer peak for SqP. (c) Integrated GIWAXS intensity for 

P3HT/PCBM BC films. (d) Integrated peak area for the (200) polymer peak for BC-BHJ films. 

Dashed lines indicate as-cast films and solid lines are after 20 min of thermal annealing at 150 

°C for both (a) and (c). 
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Table 2.3.   Summary of Parameters from GIWAXS 

 

 

 

 (200) 
Peak 

Position 
(Å-1) 

(200) 
Peak 
Area  

(A. U.) 

(200)  

FWHMa 

(10-2 A-1) 

(010) 
Peak 

Position 
(Å-1) 

(010)  

Peak 
Area 

(A. U.) 

(010)  

FWHMa  

(10-2 A-1) 

LR P3HT/PCBM 
SqP As Cast 

0.778 8.1 6.6 1.657 10.9 10.7 

LR P3HT/PCBM 
SqP Annealed 

0.770 31.4 5.6 1.664 13.5 7.7 

16k HR 
P3HT/PCBM SqP 

As Cast 

0.787 52.8 6.9 1.655 35.4 10.0 

16k HR 
P3HT/PCBM SqP 

Annealed 

0.770 40.8 5.1 1.662 23.3 8.9 

LR P3HT:PCBM 
BC As Cast 

0.766 4.3 4.6 1.627 15.7 14.9 

LR P3HT:PCBM 
BC Annealed 

0.759 10.1 3.9 1.663 29.8 12.0 

16k HR 
P3HT:PCBM BC As 

Cast 

0.776 29.6 5.5 1.634 20.1 11.6 

16k HR 
P3HT:PCBM BC 

Annealed 

0.761 57.4 5.1 1.663 15.0 8.1 
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The HR samples also show closer packing than the LR P3HT-based samples, a fact that likely 

arises from increased ordering of the hexyl tails in the HR films.   

   The literature suggests that thermal annealing of SqP films serves the dual roles of 

facilitating fullerene diffusion into the polymer underlayer and helping to further crystalize 

amorphous polymer domains.46,93  Indeed, the solid curves in Figure 2.7(a) show that for both 

batches of P3HT, annealing causes the (200) peaks to become sharper, indicating the formation 

of more ordered P3HT domains with larger structural coherence lengths.  The change in the 

intensity of the (200) peak area upon thermal annealing, however, is quite different for the 

different SqP P3HT batches.  For the LR P3HT, annealing increases the peak area by over a 

factor of three, a result similar to previous studies on BC devices.  Surprisingly, the peak area for 

the HR P3HT actually decreases upon thermal annealing, indicating that annealing this particular 

polymer/fullerene blend makes the film less crystalline.  Further investigation reveals that unlike 

the LR P3HT, where annealing causes essentially no shift of the (200) peak, the HR P3HT (200) 

peak center also shifts slightly towards lower Q, indicating the d-spacing between the lamellar 

planes becomes larger after annealing.  This likely results from small amount of PCBM diffusing 

into the P3HT crystallites.  

We next turn to investigate the trends of the (010) peak, which corresponds to the 

polymer π-π stacking direction and is therefore important for charge delocalization and transport.  

We find that the same general trends with polymer regioregularity and thermal annealing 

observed for the (200) peak also hold in the (010) direction for our SqP films.  For the LR P3HT, 

however, the increase in (010) peak area upon annealing is less dramatic than that observed for 

the (200) peak, but the decrease in (010) peak width upon annealing is greater.  These data thus 

indicate that in the (010) direction, thermal annealing predominantly affects on the crystalline 
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coherence length, likely from improvements in π-π stacking upon annealing.  For the HR SqP 

P3HT samples, we saw that the diffraction peaks decrease in intensity upon thermal annealing, 

and that the decrease of the (010) peak area is slightly greater than the decrease seen in the (200) 

direction.  Overall, the change in both peak with and peak area are qualitatively similar for the 

(010) and (200) peaks, suggesting that for SqP samples made with HR P3HT, diffusion of 

PCBM into the film reduces the extent of crystallinity in a fairly isotropic manner, likely by 

creating amorphous polymer regions where the fullerene can reside.  This is in contrast to the LR 

samples, where annealing of paracrystalline disorder and fullerene diffusion are coupled in a 

more complex manner. 

Clearly, the most significant difference between the two batches of SqP P3HT films is the 

total amount of amorphous polymer.  We believe that a certain amorphous fraction is necessary 

for the PCBM to penetrate into sequentially processed films.  Even though the HR P3HT starts 

out highly crystalline with few amorphous regions, the thermally induced mixing that drives 

PCBM into the polymer underlayer actually disrupts the P3HT network by creating additional 

amorphous regions upon incorporation.  This produces the surprising result of a 

polymer/fullerene sample that becomes less crystalline upon annealing. 

 

2.3.2.2.2. The Polymer Diffraction in BC Samples 

In as-cast BC films, the BHJ is formed with the presence of both the polymer and the 

fullerene, leading to a different morphology than the case of SqP.  Based on shifts in diffraction 

peaks, we find that there is more PCBM intercalation into the BC P3HT network in both the 

(200) and (010) directions for as-cast BC films relative to SqP films.  After thermal annealing, a 

large amount of the PCBM in BC films is pushed out of the π-π interlayers, as evidenced by a 
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sizable shift towards high Q for the (010) π-stacking peak.  This (010) shift upon annealing does 

not occur with the SqP films.  But perhaps more importantly, thermal annealing causes the 

crystallinity of both the HR and LR P3HT batches to increase when the film is prepared via BC.  

This provides one reason why the BC devices made from HR P3HT show superior performance 

compared to those made via SqP.  

Another factor that could contribute to the change in device performance with 

regioregularity is the shape of the polymer crystallites.   The widths of the (200) and (010) peaks 

indicate that the length of the HR P3HT crystallites are shorter than those of the LR P3HT in the 

(200) direction but longer in the (010) direction.  Since the charge carrier transport in the π-π 

direction is important to the mobility of holes in OPV devices,91 one might expect hole extraction 

in HR P3HT active layers to be more efficient than that in LR P3HT samples.  Since the hole 

mobility in P3HT:PCBM blend films is typically lower than the electron mobility,94 the HR 

P3HT provides a better mobility-matched active layer and therefore a device with higher fill 

factor95 than the LR P3HT BC device, as seen in Figure 2.1.  

 

2.3.2.2.3. The Fullerene Diffraction in SqP and BC Samples 

In addition to the changes in the crystallinity of the different batches of P3HT, Figure 2.7 

also shows that thermal annealing leads to changes in the crystallinity of the PCBM.  For 

example, the PCBM diffraction (at q ~ 1.4 Å–1) in the LR P3HT SqP film shows a significant 

increase in intensity upon thermal annealing, but the peak remains broad.  This is consistent with 

the formation of many small PCBM crystallites upon thermally annealing SqP LR P3HT films.  

In contrast, thermal annealing dramatically sharpens the PCBM peaks in the SqP films made 

with HR P3HT.  This indicates that in highly crystalline P3HT, there are too few amorphous 
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regions in which the PCBM can mix with the polymer, so that annealing forces the fullerenes to 

crystallize into a fewer, but significantly larger domains that are not consistent with an ideal BHJ 

architecture.  These large domains may be accompanied by isolated fullerenes at grain 

boundaries, but those isolate fullerenes do not diffract and do not create effective conductive 

paths for photogenerated electrons.  This hypothesis is supported by optical images, shown in the 

SI, which reveal that after thermal annealing, there is optically-visible phase separation of the 

PCBM in the HR P3HT film.  

All of these results make sense in the context of two ideas:  first, that PCBM is miscible 

and mobile only in the amorphous regions of P3HT films,45,92,96–99 and second, that P3HT only 

fully crystallizes in the absence of PCBM.  The LR P3HT clearly possesses more amorphous 

regions as-cast, so in SqP films, there is ample opportunity for thermal annealing to cause PCBM 

to diffuse into the polymer underlayer and form semicrystalline aggregates, as well as for some 

of the previously amorphous P3HT regions to crystallize.  In highly crystalline as-cast polymers, 

on the other hand, there are almost no suitable amorphous spaces available for PCBM 

incorporation in SqP devices, so the polymer must partially disorder to make room for fullerene 

incorporation.  Even with this disordering, the majority of the fullerene is still forced to 

aggregate into large, highly crystalline domains because it cannot mix into the already-crystalline 

regions of the polymer.  In the case of BC films, the high propensity of the polymer to crystallize 

is important to help drive the phase separation of the polymer and the fullerene.  In low 

regioregularity polymers, the P3HT cannot phase separate as easily, so an ideal interpenetrating 

BHJ network cannot be formed. 

 

2.4. Conclusions 
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In summary, we have found that the effects of changing polymer regioregularity and thus 

crystallinity on active layer morphology and the photovoltaic device performance differ 

dramatically based on how the active layer is formed.  PCBM disperses only into the amorphous 

regions after sequential processing onto P3HT films, so that controlling the amount of the 

amorphous phase has a direct impact on the subsequent device performance.  SqP of P3HT with 

too high a polymer regioregularity results in highly crystalline films into which fullerenes cannot 

easily incorporate even after thermal annealing, leading to unfavorably large scale 

polymer/fullerene phase separation.  SqP films made from P3HT with lower regioregularity 

possess more amorphous regions, which leads to a better polymer/fullerene network and thus 

more efficient solar cells.  The effect of polymer crystallinity is reversed, however, if the active 

layer is fabricated through the traditional blend-cast method.  The presence of PCBM in the 

mixed solution prevents P3HT from forming a highly crystalline network.  Therefore, more 

highly regioregular P3HT is favorable because of its stronger propensity to crystallize.   

This work has revealed a fundamental mechanism difference for the formation of BHJ 

active layer morphology between SqP and BC.  All of the structural and device performance data 

show that SqP and BC do not produce films with the same polymer/fullerene morphology, and 

that different materials parameters affect the film morphology in different ways for the two 

processing methods.  This suggests that the two processing techniques are complementary, and 

that the appropriate choice of which processing method to use to achieve high efficiency solar 

cells depends on the details of the particular batch of polymer and fullerene being used.  
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CHAPTER 3 

 

Polymer/Polymer Blend Solar Cells Using Tetraazabenzodifluoranthene Diimide 

Conjugated Polymers as Electron Acceptors 

 

3.1. Introduction 

Advances in the design and synthesis of hole-conducting (p-type or donor) polymer 

semiconductors100–102 in the last two decades have enabled major progress in developing 

increasingly more efficient polymer/fullerene bulk heterojunction (BHJ) solar cells.8,9,103,104 

Since the donor polymer is the main absorber in such fullerene acceptor-based organic 

photovoltaics (OPVs), the charge photogeneration process critically depends on efficiency of 

electron transfer from the photoexcited polymer to the fullerene derivative, such as [6,6]-phenyl-

C60-butyric acid methyl ester (PC60BM) or [6,6]-phenyl-C70-butyric acid methyl ester (PC70BM). 

It is expected that if electron-conducting (n-type or acceptor) conjugated polymers can be 

developed with suitable absorption bands, electronic structures, and high electron mobilities, 

they could contribute to light harvesting in polymer/polymer (all-polymer) blend BHJ solar 

cells.105–116 In such all-polymer solar cells, the efficiency of hole transfer from the photoexcited 

acceptor polymer to the donor polymer could be as important to the charge photogeneration 

process, as is the photoinduced electron transfer from the donor to acceptor polymer.117–119 

Understanding of the detailed photophysics and mechanisms of charge photogeneration in 

polymer/polymer blend solar cells have not yet advanced to the same level as in 

polymer/fullerene devices in part because of the limited availability of high-mobility n-type 

semicondcuting polymers. 
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Early studies of all-polymer solar cells were limited to bilayer planar heterojunction 

devices because of limited processability of the n-type or p-type polymers.108,120 Acceptor 

polymers based on cyano-functionalized poly(para-phenylene vinylene)s (CN-PPVs) allowed 

the study of polymer/polymer blend BHJ solar cells, demonstrating high open circuit voltages 

(Voc) (~ 1 V) but the efficiencies were limited by low photocurrents.108,121 n-Type 

semiconducting copolymers derived from 2,1,3-benzothiadiazole moiety have also been explored 

in all-polymer BHJ solar cells, giving rise to only moderate efficiencies (<2%).122,123 More 

recently, availability of perylene diimide (PDI)- and naphthalene diimide (NDI)-based n-type 

semiconducting polymers has enabled the demonstration of polymer/polymer blend BHJ solar 

cells with improved power conversion efficiencies (~3-5%).106,107,115,116 Nevertheless, new n-type 

semiconducting polymers, besides NDI- and PDI-based materials, are needed both to enable a 

broader understanding of structure-photovoltaic relationships and to facilitate improvement of 

performance of all-polymer solar cells.  

In this paper, we report a study of all-polymer blend solar cells based on recently 

introduced tetraazabenzodifluoranthene diimide (BFI)124 derivative n-type conjugated polymer 

semiconductor40 as the electron acceptor component of the active blend layer. The two-

dimensional (2D) p-conjugated BFI polymers, exemplified by the 2,5-thienylene-linked PBFI-T 

(Chart 1), were shown to exhibit unipolar n-type charge transport with field-effect electron 

mobility as high as 0.3 cm2/Vs.125 However, their electron-accepting and photovoltaic properties 

in all-polymer solar cells are yet to be reported. Encouraged by the recent finding that 

selenophene-linked naphthalene diimide (NDI) copolymers had a superior performance in 

photovoltaic devices compared to the corresponding thiophene-linked NDI copolymer,115,116 we 

herein also report the synthesis and evaluation of a new selenophene-linked BFI  
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Chart 1. Molecular structures of acceptor polymers (PBFI-T and PBFI-S) (a) and the donor 
polymer (PSEHTT) (b). 
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copolymer, PBFI-S (Chart 1), as an acceptor in all-polymer blend solar cells. A known p-type 

semiconducting polymer, poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)- 2,6-diyl-alt-

(2,5-bis(3-(2-ethylhexyl)thiophen-2-yl) thiazole[5,4-d]thiazole)] (PSEHTT, Chart 1),126,127 was 

used as the electron donor paired with PBFI-T or PBFI-S in the all-polymer blend solar cells. We 

found that PBFI-T:PSEHTT blend solar cells had a power conversion efficiency (PCE) of 2.60% 

whereas the corresponding PBFI-S:PSEHTT cells had a PCE of 0.75%. We show that this 

unexpected factor of 3.5 difference in the photovoltaic efficiencies of PBFI-T and PBFI-S 

devices largely originates from the reduced driving energy for hole transfer in the latter blend 

system among other factors. The bulk charge transport in the blend films was investigated by the 

space charge limited current (SCLC) technique. Finally, the bulk and surface morphologies of 

the two photovoltaic blend systems were respectively probed by grazing incidence wide-angle X-

ray scattering (GIWAXS) and atomic force microscopy (AFM) imaging. 

 

3.2. Results and Discussion 

3.2.1. Synthesis, Optical Absorption and Electronic Structure 

The new n-type semiconducting polymer, PBFI-S, was synthesized via the Stille cross-

coupling copolymerization of the previously reported 8,17-dibromo-7,9,16,18-

tetraazabenzodifluoranthene-3,4,12,13-tetracarboxylic acid diimide (BFI-Br2) monomer124 with 

2,5-bis(trimethylstannyl)selenophene,127 similar to the synthesis of PBFI-T.40 PBFI-S has 

excellent solubility in common organic solvents (chloroform, chlorobenzene, toluene, etc) at 

room temperature. The number average molecular weight (Mn) of PBFI-S, as determined by gel 

permeation chromatography (GPC) relative to polystyrene standards, is 29.3 kDa with a 

polydispersity index (PDI) of 3.55. The sample of previously synthesized PBFI-T, which is  
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Figure 3.1. Thin film optical absorption spectra of n-type polymers (PBFI-T and PBFI-S) and p-

type polymer (PSEHTT). 
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Figure  3.2. Oxidation (a) and reduction (b) cyclic voltammograms of PBFI-T and PBFI-S solid 

films (in 0.1 M of tetrabutylammonium hexafluorophosphate in CH3CN with Fc+/Fc as the 

internal reference). 
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investigated here alongside PBFI-S, has an Mn of 61.0 kDa and a PDI of 3.16.  Similar to PBFI-

T,125 PBFI-S has excellent thermal stability with an onset thermal decomposition temperature 

(Td) of 430 oC from thermogravimetric analysis (TGA) experiments in flowing nitrogen. 

Differential scanning calorimetry (DSC) scans in the 20-400 oC range did not show any thermal 

transitions for either polymer.   

Figure 3.1 shows the thin film absorption spectra of the n-type polymers PBFI-T and 

PBFI-S, as well as that of the p-type polymer PSEHTT. The absorption profile of PBFI-S is very 

similar to that of PBFI-T; both have a high energy band with identical lmax centered at 380 nm (a 

= 7.3×104 cm-1). However, the lower energy absorption band of PBFI-S has a lmax = 948 nm (a = 

1.7×104 cm-1), which is significantly red-shifted (>100 nm) from that of PBFI-T.125 The 

absorption edge optical band gap (Eg) of PBFI-S (1.13 eV) is much smaller than that of PBFI-T 

(Eg = 1.38 eV). The highest occupied molecular orbital (HOMO)/ lowest unoccupied molecular 

orbital (LUMO) energies of PBFI-T and PBFI-S were determined from the onset oxidation and 

reduction potentials, respectively, from cyclic voltammograms (Figure 3.2). The HOMO/LUMO 

energy levels of the proposed donor polymer PSEHTT41 are also shown in Figure 3.2c for 

comparison. PBFI-T and PBFI-S have deep LUMO energy levels of −3.78 eV and −3.82 eV, and 

the same HOMO energy levels of -5.59 eV, potentially providing sufficient driving energy for 

photoinduced charge transfer and charge separation in blends with PSEHTT.  

 

3.2.2. Photovoltaic Properties 

Inverted BHJ solar cells with the structure of indium tin oxide (ITO)/zinc oxide 

(ZnO)/polymer blend/molybdenum oxide (MoO3)/Ag (Figure 3.3a) were fabricated to evaluate 

the photovoltaic properties of the new acceptor polymers (PBFI-T and PBFI-S) based on the 
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PSEHTT donor polymer. The current density (J)-voltage (V) characteristics were measured 

under AM1.5 solar illumination at 1 sun (100 mW/cm2) in ambient air. The active layer with a 

blend composition of PBFI-T:PSEHTT (2:1 wt/wt) showed the optimal performance with a PCE 

of 2.60%, short circuit current (Jsc) of 7.34 mA/cm2, open circuit voltage (Voc) of 0.67 V and fill 

factor (FF) of 0.52 (Figure 3.3b, Table 1). In stark contrast, although the optimal PBFI-

S:PSEHTT devices consisted of the same blend ratio of 2:1 (w/w), their performance was 

significantly lower with PCE = 0.75%, Jsc = 3.43 mA/cm2, Voc = 0.51 V, and FF = 0.43 (Figure 

3.3b). This large difference in performance between PBFI-S and PBFI-T devices is due to the 

large disparities in Voc, Jsc and PCE; in the case of the PCE, PBFI-T cells are a factor of 3.5 

superior to those of PBFI-S. These large differences in photovoltaic properties of otherwise two 

very similar n-type polymer semiconductors is very surprising and not obvious from their 

absorption spectra (Figure 3.1) and electronic structures (Figure 3.2c).  

The external quantum efficiency (EQE) spectra of both PBFI-T:PSEHTT and PBFI-

S:PSEHTT blend solar cells are shown in Figure 3.3c. The EQE spectrum of the PBFI-

T:PSEHTT photodiode shows that the photocurrent turns on at about 950 nm and has peaks of 

24% at 380-420 nm and 42% at 560-680 nm. The spectrum covers a broad range from 300 nm to 

950 nm, suggesting that both donor (PSEHTT) and acceptor (PBFI-T) polymers contributed to 

the photocurrent (Figure 3.3c). The Jsc calculated from the EQE spectrum is 6.94 mA/cm2, which 

is within 6.0% in agreement with the direct J-V measurement. The EQE spectrum of PBFI-

S:PSEHTT photodiode turns on at around 700 nm, close to the absorption edge of PSEHTT, 

suggesting that the longer wavelength absorption of PBFI-S did not contribute to photocurrent.  

The intensity of the EQE spectrum in the 300-700 nm range is also much lower for PBFI-

S:PSEHTT than PBFI-T:PSEHTT cells with peaks of 10% at 380-420 nm and 21% at 560-680  
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Figure 3.3. Schematic of the inverted all-polymer BHJ solar cell (a), J-V curves (b) and EQE 

spectra (c) of PBFI-S:PSEHTT and PBFI-T:PSEHTT blend solar cells.  
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Blend  Jsc  
(mA/cm2) 

Voc 
(V) FF  PCE 

(%) 
me 

(cm2/Vs) 

mh 
(cm2/V

s) 
PBFI-T: 

PSEHTT 
7.34 

(7.28±0.0) 
0.67 

(0.67±0.0) 
0.52 

(0.52±0.0) 
2.60 

(2.50±0.1) 2.2×10-6 4.8×10-5 

PBFI-S: 
PSEHTT 

3.43 
(3.35±0.0) 

0.51 
(0.51±0.0) 

0.43 
(0.43±0.0) 

0.75 
(0.74±0.0) 4.6×10-8 2.7×10-5 

 aActive layers were deposited from the PBFI-X (X = T or S):PSEHTT (2:1 wt/wt) blend solutions in 
chlorobenzene, respectively, followed by annealing at 175 ºC for 10 min.  

Table 3.1. Summary of photovoltaic properties and SCLC carrier mobilities of PBFI-

T:PSEHTT and PBFI-S:PSEHTT blendsa 
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nm. The Jsc calculated from the EQE spectrum of the PBFI-S cell is 3.21 mA/cm2, which is 

within 6.4%, in agreement with that measured directly from J-V curve. 

Among the possible reasons that could account for the large loss in short-circuit current 

(Jsc) and power conversion efficiency in going from PBFI-T acceptor to PBFI-S acceptor, 

include: (i) inefficient charge photogeneration at the PBFI-S:PSEHTT interface; (ii) poor bulk 

charge transport and collection in the PBFI-S blend system; and (iii) blend morphology. A 

simple view of the HOMO/LUMO energy levels of both blends (Figure 3.2c), PBFI-T:PSEHTT 

and PBFI-S:PSEHTT, suggests that there is identical driving energy for charge separation via 

either photoinduced electron transfer or photoinduced hole transfer in both blends.28-30  However, 

the EQE results (Figure 3.3c) clearly show that there is inefficient dissociation of excitons 

generated in both PSEHTT and PBFI-S; in fact, light absorption in PBFI-S contributes only a 

small amount to the photocurrent mainly in the 350-420 nm region. Adapting the empirical 

expression for the free energy for photoinduced electron transfer (DGCT) in polymer/fullerene 

systems28,30 to the present all-polymer systems we have:  

DGCT  = ECT - Eg
opt = q Voc + 0.47 eV - Eg

opt                                                                            (1) 

where ECT is the charge transfer energy, Voc is the value at room temperature and 1 sun 

illumination and q is the elementary charge. For the PBFI-T:PSEHTT blend system, with ECT of 

1.12 eV and Eg
opt of 1.38 eV we have DGCT =  - 0.26 eV. An ECT of 0.98 eV and Eg

opt of 1.13 eV 

results in DGCT =  - 0.15 eV for the PBFI-S:PSEHTT blend system, indicating an almost two-

fold increase in free energy for charge transfer compared to the PBFI-T acceptor. We examine 

below the other possible contributions to the loss of photocurrent and conversion efficiency in 

these all-polymer solar cells by investigating bulk charge transport and morphology of the active 

layers.  
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3.2.3. Bulk Charge Transport 

The bulk charge transport properties of PBFI-T:PSEHTT and PBFI-S:PSEHTT blend 

solar cells were investigated by using the space-charge-limited current (SCLC) measurement. 

Electron mobility was measured in an ITO/ZnO/active layer/LiF/Al device structure whereas 

hole mobility was measured in an ITO/PEDOT:PSS/active layer/Au device structure. We found 

that the bulk hole mobility was 4.8 × 10-5 cm2/Vs in PBFI-T:PSEHTT blend and 2.7 × 10-5 

cm2/Vs in PBFI-S:PSEHTT blend (Figure 3.4, Table 1), which are quite comparable for both 

blend systems. In contrast, a large difference was observed in the bulk electron mobility of the 

two blends. The electron mobility in the PBFI-T:PSEHTT blend (2.2 × 10-6 cm2/Vs) was nearly 

two orders of magnitude higher than that in the PBFI-S:PSEHTT blends (4.6 × 10-8 cm2/Vs) 

(Figure 3.4, Table 1). The relatively higher and nearly balanced bulk carrier mobilities of PBFI-

T:PSEHTT blend compared to the PBFI-S:PSEHTT blend could partly explain the higher 

photovoltaic performance of PBFI-T:PSEHTT cells. These results suggest that the poorer bulk 

electron transport in the active layer blend of PBFI-S:PSEHTT solar cells could partly account 

for the significant loss in photocurrent and power conversion efficiency compared to the 

corresponding PBFI-T:PSEHTT devices.  

 

3.2.4. Surface and Bulk Morphologies 

The surface and bulk morphologies of the all-polymer blend solar cells were investigated 

respectively by atomic force microscopy (AFM) imaging and grazing incidence wide-angle X-

ray scattering (GIWAXS). AFM topographic and phase images taken directly from the surfaces 

of the active layers are shown in Figure 3.5. Both PBFI-T:PSEHTT and PBFI-S:PSEHTT blends  
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Figure 3.4. Current (J) – voltage (V) characteristics and space charge limited current (SCLC) 

fittings of devices measured in ambient conditions: Electron-only SCLC devices of 

ITO/ZnO/blend/LiF/Al (a, b) and hole-only SCLC devices of ITO/PEDOT:PSS/blend/Au (c, d). 
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Figure 3.5. AFM topographic (a and c) and phase (b and d) images of the surface of PBFI-

T:PSEHTT (a and b) and PBFI-S:PSEHTT (c and d) blend active layers. 
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formed good quality active layer films with smooth surfaces (Rg < 1 nm) as shown in the height 

images (Figure 3.5a and 5c). The phase images in Figure 3.5b and 5d revealed surface features of 

interconnected nanoscale networks. The observed phase domains in PBFI-T:PSEHTT blend are 

finer than those of PBFI-S: PSEHTT blend, suggesting a greater interface area between the 

donor and the acceptor phases. Although the surface morphology of a polymer/polymer blend 

film is not necessarily identical to its bulk morphology because of the potential for vertical phase 

segregation,44 the observed nanoscale phase separation and a bicontinuous network structure in 

the AFM images suggest that efficient charge separation could be obtained in both all-polymer 

blend devices. In other words, the observed similar surface morphology could not explain the 

observed large difference in photovoltaic properties. 

To further address the electronic differences between PBFI-T and PBFI-S, we performed 

GIWAXS to study bulk film morphology and crystallinity. Fortunately, in blends of different 

polymers, each component has unique diffraction peaks that can be used to examine each 

polymer in the blend.  Moreover, this technique yields 2D-scattering information that can be 

used to examine chain orientation by separately integrating the in-plane and out-of-plane 

components of the diffraction patterns.  For this study, the pure PBFI-T and PBFI-S polymers 

show diffraction patterns typical of semi-crystalline conjugated polymers128,129 with lamellar 

(100) and π-π stacking  (010) peaks at 0.22 Å-1 and 1.5 Å-1, respectively (Figure 3.6). There is 

also a monomer-to-monomer repeat distance (001) peak at around 0.8 Å-1. The PBFI-T (100) 

peak has a higher integrated intensity out-of-plane compared to in-plane, implying an edge-on 

stacking motif (Figure 3.6a,c).  The same general trend is observed for PBFI-S, but the 

difference in peak areas between out-of-plane and in-plane diffraction is less and the PBFI-S 

peaks are all broader, indicating smaller crystalline coherence lengths and less edge-on 
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orientation in PBFI-S (Figure 3.7) compared to PBFI-T (Figure 3.6b,d). Interestingly, the (100) 

peaks for both PBFI-T and PBFI-S show a larger repeat distance in-plane than out-of-plane. For 

PBFI-T, the in-plane repeat distance is 2.9 Å larger than the out-of-plane value, and for PBFI-S, 

the difference is 4.1 Å. Because the out-of-plane diffraction is susceptible to artifacts caused by 

the specular reflection we were integrated in 10o slices to determine if the shifts present between 

the in and out-of-plane diffraction exists at all angles (Figure 3.8 and 3.9). Typically, the 

diffraction is obtained by integrating one 10o slice in both the horizontal (xy, in-plane) and 

vertical (z, out-of-plane) directions; here we analyzed all of the slices that span from the in-plane 

slice to the out-of-plane slice (9 slices, 0-90o). PBFI-T and PBFI-S both show shifts in (100) and 

(010) peaks towards higher q when integrating from in-plane to out-of-plane. The in-plane (100) 

and out-of-plane (010) peaks together describe polymer chains with a face-on orientation in these 

films. We find that the in-plane (100) is shifted to lower q and the out-of-plane (010) is shifted to 

a higher q. This supports the picture where interactions with the substrate straightens polymer 

chains and promotes close π-stacking distances while ordering the alkyl chains on this large 

monomer unit, thereby causing the lamellar stacking distance to increase. By contrast, polymers 

with an edge-on stacking motif are described by the out-of-plane (100) peak and the in-plane 

(010) peak. When this large monomer unit assembles edge-on, the alkyl chains are no longer 

aligned resulting in a decrease of the lamellar stacking distance and an increase in the π-stacking 

distance. Similar effects are observed in the PBFI-S:PSEHTT and PBFI-T:PSEHTT BHJs, where 

the PBFI polymer peaks and the (100) of PSEHTT shifts but the rest of the PSEHTT peaks 

ultimately remain unaffected. These findings indicate that the interactions with the substrate can 

have a significant effect on the lamellar stacking in these polymers with large monomer units and 

thus shifts between the in and out-of-plane diffraction are observed. 
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Figure 3.6. GIWAXS radially averaged scattering patterns for PBFI-T, PSEHTT and the PBFI-

T:PSEHTT blend as well as the linear regression of the blend: (a) and (b)  out-of-plane scattering 

(c) and (d) in-plane scattering. 
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The PSEHTT shows similar diffraction, but with the lamellar diffraction peak shifted to 

higher q because of the smaller size of the monomer unit in PSEHTT (Figure 3.6).  For PSEHTT,  

peaks are observed at 0.38 Å-1 for the (100) diffraction peak, and at 1.3 Å-1 and 1.7 Å-1 for the 

(010) diffraction peaks (Figure 3.6).  The two peaks likely correspond to highly ordered lamellar 

stacking and more disordered π-stacking domains. Again, we observe the (001) distance peak at 

around 0.8 Å-1.  For PSEHTT, the highly ordered π-stacking peak shows distinctively greater 

out-of-plane scattering intensity, suggesting a face-on orientation of these domains.  The less 

ordered π-π stacking peaks show slightly higher in-plane intensity, suggesting that these domains 

are either edge on or isotropic.  Potentially, interactions between the polymer and the substrate 

help planarize polymer chains near the substrate interface, producing a smaller π-π stacking 

distance and a distinct face-on orientation.  In the bulk of the film, π-π stacking distances would 

then be greater and the domain orientation more isotropic.  Other than the changes in intensity 

for the two (010) peaks, no additional peak shifts are observed between in-plane and out-of-plane 

diffractions for PSEHTT, in contrast to the results presented above for the neat PBFI-T and 

PBFI-S. 

To a first approximation, diffraction from PBFI-T:PSEHTT (Figure 3.6) and PBFI-

S:PSEHTT (Figure 3.7) blend films appear to be a linear combination of the pure polymers.  The 

first conclusion from the diffraction data is that both PBFI-T:PSEHTT and PBFI-S:PSEHTT 

films are dominantly separated into mostly pure component domains.  To gain more insight, the 

blend data was fit as a linear combination of the two pure polymers for both in-plane and out-of-

plane diffraction.  Figures 6 and 7 show the pure polymers, the polymer blends, and the best fit 

sum for both PBFI-T:PSEHTT and PBFI-S:PSEHTT blends, respectively. By comparing the out-

of-plane integrated data of the polymer blend films against the linear regression fit of PBFI-  
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Figure 3.7. GIWAXS radially averaged scattering patterns of PBFI-S, PSEHTT and the PBFI-

S:PSEHTT blend as well as the linear regression of the blend: (a) and (b)  out-of-plane scattering 

(c) and (d) in-plane scattering. 
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Figure 3.8. X-ray diffraction patterns as a function of diffractometer angle chi.  Pure PBFI-T (a) 

and pure PBFI-S (b) integrations of 2D diffraction pattern in 10° slices from 0-90o. The 0-10o 

integration corresponds to the in-plane diffraction and the 80-90o integration is the out-of-plane 

diffraction. The shift between in and out-of-plane is significant for both the (100) and (010) 

peaks.  Because a gradual peak shift is observed going from in- to out-of-plane diffraction, this 

shift is likely indicative of a real change in lattice constant caused by packing differences 

between edge-on and face-on oriented polymer chains.  It is unlikely to be caused by interference 

from specular reflectance, which should only affect angle near 90°. 
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Figure 3.9. a) X-ray diffraction patterns as a function of diffractometer angle chi.  

PSEHTT:PBFI-T BHJ blend (a) and PSEHTT:PBFI-S blend (b) integrations of 2D diffraction 

pattern in 10° slices from 0-90o. The 0-10o integration corresponds to the in-plane diffraction and 

the 80-90o integration is the out-of-plane diffraction.   Significant shifts are again observed for 

the PBFI-T and PBFI-S peaks, but the PSEHTT peaks show almost no shifts, indicating less 

conformational freedom for the PSEHTT. 
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T:PSEHTT, we observe a peak shift of 0.7 Å in the PSEHTT peak in Figure 3.6a. This indicates 

some mixing of PBFI-T into the pure PSEHTT domains, which results in an increase in the 

lamellar stacking distance of PSEHTT.  In contrast, the out-of-plane PBFI-T (100) peak does not 

shift, implying no mixing of the PSEHTT molecules into the pure PBFI-T domains. 

Interestingly, the in-plane data shows minimal shifts for both PBFI-T and PSEHTT data when 

compared to the linear regression fit, as shown in Figure 3.6b, indicating less mixing for 

PSEHTT domains oriented face-on with respect to the substrate. There are no shifts in the π-π 

stacking peaks for either PBFI-T or PSEHTT in any orientation and the data are well fit by a 

linear combination of the pure polymers, indicating that polymer mixing does not disrupt the π-π 

interactions.  We note that the combined data was fit simply by scaling and adding the pure 

polymer patterns and a single scaling parameter produced good agreement with the experimental 

data across both low- and high-q regions, giving us confidence in this method. 

In contrast to the PBFI-T blends, Figure 3.7a shows that for blends of PBFI-S with 

PSEHTT, the out-of-plane (100) peak for PSEHTT shifts to a larger lamellar spacing by 0.7 Å 

and PBFI-S shifts to a smaller lamellar spacing by 0.8 Å, indicating mixing of the two polymers. 

For mixtures of two polymers, the lamellar spacing is generally an average of the two, with the 

lamellar spacing for the larger spacing polymer shifting to higher q and the lamellar spacing for 

the smaller polymer shifting to lower q.  This happens because a polymer with a shorter lamellar 

spacing allows for disordering of the polymer side chains in the polymer with the longer lamellar 

spacing and a decrease in the average lamellar spacing.130,131 Overall, these shifts indicate that 

for edge-on domains, PBFI-S can mix into PSEHTT domains and PSEHTT molecules can mix 

into PBFI-S domains. The in-plane diffraction for PBFI-S:PSEHTT blend film shows minimal 

shifts in Figure 3.7c-d compared to the shifts observed in the out-of-plane direction, again 
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suggesting that face-on domains show less mixing than edge-on domains.  In addition, the π-π 

stacking peaks again appear to be a linear combination of PSEHTT and PBFI-S and do not shift.   

Comparing these GIWAXS findings to device performance suggest that the presence of 

relatively pure PBFI-T domains is important to device performance, because the PBFI-T blends 

show significantly higher efficiency than the PBFI-S blends.  Some mixing of acceptor polymer 

molecules into the PSEHTT domains occurs in both systems, and it is possible that device 

performance could be further improved if this mixing could be reduced. 

 

3.3. Conclusions 

The tetraazabenzodifluoranthene diimide-based n-type semiconducting polymers, PBFI-T 

and PBFI-S, have been investigated as new electron acceptors in polymer/polymer (all-polymer) 

blend solar cells. All-polymer blend solar cells using the thiophene-linked acceptor polymer 

(PBFI-T) with PSEHTT donor had a PCE of 2.60% with a Jsc of 7.34 mA/cm2, Voc of 0.67 V, 

and 52% FF. Although the selenophene-linked acceptor polymer (PBFI-S) has a much smaller 

optical band gap (1.13 eV) than the thiophene-linked acceptor polymer (PBFI-T), PBFI-

S:PSEHTT blend solar cells had a much reduced performance (0.75% PCE, Voc = 0.61 V, and 

FF = 43%), showing that light harvesting by PBFI-S did not contribute significantly to 

photocurrent generation. Among the factors that explain the large reduction in photovoltaic 

efficiency of PBFI-S:PSEHTT blends compared to PBFI-T:PSEHTT blends are: the reduced 

driving energy for charge separation (DGCT) and reduced electron mobility in the former blend 

system; and the differences in miscibility of the polymers in the two blend systems as observed 

in GIWAXS experiments.  

 



 60 

3.4. Experimental 

3.4.1. Materials 

Tris(o-tolyl)phosphine and bis(dibenzylideneacetone)palladium (0) (Pd(dba)2) were 

purchased from Aldrich. 8,17-Dibromobenzodifluoranthene-3,4,12,13-tetracaboxylic acid 

diimide (BFI-Br2)39, 2,5-bistrimethylstannylselenophene12 and poly[(7,9,16,18-

tetraazabenzodifluoranthene-3,4,12,13-tetracarboxylic acid diimide)-8,17-diyl-alt-thiophene-2,5-

diyl] (PBFI-T)40 were synthesized by following the reported procedures. The synthesis of 

poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,5-bis(3-(2-

ethylhexyl)thiophen-2yl)thiazolo[5,4-d]thiazole)] (PSEHTT) was previously reported.  

 

3.4.2. Synthesis of PBFI-S  

BFI-Br2 (200 mg, 0.14 mmol) and 2,5-bis(trimethylstannyl)selenophene (65 mg, 0.14 

mmol) were dissolved in 20 mL of anhydrous toluene and purged with Ar for 10 min. A solution 

of Pd(dba)2 (6 mg) and Tris(o-tolyl)phosphine (12 mg) was added to the monomer solution. The 

mixture was slowly heated to reflux and kept stirring for 5 days. At the end of the 

polymerization, 2-tributylstannylthiophene (0.1 mL) with a solution of Pd(dba)2 (3 mg) and P(o-

tol)3 (6 mg) and bromobenzene (0.15 mL)  were successively added to the mixture to remove the 

remaining end (functional) groups. Each ending-capping reaction took 12 hr. After cooling back 

to room temperature, the volatile materials were evaporated and the solids were re-dissolved in 6 

mL of toluene and precipitated into a mixture of 100 mL of methanol and concentrated HCl 

(20:1, v/v). The green solid was collected and further purified by successive Soxhlet extraction 

with methanol, acetone and hexanes. Yield (126 mg, 64.4%). GPC (at 60 ⁰C in chlorobenzene 

against polystyrene standards): Mw = 104 kDa, Mn =29.2 kDa, PDI (Mw/Mn) = 3.55. 1H NMR 
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(CDCl3, 25 ⁰C, 500 MHz): δ = 10.5-7.4 (br, 10H, aromatic-H), 4.6-3.7 (br, 4H, CH2), 2.4-0 ppm 

(m, 94H). UV/Vis/NIR: lmax (in CHCl3, 5.2 mM) 894 nm (ε = 3.1×103 M-1cm-1), 378 nm 

(2.0×104 M-1cm-1); lmax (thin film) 948 nm (1.7×104 cm-1), 377 nm (7.3×104 cm-1). CV (thin film, 

in 0.1 M of Bu4NPF6 in CH3CN): E1/2(red) −1.06 V (irreversible), Epeak(ox) 1.23 V (irreversible). 

TGA (N2, 10 ºC/min): Td = 428 ºC (onset), 55.7% residue at 800 ºC. Elemental analysis calcd 

for C86H108N6O4Se: C 75.46%, H 7.95%, N 6.14%; found C 74.79%, H 7.84%, N 5.99%. 

 

3.4.3. Characterizations 

Gel permeation chromatography (GPC) analysis was performed using Polymer Lab 

Model 120 gel permeation chromatograph (DRI/high sensitivity refractive index detector and 

PL-BV400HT viscometer) against polystyrene standards in chlorobenzene at 60 ° C. 

Thermogravimetric analysis (TGA) of the polymers was conducted on a TA Instrument model 

Q50TGA at a heating rate of 10 ˚C/min under a flow of N2 with scans from room temperature to 

800 ˚C. Differential scanning calorimetry (DSC) analysis was performed on a TA Instruments 

Q100 under N2 by scanning from 20 ˚C to 400 ˚C at a heating rate of 20 ˚C/min. Cyclic 

voltammetry was performed on an EG&G Princeton Applied Research potentiostat/galvanostat 

(model 273A). The CV data were analyzed by using a Model 270 Electrochemical Analysis 

System Software on a PC computer. A three-electrode cell was used, using platinum wire 

electrodes as both counter and working electrodes. A thin film of the polymer sample was drop 

casted onto the working electrode from a solution of polymer in chloroform (10 mg/mL) and 

dried under vacuum. Silver/silver ion (Ag in 0.1 M AgNO3 solution, Bioanalytical System, Inc.) 

was used as a reference electrode. Ferrocene was used as an internal standard with 

ferrocene/ferrocenium (Fc/Fc+) couple at 0.16 V vs SCE. All solutions were purged with argon 
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for 20 min before each experiment. Optical absorption spectra were collected on a Perkin-Elmer 

model Lambda 900 UV/vis/near-IR spectrophotometer.  

 

3.4.4. Fabrication and characterization of inverted solar cells  

Solutions of 20 mg/mL PSEHTT and 20 mg/mL PBFI-T in chlorobenzene were prepared 

separately. Then a PSEHTT:PBFI-T blend solution was prepared by mixing the two polymer 

solutions at a volume ratio of 1:2, followed by adding chlorobenzene to obtain a total 

concentration of 15 mg/mL. the PSEHTT:PBFI-S blend solution was similarly prepared. Solar 

cells with the inverted device structure of ITO/ZnO/active layer/MoO3/Ag were fabricated. ITO 

substrates (10 Ω/□, Shanghai B. Tree Tech. Consult Co., Ltd, Shanghai, China) were cleaned 

sequentially with acetone, deionized water and isopropyl alcohol in an ultrasonic bath, and 

blown with nitrogen until dried, followed by oxygen plasma treatment. Zinc oxide (ZnO) 

precursor was prepared as reported in the literature,47 spin-coated on top of the ITO and annealed 

at 250 °C for 1 hr in air. The ZnO film thickness was approximately 30 nm. The active layer 

was then spin-coated from the PSEHTT:PBFI-X (X = T or S) blend solution to make a thin film 

of ~60-80 nm thickness and thermally annealed at 175 °C for 10 min in a glovebox. The 

substrates were then loaded into a thermal evaporator (BOC Edwards, 306) to deposit an anode 

composed of thin layer of 10.0 nm MoO3 and 100 nm Ag under high vacuum (8 × 10−7 Torr). 

Five solar cells, each with an active area of 4 mm2, were fabricated per ITO substrate. The 

current density – voltage (J –V) curves of solar cells were measured using a HP4155A 

semiconductor parameter analyzer under laboratory ambient air conditions. An AM1.5 

illumination at 100 mW/cm2 was provided by a filtered Xe lamp and calibrated by using an 

NREL-calibrated Si photodiode. The external quantum efficiency (EQE) was measured by using 
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a QEX10 solar cell quantum efficiency measurement system (PV Measurements, Inc.) and was 

calibrated with an NREL-certified Si photodiode before measurement.  

 

3.4.5. Space Charge Limited Current (SCLC) Measurement  

Current-voltage (J-V) characteristics of the SCLC devices were measured by using a 

HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The carrier 

mobility was extracted by fitting the J-V curves in the near quadratic region according to the 

modified Mott-Gurney equation,  

 

where J is the current density, ε0 is the permittivity of free space, ε is the relative 

permittivity, μ is the zero-field mobility, V is the applied voltage, L is the thickness of active 

layer, and β is the field-activation factor.  

 

3.4.6. Grazing incidence X-ray Scattering (GIWAXS) 

  2D grazing incidence wide-angle X-ray diffraction (GIWAXS) experiments were 

performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 using a 

wavelength of 0.9742 Å. The beamspot was approximately 150 μm wide and a helium chamber 

was utilized to reduce signal-to-noise. Samples were prepared by spinning films onto silicon 

substrates. The data was analyzed using the WxDiff software package. 
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CHAPTER 4 

 

Understanding Local and Macroscopic Electron Mobilities in the Fullerene Network of 

Conjugated Polymer-based Solar Cells: Time-Resolved Microwave Conductivity and 

Theory 

 

4.1. Introduction 

There are a number of factors that can limit the power conversion efficiency (PCE) of 

organic photovoltaics, including the efficiency of exciton generation and separation,12,132–134 the 

mobilities of the subsequently generated electrons and holes,135–137 and the nanometer-scale 

morphology of the bulk heterojunction (BHJ) network that determines how easily carriers can 

reach the electrodes or recombine.138–143 The importance of the network morphology can be seen 

in the fact that a number of organic electron donors and acceptors with seemingly optimally 

matched energy levels produce poorly performing solar cells because they have an improper 

degree of phase segregation when blended together.144,145 Because of this, there has been a great 

deal of effort to use processing conditions to control BHJ morphology, including the use of 

solvent additives,27–29 post-fabrication thermal annealing,21,146,147 and sequential deposition of the 

donor and acceptor layers.43,52,55,56,61,148,149 All of these techniques greatly increase the parameter 

space for optimizing power conversion efficiency, which is detrimental when most of the 

progress in increasing PCE for a given set of materials is made via exploring this parameter 

space through trial-and-error.  

  In previous work, we developed a method to control the nanometer-scale morphology of 

the BHJ network in polymer/fullerene photovoltaics using pentaaryl-substituted fullerenes that 
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self-assemble into one-dimensional stacks.150–152 The idea is that pentaaryl substitution creates 

fullerene molecules with a self-complementary shape that promotes stacking; because of their 

shape, we (and others153,154) have referred to this class of fullerene derivatives as ’shuttlecocks’ 

(SCs). When exploring the behavior of SCs in photovoltaic blends with poly(3-hexylthiophene) 

(P3HT), we found that the SCs that formed 1-dimensional stacks had significantly improved 

photovoltaic performance compared with nearly identical fullerenes that had meta substitution 

on the SC ‘feathers’ that inhibited the ability to stack.150 Subsequently, we worked to control the 

propensity for stacking by varying the size of alkyl substituents in the para position of the SC 

feathers. We found using X-ray diffraction and atomic force microscopy that varying the 

functionalization of the pentaaryl feather substituents by a single methyl group lead to dramatic 

differences in nanoscale morphology in blends with P3HT.151 This is because SCs with shorter 

alkyl feather substituents tend to stack less easily than those with longer substituents152; non-

stacking SCs prefer to phase separate from the donor polymer, whereas the more self-

assembling fullerene derivatives preserve the desired blended nanoscale architecture.151 As a 

result, the PCE of devices based on fullerene selfassembly was improved due both to enhanced 

charge separation and an increase in electron mobility throughout the assembled fullerene 

network.150 

  Even though we were able to demonstrate that self-assembly produces a fullerene 

network that leads to improved photovoltaic performance, the power conversion efficiency of 

devices based on SCs fell well short of those utilizing the well-studied [6,6]-phenyl-C60-butyric 

acid methyl ester (PCBM) fullerene derivative as the electron acceptor. Since PCBM does not 

self assemble into one-dimensional stacks, the fact that PCBM devices perform better than SC-

based devices indicates that network formation is not the only factor contributing to electron 
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mobility in a BHJ device. This suggests that there are (at least) two length scales over which 

electron mobility is determined in the fullerene network: the macroscopic length scale (i.e., the 

active layer thickness) over which the electrons must move to be extracted from the device, and 

a shorter-ranged molecular length scale over which the probability for an electron to hop from 

one fullerene molecule to the adjacent one is determined. Although a high local electron 

mobility does not guarantee high macroscopic mobility (since macroscopic mobility can be 

limited by grain boundaries, the fractal nature of the network etc.), poor local mobility clearly 

limits the macroscopic performance of a device. It is therefore plausible that molecules like 

PCBM have local electron mobilities that are so high compared to those of SC derivatives that 

SC-based devices do not perform as well PCBM-based devices, even though SCs form a better 

macroscopic network.  

 Although there are many methods for measuring the macroscopic mobility of the carriers 

in organic photovoltaics, it is less clear how to measure the role that local mobility plays in 

device performance. Thus, in this paper we aim to ascertain how device-wide network formation 

and local molecular arrangements collectively determine electron extraction from polymer/ 

fullerene solar cells. We start by developing a density functional theory (DFT)-based 

computational technique to examine the electronic coupling between adjacent fullerene 

molecules, providing a theoretical estimate of the ‘local’ electron mobility. To verify that our 

calculation protocol makes physical sense, we then turn to time-resolved microwave conductivity 

(TRMC) experiments that directly measure local conductivities in P3HT/ fullerene blend films. 

We find that the experimentally-measured TRMC local mobilities correlate well with the 

theoretical predictions. Taken together, the two techniques are able to explain general features of 

organic photovoltaic device performance, including why PCBM is the acceptor of choice for 
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most polymer-based solar cells even though it does not form the best macroscopic network. The 

fact that the theoretical predictions are validated by experiment also indicates that we can use 

such calculations to determine ‘design rules’ for new fullerene acceptors that could potentially 

outperform PCBM. And perhaps more importantly, the fact that most fullerene acceptors 

(including PCBM) do not form networks that simultaneously optimize both the local and 

macroscopic electron mobilities indicates that there is still significant room for improvement in 

the fullerene component of polymer/fullerene solar cells. 

 

4.2. Results and Discussion 

4.2.1. Electronic Coupling Determined through Density Function Theory Calculations 

In polymer/fullerene solar cells, electron mobility at the local level consists of charge 

transfer between neighboring fullerene acceptors. To understand how the local rate of electron 

transfer varies between different fullerene derivatives, we developed a DFT-based protocol to 

calculate the electronic coupling between pairs of fullerene molecules in a variety of geometries. 

The electron transfer problem we consider consists of moving charge between two fullerene 

molecules, which we label left (L) and right (R): 

L− + R → L + R− (1) 

The fundamental quantity of interest is the electronic coupling γ between the L and  R molecules, 

which has the form:155,156 

 (2) 

where H is the total Hamiltonian and Ψi is the localized wavefunction of the transferred electron 

on molecule i (i.e., the LUMO of the neutral molecule). In our case, the Hamiltonian and 

wavefunctions are calculated with DFT, which has been shown to give good accuracy within the  
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Figure 4.1.  Chemical structures of the fullerene derivatives considered in this work and the 

geometries of the fullerene pairs used in our DFT calculations. a) PCBM, taken from the crystal 

structure in Ref.  [157]; b) the 4-tBu shuttlecock molecule in its stacked orientation;  c) the 4-Me 

shuttlecock in its native crystal structure: note the 4-Me molecules crystallize in a ’zigzag stack’ 

motif rather than the linear ’ball-in-cup’ exhibited by 4- tBu; d) the 4-Me molecule in its 

interstack geometry over which we varied the separation distance of the individual molecules; e) 

4-Me molecules in a head-to-tail (’inverted stack’) geometry similar to that of PCBM molecules. 

The red color in PCBM denotes oxygen atoms; none of the other molecules contain any hetero-

atoms.  
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Molecule Center-to-
Center 
Distance 
[Å] 

Coupling 
[eV] 

4- t Bu 
(native 
stack) 

10.8 2.95 × 10−4 

4-Me 
(zigzag 
stack) 

10.9 2.64 × 10−4 

4-Me 
(interstack) 

11.2–15.2  1.75 × 10−7 − 4.15 × 10−4 

4-Me 
(inverted) 

9.9 1.45 × 10−3 

PCBM 10.2 1.00 × 10−2 
 

Table 4.1. Calculated electron couplings for fullerene molecular dimers with the geometries 

shown in Figure 1. Couplings were calculated using DFT-based methods. 
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Marcus theory framework,157–160 using the B3LYP functional and STO-3G basis set. Direct 

calculation of γ, however, can be problematic. This is because if the effects of the environment 

are ignored, the electron can be artificially localized on an individual molecule due to 

asymmetry in the system. To overcome this problem, when calculating γ we apply an electric 

field to delocalize the excited states across the two-molecule system. This is because in a real 

BHJ system, each fullerene molecule sees, on average, an identical chemical environment; our 

application of an external field in effect ’equilibrates’ the system and allows the electron to 

delocalize between the two molecules the way it would in the bulk system. This means that with 

the application of the field, the LUMO and LUMO+1 orbitals are not localized on the same 

molecule, so we can easily calculate γ from the energy splitting between these two orbitals. 

More specifically, in a two-level system, the coupling between the two levels is equal to the 

half-splitting of the levels in the diagonal basis. Therefore, we rotated the two-level Hamiltonian 

into the diabatic basis, and found the coupling simply from the off-diagonal elements.  

 To tie in with our previous work on self-assembling fullerenes, we started by examining 

the coupling between two SC molecules, 6,9,12,15,18-pentakis(4-tert-butylphenyl)-1-hydro[60] 

fullerene (4-tBu) and 6,9,12,15,18-pentakis(4-methylphenyl)1-hydro[60]fullerene (4-Me). We 

chose these two SC fullerenes because they present a sharp contrast in their ability to self-

assemble. Previously, we found that 4-tBu was a ‘universal stacker’, assembling into one-

dimensional stacks when crystallized from essentially every solvent we explored,152 which in 

turn lead to the best solar cell performance of all the SC fullerenes we examined.151 In contrast, 

the 4-Me molecule, which is electronically identical to 4-tBu, appeared to show little propensity 

for columnar self-assembly,152 which resulted in poor device performance.151 Finally, to 

understand how local mobility among the fullerenes influences overall device performance, we 
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also elected to examine coupling between molecules of the well-studied PCBM. The chemical 

structures of the 4-tBu, 4-Me and PCBM fullerene derivatives, as well as the geometries we used 

for calculating the electronic coupling between pairs of these molecules, are shown in Figure 

4.1.  

Although we do not know the distribution of geometries of pairs of fullerene molecules 

in a working BHJ device, it seems reasonable that on molecular length scales, the spatial 

relationship between adjacent fullerene molecules should be similar to that in single crystals. 

Thus, we chose geometries for our calculations for the 4-Me and 4-tBu derivatives from the 

crystal structures found in our previous work.152 For the electronic coupling in 4-tBu dimers, we 

considered only the linearly stacked orientation found in the crystals derived from most different 

organic solvents (Figure 4.1b). For pairs of 4-Me molecules, we calculated the electronic 

coupling in a ’zigzag stack’ geometry taken from crystals formed in toluene (Figure 4.1c) and  a 

head-to-tail ’inverted’ geometry taken from crystals formed in methanol (Figure 4.1e). For 

completeness, we also calculated the coupling between 4-Me dimers at their ‘interstack’ 

geometry (Figure 4.1d). In the native crystal, the interstack 4-Me orientation contains interstitial 

solvent molecules, which prevent the 4-Me molecules from residing close together. Since there 

likely is not any solvent present between fullerene molecules in a BHJ device, to calculate the 

electron transfer probability between 4-Me molecules in this orientation, we eliminated the 

solvent from the crystal structure and repeated the calculation over intermolecular distances 

ranging from 11.2 Å to 15.2 Å center-to-center fullerene separation (the lower end of this range 

is limited by van der Waals contact between the 4-Me molecules, while the upper end is what is 

found in the native crystal with interstitial solvent molecules). Finally, for the electronic 

coupling between PCBM molecules (Figure 4.1a), we took the geometry from the PCBM crystal 
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structure in Reference  [157]. Using these geometries and our DFT-based method, we calculated 

the electronic coupling between multiple pairs of fullerene molecules and obtained the results 

summarized in Table 4.1. For the SC fullerene derivatives, we find that both the 4-Me and 4-tBu 

molecular pairs have essentially the same electronic coupling (within 10%) when placed in their 

respective ‘stacking’ orientations; this result makes sense given that 4-Me and 4-tBu have an 

identical electronic structure, so the overlap of their LUMOs is about the same when adjacent 

molecules are forced to have similar geometries. When the SC molecules are not in the desired 

stacked geometry, the electronic coupling varied strongly (roughly exponentially) with the 

average distance between the fullerene balls. At the closest possible non-stacked distance 

(limited by steric hindrance of the alkyl substituents), the coupling is actually slightly higher 

than that in the stacked geometry. Thus, even though we do not know the precise geometry 

between neighboring SC fullerene molecules in BHJ devices, we can conclude that as long as 

these molecules stay in close van der Waals contact, the electronic coupling of the pentaaryl 

fullerenes is comparable in any geometry, lying in the range of 10−4 to low 10−3 eV. 

The fact that the molecular length-scale coupling between pentaaryl fullerenes is similar 

in nearly every geometry has important implications for solar cells built from these materials. 

Since the local coupling of these molecules is the same because the molecules have identical 

electronic structure (i.e., identical HOMO and LUMO levels with similar orbitals), the large 

differences in device performance we observed for these two molecules151 must be the result of 

differences in the macroscopic geometry of the fullerene network. This makes sense given that 

4-tBu shuttlecocks self-assemble into long stacks, creating a much better macroscopic fullerene 

network throughout the active layer than 4-Me molecules, which phase segregate from the 

polymer into unconnected islands.151 Thus, self-assembly can indeed improve the macroscopic 
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network of polymer-fullerene BHJ solar cells, as we demonstrated experimentally in previous 

work.150 

Also shown in Table 4.1 are the results of the electronic coupling calculation for a pair of 

PCBM molecules. We find that the electronic coupling between neighboring PCBM molecules 

is roughly two orders of magnitude larger than the average coupling between the SC fullerenes. 

This explains why devices built from the SC fullerenes perform so much more poorly than 

devices built with PCBM, even though the assembled macroscopic 4-tBu fullerene network is 

likely better than the random PCBM network: electrons are simply more efficiently moved 

between PCBM molecules than between SC molecules.  

Why is the electronic coupling so much higher between PCBM molecules than other 

fullerenes? For PCBM, the LUMO and LUMO+1 orbitals are highly delocalized around the 

molecule in a nearly spherically symmetric fashion, as shown in Figure 4.2a. This allows for 

greater orbital overlap between neighboring molecules no matter what their relative geometry. In 

contrast, the frontier orbitals of the 4-tBu and 4-Me shuttlecocks are fairly localized, with the 

electron density avoiding the regions near and inside the pentaaryl feathers, as illustrated in 

Figure 4.2b. This means that when the SC molecules are stacked, there is relatively poor overlap 

of the orbitals on the neighboring molecules: the electron density on the ball of one SC has little 

overlap with the electron density in the ’bowl’ of the next SC in the stack. The non-spherical 

orbital distribution of the SCs also explains why the electronic coupling in the non-stacking 

direction is roughly equivalent to that in the stacked direction, since the electronic overlap in this 

geometry is equally as poor. 

 In summary, our calculations suggest that even though pentaaryl fullerenes self-assemble 

into excellent macroscopic BHJ networks, the electron mobility of these compounds is limited at  
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Figure 4.2.  Kohn-Sham orbitals from our DFT calculations corresponding to the LUMO and 

LUMO+1 of the isolated fullerene molecules: a) PCBM, and b) 4-tBu. The orbitals were 

calculated using the B3LYP functional and STO-3G basis set.  
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the local, molecular length scale. Moreover, our calculations also suggest that PCBM is a 

champion electron acceptor for organic photovoltaics because the electron transfer rate between 

PCBM molecules is not only outstanding, but also is roughly independent of the molecular 

geometry. In the next section, we turn to time-resolved microwave conductivity (TRMC) to 

provide an experimental verification of these ideas concerning local mobility. But most 

importantly, what these calculations tell us is that if one wishes to create new self-assembling 

fullerene acceptors, a key design goal must be to have strong orbital overlap between adjacent 

fullerenes. 

 

4.2.2. Local Electron Mobility Determined through Time-Resolved Microwave 

Conductivity  

Although there are numerous methods for estimating the mobility of the carriers in 

organic photovoltaic devices (e.g., fitting space-charge-limited current models to single-carrier 

diodes built from the active materials,161 building field effect transistors from the materials,162 

various transient photovoltage and photocurrent experiments,163–166 etc.) all of these methods 

measure carrier motion only at the macroscopic, device length scale. Moreover, most of these 

methods also are sensitive to the nature of the contacts between the electrodes and the active 

material(s). To experimentally probe the local mobility of photogenerated carriers, it is 

necessary to turn to an electrodeless pump-probe method. Flash photolysis TRMC provides 

exactly such a method,167,168 and thus offers the perfect test bed for comparing our calculations 

in the previous section to an experimental measure of local electron mobility; the TRMC 

technique has been used previously to comparing local and network-wide hole mobility in 

samples of P3HT.74 



 76 

The flash photolysis TRMC technique measures the time dependent change of the 

microwave power in a cavity that contains the sample following the photogeneration of charges 

in that sample. The microwave power absorbed is directly related to the photoconductance of the 

sample, which is proportional to the yield of photogenerated carriers per photon absorbed (φ) 

and the (sum of the) high-frequency (local) effective mobility (Σµ) of those carriers.169 For 

TRMC experiments, the measured photoconductance peak (ΔGpeak) is given by: 

ΔGpeak = βqed(nµe + pµh) (3) 

where β is the ratio of the interior dimensions of the microwave waveguide (2.2 for our 

experimental set-up), qe is electronic charge, d is the sample thickness, and n and p are the 

density of the photogenerated electrons and holes, respectively. Since it is difficult to measure 

the densities of the individual carriers, Equation (3) is usually rewritten as: 

ΔGpeak = βqeI0FAφ(µe +µh) (4) 

 where I0 is the incident flux of photons used to excite the sample to create photoconducting 

carriers, and  FA is the fraction of those photons that are absorbed, given by FA = 1 − 10−OD , 

where OD is the optical density of the sample at the excitation wavelength. Since β, qe, I0, and  

FA are all easily measured, the TRMC experiment directly yields the product of the yield (or 

quantum efficiency) of free carriers per absorbed photon (ϕ) and the sum of their mobilities, µe + 

µh, or φΣµ.  Details of how we perform our TRMC measurements are described in the 

Supporting Information.  

  To understand the nature of the local mobility for the molecules we examined 

theoretically in the previous section, we prepared BHJ films of P3HT with both the 4-Me and 4-

tBu shuttlecock molecules and with PCBM. For some samples, we prepared the BHJ blends in a 

manner identical to our previous work studying photovoltaic devices made from these materials  
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Figure 4.3.  The dependence of φΣµ calculated from the measured TRMC photoconductance via 

Equation 1, on absorbed photon flux (I0 FA ) for pure P3HT and blends with different fullerenes.  
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using equimolar ratios of PCBM, 4- t Bu, and 4-Me (polymer:fullerene weight ratios of 1:0.8, 

1:0.45 and 1:0.35, respectively);151 for others, we used very low loadings of the different 

fullerenes (P3HT:fullerene weight ratios of 1:0.0015 and 1:0.0013 for 4-tBu and 4-Me 

respectively). Figure 4.3 shows how the φΣµ product—the carrier yield times the effective 

mobility—varies in all of our samples as a function of absorbed photon flux. Although Equation 

(4) predicts a linear relationship between ΔGpeak and I0FA, there is a sublinear relationship at 

higher light intensities observed in Figure 4.3 that is due to exciton-charge annihilation, which 

causes the carrier concentration (φ) to drop at high excitation intensities. [56] Since our 

experimental apparatus cannot measure the absorbed microwave power at intensities low enough 

to be entirely in the linear regime to extract an extrapolated low-light intensity value for φΣµ. 

These extrapolated values are summarized in Table 4.2 . 

The first thing that is clear from Figure 4.3 and Table 4.2 is that the BHJ samples with 

low loadings of fullerene show increased photoconductivity compared to pure P3HT. This 

results from the fact that the presence of even a limited number of fullerene acceptors greatly 

increases the number of photogenerated carriers relative to pure P3HT.169 We find that at these 

low acceptor loadings, the photoconductance of both the 4-tBu and 4-Me pentaaryl fullerenes 

are fairly similar to each other, although different from what has been measured previously for 

low concentrations of PCBM in P3HT.169 Since we expect the mobility of the holes on P3HT to 

be independent of the choice of fullerene at such low concentrations and there to be little 

electron mobility when the fullerenes are isolated at such low concentrations, most of the 

difference in photoconductance we measure must result from differences in the number of 

photogenerated carriers when different fullerenes are used. We will use this difference in carrier 

yields for different fullerenes, in combination with photoluminescence quenching experiments,  
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Sample φΣµ Exciton 
Lifetime b) 

PL 
Quenching 
Carrier 
Yield 

TRMC 
Carrier 
Yield 

ns/ps Yield 
Ratio 

’Corrected’ 
ns Yield 

Hole  
mobilityc) 

Calculated 
electron 
mobilityc) 

P3HT:4-Me 
1:0.0013 

0.15 121 41% 11% 0.26 NA 1.4 0 

P3HT:4- t Bu 
1:0.0015 

0.21 128 37% 15% 0.40 NA 1.4 0 

P3HT:4-Me 
1:0.35 

0.30 78 62% NA 0.26d)  16% 1.4 0.44 

P3HT:4- t Bu 
1:0.45 

0.60 43 79% NA 0.40d)  32% 1.4 0.49 

P3HT:PCBM 
1:0.8 

2.79 47 77% NA NA 77% 1.4 2.2 

Pure P3HT 0.02 204 NA 1.4% NA NA 1.4 NA a) 
Table 4.2. Summary of low-light-intensity photoconductance and average exciton lifetimes in 

differene P3HT:fullerene blends. 
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to extract the local mobility of electrons among the network of different fullerenes present at 

device loadings, as described further below.  

Figure 4.3 and Table 4.2 also show that increasing the concentration of fullerenes in 

P3HT blend films to that present in typical photovoltaic devices further increases the 

photoconductance signal. Moreover, blend films containing 4-tBu show a higher 

photoconductance than samples utilizing 4-Me as the acceptor, and neither of the SC fullerenes 

gives a photoconductance as high as that in P3HT:PCBM blends. To understand where these 

differences in photoconductance come from at high loadings, we examined the 

photoconductance decay profiles of the different blends, which are shown in Figure 4.4.  The 

difference we observe between the photoconductance decay profiles of the P3HT:PCBM blend 

and that of pure P3HT has been attributed in previous work to differences in the type of carrier 

that dominates the TRMC signal: the mobility of electrons in PCBM is higher than that of holes 

in P3HT, hence the electrons dominate the photoconductance in the P3HT:PCBM sample.169 The 

slow decay of ΔG observed in this case is attributed to slow bimolecular recombination at low 

excitation intensities. In contrast, the photoconductance decays of the P3HT:SC blends are 

similar to those of the pure P3HT sample, indicating that for these blends the dominant  

ΔG term arises from the holes in P3HT, which have distinctly different dynamics than the 

electrons. Although Figure 4.4 only shows representative transients at a specific excitation 

intensity, this observation holds at all the light intensities we used in this work. We therefore 

conclude that in P3HT:SC blends, the electron mobility in the SC domains is lower than the hole 

mobility in P3HT, and thus significantly lower than the electron mobility in PCBM. 
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Figure 4.4.  TRMC photoconductance transients (normalized for absorbed photon flux and 

physical constants, see Equation (4))  for P3HT-based samples at device loadings with different 

fullerenes. The photoexcitation wavelength was 500 nm, and the data shown are for an absorbed 

photon flux of 1012 cm−2, which corresponds to a fluence of 0.56 mJ/cm2. The results were 

similar, however, at all photon fluxes examined in this work.  
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Even though the photoconductance decay profiles in Figure 4.4 show that the electrons 

on different fullerenes have different local mobilities, the data does not allow us to directly make  

quantitative mobility comparisons between the samples. This is because the overall carrier yield 

at high fullerene loadings not only depends on the fullerenes’ intrinsic ability to split excitons, 

but also depends on the donor/acceptor interfacial area, which is sensitive to the degree of phase 

segregation between P3HT and the different fullerenes. Thus, to extract quantitative information 

about differences in local carrier mobility among the different fullerenes, we need to find a way 

to determine the carrier yields (φ) in the blend films with different fullerenes. We chose to 

estimate φ from the degree of fluorescence quenching observed via time-correlated single 

photon counting (TCSPC). We excited each of our TRMC samples at 510 nm and monitored the 

decay of the photoluminescence (PL) at 720 nm, producing the TCSPC data shown in Figure 

4.5. After deconvoluting the instrument response function and fitting the resulting PL transients 

to a sum of two exponentials, we obtained the PL lifetimes given in Table 4.2.  Presuming that 

every quenched exciton produces carriers that survive on the TRMC time scale, fluorescence 

quenching provides a direct measure of the fraction of absorbed excitation photons that produce 

charge carriers. Unfortunately, not all of the carriers generated through exciton quenching 

survive to the ns time scales measured in TRMC. We can estimate how many carriers survive to 

this time scale, however, using our measurements on the dilute fullerene-containing samples. 

Since all of the measured photoconductance in these samples comes from hole mobility on 

P3HT, we can use the literature value for P3HT’s TRMC hole mobility (0.014 cm2/Vs 167,169) to 

calculate φ for each of the different fullerenes on the TRMC time scale. We can then compare 

this value of φ to that determined from our PL quenching measurements to determine the ratio of 

carriers generated on the ps time scale to those that survive on the ns time scale.  
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Figure 4.5.  Fluorescence quenching of the polymer:fullerene blend samples used for the TRMC 

experiments shown in Figure 4.3 measured by time correlated single photon counting. Symbols 

have the same meaning as in Figure 4.3.  
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Using this procedure, we were able to determine the local electron mobilities of the 4-Me and 4-

tBu SC fullerenes at device-level loadings. Table 4.2 shows that at high concentrations, the 4-

tBu pentaaryl fullerene has a PL lifetime that is shorter than that of the 4-Me molecule, 

indicating that there is ∼30% more PL quenching for P3HT:4-tBu blends than for P3HT:4Me 

blends. This result is in excellent agreement with steady-state fluorescence measurements in our 

previous work, and can be attributed to the enhanced phase separation of the nonstacking 4-Me 

molecule relative to the self-assembling 4-tBu.151 Thus, even though the photoconductance of 

the 4-tBu sample at device loadings is higher than that of the 4-Me sample, most of this 

difference results from changes in carrier yield. In fact, when we use the information from the 

dilute samples, we conclude that on the ns time scale of TRMC, the carrier yield for the 4-tBu 

sample is roughly twice as large as for the 4-Me sample. Since the measured photoconductance 

for these two samples also differs by a factor of two, this means that the local mobilities of these 

two SC fullerenes must be roughly similar, in accord with the DFT calculations presented in the 

previous section. This also implies that the dramatic differences in device performance observed 

between BHJs with these two fullerenes must result from differences in the macroscopic 

mobility of the fullerene network, verifying that the self-assembling 4-tBu molecule forms a 

significantly better interpenetrating network than its non-assembling 4-Me analogue.  

Also of interest in Figure 4.3 and Table 4.2 is the fact that the PL lifetimes of P3HT:4-

tBu and P3HT:PCBM blends at device loadings (high weight ratios) are essentially identical, 

resulting in fairly similar carrier yields on the ps time scale of the TCSPC measurement. If we 

continue to assume that the hole mobility of P3HT does not change when increasing fullerene 

loading, then the difference in the TRMC-measured φΣµ = φ(µe + µh) product at higher fullerene 

loadings are caused both by a decreased φ and a decreased local electron mobility for the SCs 
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relative to PCBM. We note that the value for the local electron mobility that we extract for 

PCBM at the 1:0.8 blend ratio is somewhat lower than previously reported, which is caused by 

the different processing conditions used here. Our analysis confirms, however, that the local 

electron mobility in PCBM is at least a factor of five higher than that in 4-tBu, as summarized in 

Table 4.2. This is also consistent with our DFT calculations in the previous section, and verifies 

that the reason PCBM is such a good electron acceptor for use in polymer blend solar cells is 

because it has outstanding local mobility due to the strong overlap of the LUMOs between 

adjacent molecules, even though it doesn’t necessarily form the best macroscopic BHJ network.  

  Finally, to examine how the macroscopic fullerene network changes with the different 

SCs molecules, we constructed diodes out of films of the pure 4-tBu and 4-Me molecules; the 

details of the fabrication and construction of these fullerene-only diodes are given in the Figure 

4.6. We fit the measured current-voltage curves for these SC diodes to the Mott-Gurney law, and 

extracted the space-charge limited macroscopic electron mobilities for these fullerenes of 3.9 

and 0.7 × 10-6 cm2/Vs for 4-tBu and 4-Me, respectively. Since the local electron mobilities of 

these two fullerenes are similar to each other (0.49 and 0.44 × 10-2 cm2/Vs), this result verifies 

that the nature of the electron-conducting network is also important for macroscopic 

mobility/overall charge extraction. Although carriers may be able to move with similar ease 

between adjacent 4-tBu and 4-Me fullerene molecules, the global network formed with the 4-

tBu fullerene is more than five times more effective at moving charges across macroscopic 

distances than the network formed by 4-Me fullerenes. It is important to emphasize that this 

conclusion was based on diodes fabricated from pure fullerene films, so the data is influenced 

only by the macroscopic connectivity of the fullerene network and not by polymer/fullerene  
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Figure 4.6. SCLC curves for 4-tBu and 4-Me. 
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phase separation. For comparison, it is worth noting that the space-charge limited electron 

mobility of both SC fullerenes is much lower than that of PCBM (2.0 × 10-4 cm2/Vs170). Thus, as 

we have argued throughout this work, both network formation and good local electronic 

coupling are important to obtain efficient charge extraction from an organic photovoltaic device. 

 

4.3. Conclusions 

In this paper, we have used both theoretical and experimental techniques to better 

understand the distinction between the local mobility and the macroscopic mobility of electrons 

on the fullerene network of polymer-based BHJ photovoltaic devices. Our work shows that there 

are indeed two significant components to electron mobility: the intrinsic ability of electrons to 

move between adjacent fullerenes (local mobility), and the overall architecture and morphology 

of the fullerene network on device length scales (macroscopic mobility). The macroscopic 

mobility is what is typically measured in device physics experiments, and we have shown that a 

good understanding of local mobility can be obtained from a combination of DFT calculations 

and TRMC experimental measurements.  

To understand the differences between local and macroscopic mobility, we examined the 

behavior of BHJ blends of P3HT and a pair of pentaaryl fullerene derivatives that have an 

identical electronic structure but different propensities to self-assemble on macroscopic length 

scales. Our DFT calculations found that the coupling between adjacent molecules is quite 

similar for the self-assembling 4-tBu and non-assembling 4-Me shuttlecock fullerenes, so that 

with their nearly identical electronic structure, their local electron mobilities are also nearly 

identical. Our TRMC experiments on blends of these fullerenes show that the local electron 

mobilities on these are indeed comparable; the slightly higher net local mobility for the 4-tBu 
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molecule is likely directly related to the fact that self-assembly can assist mobility even on the 

local length scales probed by TRMC. More importantly, however, photovoltaic devices 

fabricated with 4-tBu show dramatically better performance than those fabricated with 4-Me and 

diodes built from 4-tBu have a higher space-charge limited mobility than those built from 4-Me, 

verifying that changes in the macroscopic network morphology affect device performance even 

when the local mobilities are comparable.  

  We also used the idea of separate local and macroscopic electron mobilities to 

understand why PCBM is the fullerene of choice for nearly every polymer-based photovoltaic. 

Our DFT calculations show that the local electronic behavior of PCBM is nearly ideal for solar 

cells: the coupling between adjacent molecules is very high, and the delocalization of the 

frontier orbitals allows for efficient charge transfer in almost every orientation. This is in 

contrast to the SC fullerenes, whose frontier orbitals are perturbed by the presence of the 

pentaadducts, leading to poorer electronic overlap. Our TRMC experiments verified that the 

local electron mobility on PCBM is significantly higher than that on the SC fullerenes, 

consistent with the fact that PCBM consistently produces the best photovoltaic devices.  

  Finally, all of our results suggest that there is further room for improvement in the 

fullerene component of polymer BHJ solar cells. Since self-assembly can produce macroscopic 

networks that dramatically improve device performance, it seems clear that designing new 

fullerenes that both self-assemble and have high local electron mobilities should produce 

devices that are even better than those using PCBM, particularly since it has been argued that 

electron mobility on the fullerene network is what limits overall device performance.14 

Furthermore PCBM has a low LUMO compared to novel fullerene acceptors like ICBA.171 

Future fullerene acceptors that utilize self assembly and possess a higher lying LUMO will 
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potentially lead to improvements in both open circuit voltage and short circuit current. The fact 

that our DFT calculations are corroborated by experiment means that we can design new 

fullerenes and test them for local mobility before synthesizing them. In combination with TRMC 

and other measurements, this should provide a way to explore new self-assembling fullerenes 

that are simultaneously optimized for both local and macroscopic electron mobility, thus helping 

polymer-based photovoltaic devices to reach their ultimate potential. 
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CHAPTER 5 

 

On the Structure and Conductivity of Semiconducting Polymer Hydrogels 

 

5.1. Introduction 

Conjugated polyelectrolytes (CPEs) are a class of polymers that consists of a π-

conjugated backbone with ionic pendant groups.172–175 Due to the charged side chains, these 

CPEs can self-assemble into various motifs, including nanoparticles176–178 and rods.175,179,180 This 

assembly is driven by the kinetics of polymer aggregation in various solvents, and can result in 

changes of physical properties, including absorption181,182 and conductivity.179 Due to these 

unique properties, these assembling materials have been integrated into organic 

photovoltaics183,184,3 and sensors185,186 and have been used for biomedical imaging.187–189 

 These CPEs have the ability to form hydrogels if the building blocks self-assemble into 

extended structures.  For example, cetyl trimethyl ammonium bromide (CTAB) can be induced 

to form long worm-like micelles which can result in gel formation.190 Polymer hydrogels consist 

of a three dimensional network held together either by chemical or physical means. A chemical 

hydrogel requires cross-linkers to create an interconnected network;191–193 whereas a physical 

hydrogel network is held together by electrostatic interaction of charges, Van der Waals forces, 

hydrogen bonds, etc.194,195 The <10 nm structure of most gel networks is challenging to 

characterize through standard methods such as transmission electron microscopy (TEM) because 

these disordered networks both lack periodicity, and consist mainly of carbon, which lacks a high 

electron density needed to achieve high contrast over such small distances. In this work TEM is 

used to observe the existence of an interconnected network of rod-like micelles. This is then 
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complemented by solution phase small angle x-ray scattering (SAXS), Dammin bead modeling, 

and rheology, which are used to deduced more about the hydrogel structured via indirect 

methods. 

 The structure of CPEs is essential to their implementation in electronic devices. For 

example, in organic photovoltaics (OPVs) a continuous nanostructured polymer network is 

required for movement of charges out of the devices.4 When discontinuous networks form in real 

devices due to polymer aggregation kinetics, photogenerated current is lost. By circumventing 

these issues with a self-assembling polymer system that forms fully interconnected networks, we 

could potentially create thermodynamically stable films that could be beneficial for electronic 

devices. 

 In this study we show that the conjugated polyelectrolyte, poly(fluorene-alt-thiophene) 

(PFT), self-assembles into a network of cylindrical micelles in solution. Cryo-TEM provides a 

visualization of the polymer micelles that form in dilute solutions. Using solution SAXS in 

combination with Dammin bead modeling, we are able to determine the size and shape of the 

micelles as well as the branching structure. Finally, with rheology, we are able to determine the 

strength of the polymer network, and postulate the type of connection that promotes gel network 

formation. Dammin bead modeling is used to visualize that improvement in network 

connectivity, and time-resolved microwave conductivity (TRMC) is used to show how THF 

annealing can be used to increase charge carrier mobility.  The strongly interconnected network 

formed in PFT gels could increase local conductivity in heterogeneous networks of conjugated 

polymer chains, creating an ideal system for charge transport through a nanostructured organic 

thin film.  
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5.2. Experimental 

Polymer synthesis was performed as previously reported.179 To further purify the PFT 

into high and low molecular weight fractions, 250 mg of PFT was dissolved in 5mL of DMSO. 

Once dissolved, ethyl acetate was added to the PFT/DMSO solution until the polymer began to 

precipitate out of solution. At this point the solution was centrifuged to pull the precipitated PFT 

out of the suspended solution. The solution was poured off and the PFT was dried, this fraction is 

what we refer to as high MW PFT. More ethyl acetate was added to the remaining solution and 

the rest of the polymer is precipitated out of solution, this fraction is what we refer to as low MW 

PFT. 

Tetrahydrofuran (THF) annealing was performed by adding 0.05 mL of THF to 0.5 mL 

of H2O with various amount of PFT. The PFT gel becomes a liquid upon addition of THF. The 

THF is then removed by heating and stirring at 80oC for 4 hours. The removal of THF was 

studied by mass spectroscopy to determine the optimal temperature and time required to remove 

THF. 

Cryo imaging grids for transmission electron microscopy were prepared by placing a 

small drop (~4 µl) of sample solution onto glow discharged holy carbon mesh Quantifoil 200 

mesh grids with 3.5 µm holes spaced 1 µm apart. The grids were then blotted and plunged 

immediately into liquid nitrogen cooled liquid ethane to rapidly freeze the samples in vitrified 

ice. The cryo grids were visualized with an FEI Tecnai F20 transmission electron microscope 

with an accelerating voltage of 200 kV. Images were collected at ~50,000x magnification with a 

defocus of approximately 3 µm. 

Small-angle X-ray scattering (SAXS) experiments were conducted at the Stanford 

Synchrotron Radiation Lightsource (SSRL) Beamline 4-2. Using a syringe, 100 µL of each 
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sample was loaded in a quartz capillary and held at 25oC. Scattered X-rays (at 12 keV) were 

collected with a Rayonix MX225-HE detector (sample to detector distance = 1.7 m). The two-

dimensional data was radially averaged to obtain one-dimensional scattering curves. 

Bead models were performed on the solution SAXS data using Dammin, a Monte-Carlo 

type modeling software that uses beads and solvent to fit a shape that could have generated the 

experimental curves. The expert setting was used and the bead size set to have a radius of 5 Å, 

corresponding to the width of a single polymer chain. The diameter of the sphere was set to be 

140 Å. Each data set was run at least five times to ensure trends were comparative. Only a subset 

of the overall data is shown in the figures.  

Rheological properties were measured on a Rheometrics RFS2 strain-controlled 

rheometer. The geometry used was the cone-and-plate for both strain-controlled and frequency-

controlled experiments. Strain-controlled measurements were performed at a constant frequency 

of 5% and the frequency-controlled measurements were performed at a strain of 1 rad/s. 

Flash photolysis time resolved microwave conductivity (TRMC) was used to measure 

photoconductivity using methods that have been previously reported.196–199 Briefly, samples for 

microwave conductivity measurements were prepared onto 10 x 24 mm quartz substrates that 

were cleaned by subsequent ultrasonic baths in detergent, deionized water, acetone and 

isopropanol for 10 minutes each. Samples are placed into an X-band microwave cavity 

containing a grating that is transparent to optical excitations but reflective to microwaves. The 

samples are excited through the quartz substrates by a 5-ns 500 nm laser pulse produced from an 

Optical Parametric Oscillator (Continuum Panther) pumped by the 355-nm harmonic of a Q-

switched Nd:YAG laser (Continuum Powerlite) with a typical fluence of 0.56 mJ/cm2. The 

intensity of the excitation was controlled by switchable neutral density filters. The photoinduced 
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carries absorb the incident microwaves, and the change in microwave power is measured and 

related to the conductance of the sample. 

 

5.3. Results and Discussion 

The chemical structure of PFT is shown in Figure 5.1a.  This CPE can form micelles in water 

because of its amphiphilic character and because each monomer unit has an overall wedge-

shaped with a large hydrophilic volume, a fact that results from the sp3 carbon on fluorene unit 

where the charged side chains attach.179,200 These factors, combined with the fairly linear nature 

of the PFT backbone, allows, PFT assembles into rod-like micelles where the backbone of PFT 

runs along the long axis of the micelle, as shown by cartoon illustration in Figure 5.1b and 

characterized in detail for low molecular weight polymers in our previous work.179 At 

concentrations as low as 1 wt/v%, however, PFT forms a hydrogel, illustrated by the inverted 

vial shown in Figure 5.1c. The molecular weight (MW) of PFT is critical to the formation of the 

gel network, thus size selective precipitation is used to obtain both high and low MWs. The low 

MW polymer does not form a gel network, as the high MW polymer does, indicative that the 

interactions between polymer micelles is based on the polymer chain length.  Unless explicitly 

stated otherwise, all experiments described below use only the high MW polymer fraction. 

Using cryo-electron microscopy on dilute solutions (cryo-EM, Figure 5.1d) we can 

observe both the micellar nature of the PFT assemblies and interconnections between those 

micelles, which should lead to hydrogel formation at higher concentrations.  The cryo-EM 

samples were prepared by flash-freezing a droplet of PFT solution, and thus they allow us to 

observe micelles that are both in the plane on of the image, which appear as rods, and micelles  
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Figure 5.1. a) PFT monomer b) Cartoon of PFT micelle c) Upside-down vial of PFT hydrogel 

and d) Cryo-TEM of PFT micelles.  
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standing on end, which appear as darker spots. From this data, we can approximate the diameter 

of the micelles to be about 4 nm, a size that correlates well with solution SAXS published 

previously.179 The cryo-EM data provides clear evidence for PFT micelle formation and for the 

formation of interconnections between micelles, but because of the limited region that can be 

imaged at one time, it does not provide good statistical data on the average structure of the 

sample as a whole. 

To further study the structure of the PFT micelle system we thus turned to solution 

SAXS.  Solution SAXS has been used extensively to examine the nanometer scale structure of 

assemblies in solution.201–203 By fitting SAXS data to a power law equation, I = q-α, we can relate 

the exponential slope, –α, to the structure of the polymer in solution. Figure 5.2a shows that PFT 

fits to two distinct slopes: -1.5 at low q and -3.7 at high q. The low q value of -1.5 is indicative of 

a rod-like shape at large distance, concomitant with the length of a rod; the high q value of -3.7 is 

indicative of a sphere-like shape, concomitant with the radius of the rod. This measured rod-like 

shape correlates well with the micelle-shapes observed by TEM.  

Along with the power-law analysis, the raw data can be fit using the software Gnom to 

enable smoothing of the data before the bead model analysis. The Dammin bead model fits this 

smoothed data and outputs a structure that may have caused the scattering data.204 Comparing the 

bead models for high and low MW PFT (Figure 5.2b and c, respectively), indicates that the high 

MW PFT is more branched then the low MW PFT. As stated above, the low MW polymer does 

not form a gel, while the high MW PFT does.  From this data, we thus postulate that the low 

MW polymer is present mostly in the form of discrete polymer micelles, while the high MW 

PFT forms a branched network that enables gel formation. The base unit of the polymer 

hydrogel, as proven by TEM, SAXS, and Dammin bead   
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Figure 5.2. Dammin Bead models. Fit of PFT SAXS a) high MW data and b) low MW data. c) 

High MW PFT bead models and d) low MW PFT bead models 

 
 

  

  



 98 

modeling, is the rod-shaped polymer micelle.  We will now use polymer rheology as a tool to 

help determine how that polymer network is held together. 

Rheology is the study of the deformation or flow of matter and one of the most useful 

techniques to use to study the physics of a gel network.205 Two main components of this study 

are the elastic modulus (G’) and the viscous modulus (G”). The elastic modulus is a measure a of 

a material’s reversible or non-reversible (elastic or plastic, respectively) response to an external 

force, where the viscous modulus is a measure of a materials resistance to deformation.206 If the 

elastic modulus is larger than the viscous modulus, the system is by definition a solid. If a large 

enough strain is applied to such a solid system then the elastic modulus may dip below the 

viscous modulus, allowing the system to become a liquid in a process call shear thinning. By 

studying the viscoelastic response of a conjugated polyelectrolyte hydrogel under various strain 

and frequency studies, we can learn something about the structure of the gel network. 

 We begin our rheology experiments with a gedanken model for the structure of the gel 

network and then attempt to prove or disprove that model.  Given the micellar nature of PFT in 

solution, the very low concentrations where PFT begins to gel, and the fact that PFT has no 

significant potential to make either covalent or hydrogen bonds between polymer chains, we 

hypothesize that it is the micelle formation itself that results in gel formation.  For example, 

polymer chains can bridge between micelles, linking micelles together in much the same way 

that bridging actin fibers bridge between fiber bundles in actin gel networks.207 We can describe 

these bridging polymer chains as “sticky ends” because in the absence of a second PFT micelle, 

a dangling polymer chain is likely to adopt a high energy, coiled conformation in aqueous 

solution, which would prefer to associate with another polymer micelle. 
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Figure 5.3. Concentration study of 10 mg/mL, 7.5 mg/mL and 5 mg/mL. a) strain-dependent 

elastic modulus and b) viscous modulus c) gel break point (frequency: 1 rad/s) d) frequency-

dependent elastic and viscous modulus (strain amplitude: 5 dyn/cm2). 
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We can study the response of these PFT hydrogels, that is both elastic or plastic 

deformations, under constant strain or constant frequency to help learn about the PFT network 

structure. Figure 5.3a and b shows the values of G’ and G” as a function of strain amplitude at a 

constant frequency of 1 rad/s for gels with concentrations of 10, 7.5 and 5 mg/mL. As expected, 

both the G’ and G” values of the PFT gel increase as the polymer concentration increases, 

indicating that more concentrated gels have more interconnections. The elastic modulus for PFT 

shows a linear viscoelastic regime, where the modulus does not change with strain amplitude; 

this value is often referred to as the plateau modulus. The 10 mg/mL and 7.5 mg/mL samples 

both show weak strain overshoot,208 which is where G’ has a linear viscoelastic regime at low 

strain and then decreases rapidly at high strain.  In contrast, G” begins with a linear viscoelastic 

regime but has an increase or peaks at high strains before decreasing similarly to G’. 

Structurally, the elastic modulus reflects the number of junctions in the polymer network, where 

the viscous modulus correlates with the volume that the polymer network occupies. Using this 

idea, the increase in G” is indicative of an expansion of the network at higher strain amplitude. If 

the intramolecular interactions of the polymer micelles are disrupted, it should create more 

unbound “sticky ends”, which should be loosely coiled due to steric constraints, increasing the 

volume and consequently increasing the viscous modulus of the sample.209 Because the 10 

mg/mL and 7.5 mg/mL samples are too concentrated to allow the polymer chains to reorient, an 

increase in G’ is not observed. This type of weak strain overshoot is observed in many polymer 

solutions.208,210 By contrast, the 5 mg/mL samples shows strong strain overshoot. Strong strain 

overshoot occurs when an increase is observed in both G’ and G” at higher strain amplitude 

before the gel network breaks. In this less concentrated sample, the increase of both the elastic 

and viscous modulus is expected, because lower concentrations mean fewer connections between 
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micelles and a weaker PFT network.  When a large enough strain is applied to the system, it 

disrupts both the polymer micelles and the network. The polymer micelles can then reorient to 

bridge with other micelles in a more ideal configuration.  In this case, we observe an increase in 

both the number of junctions and in the sample volume. The observation of both weak and strong 

strain overshoot thus supports the idea that bridging polymer chains are responsible for the 

formation of the PFT network. 

Another important parameter that we can take from this polymer rheology study is the 

break point or failure point of the gel. The breakpoint of the hydrogel, shown in Figure 5.3c, is 

the point where the strain amplitude applied to the system is sufficient to cause the network to 

break so that the entire system begins to flow. In the case of PFT micelles, the bridging polymer 

chains would need to detach from one micelle and then align, allowing the samples to become 

liquid-like. There is only a slight difference between the break points for the 10 mg/mL and 7.5 

mg/mL gels.  However, the 5 mg/mL gel has a breakpoint that is more than twice as high as the 

10 mg/mL and 7.5 mg/mL gels. This increase in breakpoint results from the lower density 

network that has the ability to dynamically reform junctions as strain is applied; this is the same 

phenomenon that produces the strong strain overshoot. Conclusions from examining the break 

point of the gel thus agree well with the conclusions gleaned above from the weak and strong 

strain overshoot. 

Frequency dependent measurements can be used to gain further insight about the nature 

of the gel. The frequency study in Figure 5.3d was performed at a constant strain amplitude of 

5%, chosen to be in the plateau region for all gel samples. As in the strain amplitude 

measurements, we find that G’ is always higher than G”, proving that we have a solid-like gel. 

Also, as higher frequency oscillations are applied to the PFT gel, the slopes of the curves remain 
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close to zero. This lack of response with increased frequency is also characteristic of physical 

gels because the network is strong enough to resist changes.203 This implies that even though 

these are not exceptionally strong gels, the interactions that hold the gels together are quite 

robust. The viscous moduli for the 5 mg/mL sample does vary more with frequency than the 10 

mg/mL and 7.5 mg/mL samples, likely due to the fact that the 5 mg/mL is a much less connected 

gel, and so it is easier to reorient the micelles in this sample at high frequencies. These frequency 

measurements thus provide further information about the bridged PFT network. 

Studying the chemical factors that destroy these PFT hydrogels can also provide 

information about what holds them together.  For example, the gel network is destroyed when 

PFT is exposed to THF.211 Upon removal of the THF from the polymer system by thermal 

evaporation, the gel-network reforms.  We hypothesize that this behavior arises because THF can 

enthalpically stabilize the coiled “sticky end” of the bridging polymer chains, allowing the 

system to break these low entropy connections between micelles.  This process can be followed 

by SAXS and modeled using Dammin bead models. Figure 5.4 shows representative bead 

models for PFT samples before THF annealing, with THF, and after THF removal. The effect of 

THF on the micelle system is clearly observed by the loss of branching after the addition of the 

THF. The width of the structure has decreased to be approximately the width of a single bead, 

indicating that the THF causes the solution to become either single PFT chains or much smaller 

micelles. Upon removal of the THF, the PFT network becomes stronger, with the plateaus 

modulus increasing from 3380 dyn/cm2 to 4080 dyn/cm2, as seen in Figure 5.5a. Apparently, the 

gel network reforms in a more interconnected state than it is able to attain initially because 

network formation is kinetically limited when samples are first prepared. In agreement with these   
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Figure 5.4. Dammin bead model representing before THF annealing, THF annealing and THF 

removal 
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ideas, Dammin modeling indicates that upon removal of the THF, both the branched structure 

and the width of the polymer micelles are restored.  Intersting, the branching density increases, 

indicating that the post-annealed gel network contains more interconnected polymer micelles, 

compared to its pre-annealed counterpart.  SAXS modeling is thus in good agreement with 

rheological studies and with the idea that THF annealed samples have a more interconnected 

network. 

 If THF annealing increases the density of network connections, then it follows that THF 

annealing should also increase the conductivity of the PFT network. TRMC is a unique tool that 

allows for measurement of local mobilities in solid-state films.169,212 In TRMC photoinduced 

carriers are created by an incident laser pulse on the sample. The carriers are then induced to 

move by the electric field from microwave radiation, and the change in microwave power is 

measured as these photoinduced carriers absorb microwaves. The change in microwave power 

after passing through the sample is proportional to the local nm-scale photoconductivity of the 

sample, which is the carrier yield times the sum of the mobilities of all carriers, which in our case 

is both electron and hole mobilities. Figure 5.5b, shows that the PFT after THF annealing has a 

6-fold increase in photoconductivity. If we assume that the carrier yield is comparable in these 

samples (a reasonable assumption, given their identical chemical nature), then the carrier 

mobility must be higher in the sample treated with THF.  We attribute this increase mobility to 

both the increased interconnectivity of polymer network after THF annealing, and additionally 

from decreased chain coiling in the THF annealed samples.  It has been shown that kinks and 

bends in polymer chains can cause trap sites that reduce carrier mobility.213,214 This data thus 

suggests that in addition to making more interconnections between micelles, THF annealing may  
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Figure 5.5. a) Strain-dependent curves comparing before and after THF annealing b) TRMC 

before and after THF annealing (Frequency: 1 rad/s).  
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also allow for increased polymer ordering within micelles, a fact that could further increase the 

plateau modulus. 

While the experiments described above provide much information about the nature of 

these PFT hydrogels, they do not concretely prove the idea that bridging polymer chains act as 

“sticky ends” that link micelles together.  To further support this model, we take advantage of the 

fact that we obtain both high and low MW PFT by size selective precipitation from a single 

polymer synthesis. Here we selectively recombined the high and low MW PFT at various ratios, 

maintaining the same overall polymer concentration, to further support our bridging-polymer 

hypothesis for gel formation. As a reminder, we know that the low MW PFT does not form a gel, 

where high MW PFT does. Figure 5.6a and b shows the G’ and G” respectively for a series of 

samples that all contain a total concentration of 10 mg/mL, made up of different fractions of low 

and high MW polymer.  The samples contain polymer ratios of 9 mg high MW PFT to 1 mg low 

MW PFT (9:1), 8 mg high MW PFT to 2 mg low MW PFT (8:2), and 7 mg high MW PFT to 3 

mg low MW PFT (7:3). There is also a pure high MW 10 mg/mL PFT sample (10), which has no 

low MW PFT.  This is the strongest gel and is used as a standard of comparison for all of the 

mixed high and low MW PFT samples. There is an order of magnitude decrease in plateau 

modulus between the 10 mg/mL and the 9:1 samples, and another order of magnitude decrease 

between the 9:1 and 8:2 samples. The plateau modulus for the 7:3 sample is yet another four 

times lower than the 8:2 sample. This decrease in the strength of the gel is caused not just by the 

decreasing amount of high MW polymer, but also by the addition of the low MW PFT.  For 

example, the pure 7.5 mg/mL sample in Figure 5.3a has a G’ plateau value of 575 dyn/cm2, 

where the 7:3 sample, which contains a very similar amount of high MW polymer, has a G’ 

plateau value of just 4.5 dyn/cm2. The overall concentration of high MW polymer in both  
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Figure 5.6. Constant overall concentration study a) elastic modulus, b) viscous modulus and c) 

break point. Constant high MW concentration study d) elastic modulus, e) viscous modulus and 

f) break point. (Frequency: 1 rad/s) 
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samples is very similar, but the elastic modulus is two orders of magnitudes less in the mixed 

sample than the high MW 7.5 mg/mL sample. We postulate that the reason for the decrease in 

gel strength is due to the fact that the low MW polymer is able to cap the “sticky ends” of the 

high MW PFT micelle, allowing the high MW polymer to achieve an enthalpically favorable 

conformation without the entropic constraints of bridging between micelles.  

More information can be obtained by again focusing our attention on strong and weak 

strain overshoot. The pure 10 mg/mL PFT samples and the 9:1 samples show only weak strain 

overshoot, where the 8:2 and 7:3 samples show strong strain overshoot.  This suggests that there 

are still sufficient interconnections in the 9:1 sample to prevent dynamical network reformation 

under strain.  However, with the 8:2 and 7:3 samples, the ends of the micelles are capped with 

the low MW PFT, when strain is applied the low MW PFT may transiently disengaged from the 

high MW PFT so that the “sticky ends” can bridge polymer micelles. The breakpoint, in Figure 

5.6c, also increases from the 10 mg/mL samples to the 9:1 sample. The 8:2 and 7:3 breakpoints 

are similar, but these are both very weak gels again, and we do expect an increase in the 

breakpoints due to the strong strain overshoot.  

While the data presented above provides strong indication that low MW PFT disrupts the 

nature of the gel network, the fact that the total amount of high MW PFT is not constant in these 

samples, complicates the issue.  We thus performed a second set of experiments using a fixed 

concentration of high MW PFT concentration and a varying total polymer concentration.  For 

this experiment in Figure 5.6d and e, the concentration of high MW PFT was kept at 10 mg/mL, 

and low MW PFT was added in 1, 2, and 3 mg amounts (10:1, 10:2, 10:3).  Here again we 

observe a decrease of G’ and G” (Figure 6d and e) upon the addition of low MW PFT, despite 

the fact that the total polymer concentration increases. The decrease of the elastic modulus after  
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Figure 5.7. Dammin bead models a) constant overall concentration study b) constant high 

concentration study 

 
  



 110 

addition of 1 mg of low MW PFT is roughly an order of magnitude, although it is less than that 

observed in Figure 5.4a for the 9:1 sample. Indeed, the plateau modulii show a decrease as more 

low MW PFT is added to the system. Weak strain overshoot is observed for the 10:1 and 10:2 

samples, while strong strain overshoot is found in the 10:3 sample. It follows that the 10:1 and 

10:2 samples still exhibit significant micelle bridging, as the ratio of low:high MW PFT is not 

high enough to effectively break up the gel network. However, in the 10:3 samples, enough low 

MW PFT is present to cap the ends of the polymer micelles and disrupt the network. Notice the 

breakpoint in Figure 5.4f steadily increases as the low MW PFT is added, but it is not as large of 

an increase as in Figure 5.4c. This data thus indicates that both the total concentration of high 

MW polymer, and the low MW:high MW ratio interplay to control the density of connection 

within the network.  

The structural effect of adding low MW PFT to high MW PFT was further analyzed 

using solution SAXS and Dammin bead modeling on diluted, 1mg/mL, samples. Figure 5.7 

shows the fits for only the 9:1, 7:3, 10:1, and 10:3 high MW:low MW samples. In comparing the 

9:1 and 7:3 samples, we find that although the total polymer concentration is the same, the 

density of beads in the two models differs, indicating that in the 7:3 sample, a larger fraction of 

the polymer chains are individually dissolved or in the form of very small aggregates, too small 

to see in the scattering vector range used for this experiment. The 9:1 sample contains a higher 

density of beads, indicating larger aggregates in solution, and possibly higher branching overall.  

When the 10:1 and 10:3 samples are compared, we see a similar trend. Here, a higher bead 

density might be expected for the 10:3 sample due to the higher overall polymer concentration, 

but the opposite effect is observed. Although the 10:1 sample contains less polymer and the same 

amount of high MW PFT as the 10:3 sample, a higher overall bead density is observed, again 
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indicting larger aggregates in solution for the 10:1 sample. More branching can also be seen in 

the 10:1 sample. This bead modeling thus supports the idea that low MW PFT caps the sticky 

ends of bridging high MW PFT strands, resulting in less branching, and more linear, single rod 

structures in samples with more low MW polymer.  

5.4. Conclusions 

In this study we examined the network structure of semiconducting polymer PFT 

hydrogels. TEM and SAXS were employed to examine the micellar building blocks of the 

hydrogel and Dammin models to the solution SAXS data helped to visualize the network 

structure and further supported the hypothesis of rod-like micelle building units. Rheology was 

used to examine interconnections within the gel network, and a combination of TRMC and 

rheology indicated that a more interconnected and potentially more ordered network was formed 

after THF annealing of the gel. Lastly, bead models and rheology studies of mixed low MW and 

high MW networks were used to further our understanding of the interactions that hold this 

unique semiconducting gel-network together. All of this data together strongly supports a picture 

where the gel network is held together by polymer chains that bridge neighboring micelles, co-

assembling with more than one micelle based on amphiphilic interactions.  These bridging 

polymer chains, or “sticky ends” can be disrupted by either the addition or organic solvents or by 

adding low MW polymers that can co-assemble with the “sticky ends” in a non-bridging fashion. 

A key conclusion that comes from this work is the fact high MW polymer chains bridge 

between micelles, offering the potential for facile electrical conductivity between micelles.  

While direct electrical measurements on the hydrogel network are complicated by the high 

conductivity of water, the TRMC results on dried gel networks are very promising for future 
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device applications.  The strongly interconnected nature of these conjugated polymer hydrogel 

networks could be ideal for a variety of polymer based electronic devices as they rely on good 

conductivity in a heterostructured network. 
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CHAPTER 6 

 

Long-Lived Photoinduced Polaron Formation in Conjugated Polyelectrolyte/Fullerene 

Assemblies 

 

6.1. Introduction 

In biological photosynthetic systems, energy cascade structures promote the spatial 

separation of photogenerated charges created at the reaction center, preventing their 

recombination. These energy cascade structures require close proximity of the electron donors 

and acceptors (on the scale of ~1 nm), and the corresponding electron transfer (ET) processes 

take a few ps215.  Similar to natural photosynthesis, in man-made organic photovoltaic (OPV) 

cells, photoexcitations are dissociated into charges at a donor-acceptor interface on sub-ps time 

scales.  But OPVs have the drawback that there is significant recombination of the newly-

separated charges, typically on time scales ~20 ps (2).  This is because most efficient OPV 

systems rely on nm-scale phase separation of a conjugated polymer donor and fullerene acceptor 

into domains of length scale of 10-20 nm to facilitate efficient exciton diffusion and charge 

transfer 4.  However, the high charge densities present in OPVs, coupled with the low dielectric 

constant of the organic materials, results in significant carrier recombination before the charges 

can be extracted through external electrodes, thereby diminishing the device efficiency. If OPVs 

could be designed to use ET cascade structures that are reminiscent of photosynthetic complexes, 

it should be possible to improve charge separation and reduce recombination losses217.  

In this work, we describe how molecular self-assembly can be used to enable dissolved 

OPV materials (conjugated polymers and fullerenes) in aqueous solution to mimic the ET 
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cascade structures of biological complexes, allowing us to ‘spatially’ control photogenerated 

charges. We are able to demonstrate efficient long-time charge separation following 

photoexcitation:  the ET cascade we form produces separated polarons that are stable for weeks, 

a lifetime that is unprecedented for OPV materials.  In addition, our use of self-assembly 

provides potential future advantages in reproducibility and scalability, both of which are major 

hurdles for conventional OPVs with kinetically-controlled structures184,218,219. Finally, the 

photoinduced charge separation we achieve takes place in water, opening possibilities for ‘green’ 

production of artificial photosynthetic devices.   

 

6.2. Results and Discussion 

The particular materials we have chosen for this study are a combination of a conjugated 

polyelectrolyte, poly(fluorene-alt-thiophene) (PFT)179, and several isomers of the charged 

fullerene derivative C60-N,N-dimethylpyrrolidinium iodide (C60(PI)n), where n is the number of 

charged pyrrolidinium groups220; the chemical structures of these molecules are shown in Figs. 

6.1.A-C.  PFT is a water-soluble semiconducting polyelectrolyte whose sp3 carbon yields a 

wedge-shaped monomer that facilitates the assembly of the polymer into rod-like micelles (Fig. 

6.1.B); details of how this polymer assembles have been published previously179. Due to the 

charged nature of the polymer, the electron acceptor(s) must also carry a cationic charge to avoid 

heterocoagulation. The synthesis of C60(PI)n, depending on the precise conditions, produces 

products with n ranging from 2 and 5, and with multiple isomers for each n. To avoid confusion, 

we will refer to C60(PI)n with n = 3-5 as ‘higher’ adducts, and fullerenes with n=2 will be 

referred to as ‘mixed-bis’ adducts.  
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Figure 6.1. PFT and charged fullerene structure and assembly.  PFT structure (A), cartoon of a 

PFT micelle (B), charged fullerenes (C).  CryoEM images of pure PFT (D), PFT:‘mixed-bis’ 

adducts (E) and PFT:high adducts (F). 
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To create assemblies, we need to control solution phase aggregation and we do this using 

solubility.  ‘Mixed-bis’ adducts show essentially no solubility (without PFT) in solution, while 

‘higher’ adducts are fully water-soluble. This suggests coassembly of ‘mixed-bis’ adducts in 

aqueous solution with PFT, a result that is confirmed by cryo electron microscopy (cryoEM), 

small angle X-ray scattering (SAXS), and luminescence quenching studies. CryoEM images of 

pure PFT, PFT:‘mixed-bis’ adducts and PFT:high adducts are show in Figs. 6.1.D-F.  Pure PFT 

samples self-assemble into branched micelles that are roughly 4 nm in diameter and 40 nm in 

length.  CryoEM images of PFT assembled with ‘mixed-bis’ adducts are visually similar to the 

pure PFT, indicating association of the C60(PI)2 with the PFT micelles.  In contrast, cryoEM 

images of PFT:high adducts appear blurry, presumably because the solution contains separate 

PFT and fullerene agglomerates.   

This interpretation is supported by SAXS measurements (Figs. 6.2.A-B), and with more 

statistical averaging.  By fitting the SAXS data to a power law, the exponent α, which is related 

to the polymer fractal structure can be extracted 201,203.  Values of α=1, 2 and 4 correlate to rigid 

rod, lamellar structure, and spheres, respectively, although interactions between molecules cause 

deviations from these ideal slopes.  SAXS data for pure PFT shows α=1.5 at low q (rod-like at 

large size), increasing to α=3.7 at high q (sphere-like at small size). Deviation from α=1 arises 

from the branched network seen by cryoEM (Fig. 6.1.D) 221.  SAXS power-law slopes for 

C60(PI)n high-adducts correspond to a percolation network at low q and rod-like behavior at high 

q, indicating aggregation 201,222.  SAXS data from the combined PFT:high adducts solution is 

well approximated as the mass-scaled sum of the pure PFT and pure fullerene scattering, 

suggesting a non-assembled mixture, similar to that seen by cryoEM. By contrast, mass-scaled  
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Figure 6.2. SAXS data for PFT and PFT/fullerene mixtures. A) Data for PFT:high-adducts is 

reasonably approximated by a sum of PFT+high-adducts.  B) The PFT:‘mixed-bis’ profile 

overlap mass-scaled PFT data.  C)  Raw data for all PFT and PFT:bis-fullerene samples are 

similar.  D) Fourier transformed P(r) data for the samples in (C) shows different fullerene 

environments for trans-2 and trans-3, with PFT:mix-bis corresponding to the sum of the two. 
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SAXS from solution of PFT and ‘mixed-bis’ adducts is nearly identical to the pure PFT.  This 

provides strong evidence that the C60(PI)2 and PFT coassemble into a single micellar aggregate.   

Finally, electronic interactions in the assemblies are confirmed using luminescence 

quenching, which provides an indirect measure of the photo-induced charge transfer from the 

polymer to the fullerenes 223.  In Fig. 6.3.A, we see that solutions of PFT:high adducts show 

relatively little PL quenching, presumably because donors and acceptors are not in close physical 

proximity.  By contrast solutions of PFT with the ‘mixed-bis’ adducts have significant PL 

quenching, indicating both physical and electronic contact. 

With a donor/acceptor system that co-assembles in aqueous solution, we next consider 

the efficiency of charge separation in those assemblies using ultrafast broad-band transient 

absorption spectroscopy on aqueous solutions of co-assembled PFT:‘mixed-bis’ adducts.  

Representative transient absorption spectra at different probe delays following excitation at 470 

nm are shown in Fig. 6.3.B.  We assign the negative transient absorption peak near 520 nm to 

stimulated emission, as the spectral features and the lifetime (Fig. 6.3.C) match the fluorescence 

emission.  Interestingly, the 690-nm absorption of the PFT hole polaron (P+) appears on a sub-ps 

timescale following photoexcitation 224,225.  This ultrafast appearance of P+ reconfirms that the 

C60(PI)2 adducts must be co-assembled with PFT, since there is no other way that charge transfer 

could occur so quickly:  there is simply no time for diffusion or any other structural 

rearrangement to occur.  Once formed, Fig. 6.3.C shows that about 75% of the PFT polarons 

decay back to the ground state in ~200 ps.  The remaining polarons survive past the ns time 

scale.  

 To mimic biological charge-separation systems, co-assembly and rapid charge separation 

are required, but if they are followed by rapid recombination, the charges cannot be used. We  
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Figure 6.3. Formation of P+ and N- polarons requires intimate assembly of the polymer and 

fullerene. (A) PL of PFT, PFT:high adducts, and PFT:‘mixed bis’; (B) pump-probe spectroscopy 

for PFT:‘mixed bis’ solutions excited at 470 nm showing the rapid formation of both excitons 

and polarons; (C) time decays for the stimulated emission and the polaronic absorption from (B). 
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thus wanted to further optimize our fullerene acceptors for charge separation. We did this by 

creating molecules that could assemble intimately with the PFT for efficient charge transfer and 

molecules that would assemble more loosely, allowing us to pull the electron away from the PFT 

and prevent recombination. Both types of molecules are available simply by separating C60(PI)2 

isomers.  Our ‘mixed-bis’ samples are primarily composed of four isomers (10% trans-1, 39% 

trans-2, 44% trans-3 and 7% trans-4). Structures of the dominant isomers are shown in Fig. 

6.4.A-B.  We were able to partially separate these isomers, producing fractions that we refer to as 

predominantly trans-2 (85% trans-2 and 15% trans-1) and predominantly trans-3 (72% trans-3 

and 28% trans-2). The trans-1 and 2 fullerenes have charges on opposite sides of the ball and 

can be viewed as an isotropically-charged molecule that should not easily insert into a PFT 

micelle.  By contrast, the angle between charges in trans-3 is 145º, suggesting a more 

amphiphilic molecule that could insert into the PFT micelle.  

The co-assembly of PFT with trans-2 and trans-3 was examined via SAXS.  Raw 

scattering data for all of the samples looks similar to pure PFT (Fig. 6.2.C), but Fourier analysis 

with the assumption of monodispersed rods does show subtle variations. In Fig. 6.2.D, PFT and 

PFT:trans-3 show similar probability distributions, supporting the picture of insertion of 

fullerene into the PFT micelle. Interestingly, PFT:trans-2 shows two peaks, reminiscent of a 

polymer micelle with a partial “shell” of fullerenes surrounding the outside. The PFT:‘mixed-

bis’ data can be well fit by a simple linear combination of the PFT:trans-2 and PFT:trans-3 

probability distributions, further supporting idea that trans-3 assembles on the inside of the 

polymer micelle while trans-2 surrounds the outside. 

Fig. 6.4.D shows luminescence quenching measurements that further support the idea that 

different isomers of C60(PI)2 assemble in different places in the PFT micelle.  The data indicates  
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Fig. 6.4. Spectroscopic evidence for long-lived charged species in solution. Chemical 

structure of trans-3 bis (A) and trans-2 bis (B).  Cartoon depicting the assembly of trans-2 and 

trans-3 bis with PFT leading to long-lived polarons in solution (C).  PL of PFT, PFT:‘mixed-bis’, 

PFT:trans-3 bis, and PFT:trans-2 bis (D).  Absorption from a green PFT/fullerene solution 

showing both P+ and N- polarons (E).  EPR from a similar green solution, again showing both P+ 

and N- polarons (F).  PL for various PFT:‘mixed bis’ showing that polarons quench 

luminescence, but the addition of THF, which, destroying the PFT/fullerene assembly, restores 

PL intensity (G). 
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that assemblies of PFT with the trans-2 fullerenes produces little luminescence quenching, while 

PFT assembled with an equal amount of trans-3 fullerenes show strong quenching.  These 

quenching results suggests that not only can we selectively associate fullerenes with polymer 

micelles using the number of charges, we also can control the position of the fullerene within the 

micelle by the placement of the charges, as depicted in Fig. 6.4.C.   

Given this degree of control, the next step is to form assemblies of PFT and ‘mixed-bis’ 

adducts containing both intimately assembled trans-3 and more isotropically-charged trans-2 

fullerenes.  This co-assembly should permit rapid photo-induced electron transfer from PFT to 

the trans-3 fullerenes, followed by a second electron transfer step to the trans-2 fullerenes.  If 

this type of directed ET cascade occurs, electrons on the trans-2 fullerenes should be stabilized 

in the high dielectric environment of the water surrounding the micelle, preventing 

recombination with the PFT.  Indeed, we find that photoexcitation of aqueous PFT:‘mixed-bis’ 

adduct solutions causes a dramatic color change from yellow to dark green (inset of Fig. 6.4.D); 

once exposed to light, and the color change is essentially permanent, lasting days to weeks.   

PFT is a blue-absorbing polymer with an absorption maximum at 430 nm in water and 

little to no absorbance past 550 nm179. When oxidized with iodine, the hole polaron (P+) of PFT 

absorbs in the sub-gap region at 690 nm226.  The color change in Fig. 6.4E is thus due to the 

formation of positive polarons on the PFT, as evidenced by their 690-nm absorption. The inset 

shows that simultaneously, a significantly weaker negative (N–) polaron absorption peak due to 

the C60(PI)2 molecular anion is observed at 1180 nm.  The low intensity of the N– absorption has 

several origins:  1) the absorption cross-section of fullerene anions is much smaller than that of 

the polymer polarons227; 2) the weak N– absorption peak sits on top of a broad scattering 

background from the co-assembled micelles in solution; and 3) the N– polaron might react with 
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impurities in the water, despite our best efforts to deoxygenate the solutions by freeze-pump-

thaw techniques228. 

To further confirm the formation of stable, separated N- and P+ polarons after exposure to 

light, we turned to electron paramagnetic resonance (EPR) experiments. Figure 6.4.F shows the 

EPR signal from the green PFT:‘mixed-bis’ adducts solution; the g-factors for the N– and P+ 

polarons are 2.0004 and 2.0040, respectively, in good agreement with literature values for many 

other polymer/fullerene systems229. The N– polaron line width we observe is broader than that in 

other polymer/fullerene systems because of both the interaction of the water dipoles with the 

polarons, and the different spin-relaxation times for the electron and hole230,231. The most 

significant difference between our co-assembled system and previous systems, however, is that 

the previous EPR work required active photoexcitation (light-induced EPR) in order to observe 

the polaron signals.  In contrast, once exposed to light, the polarons created in our PFT:C60(PI)2 

solutions remain stable indefinitely.  

Further confirmation that the long-lived separated charges result from a self-assembled 

ET cascade comes by examining the details of luminescence for a range of samples.  Aqueous 

solutions of predominantly trans-2 bis fullerenes with PFT do briefly turn green during the 

course of the dissolution, indicating polaron formation (possibly from disordered 

polymer:fullerene assemblies).  On the other hand, despite the efficient luminescence quenching 

in solutions of PFT co-assembled with the predominantly trans-3 bis fullerenes, the solutions do 

not turn green and there is no other evidence for the formation of long-lived separated charges.  

Indeed, our ultrafast experiments show that polarons are formed on sub-ps time scales (as in Fig. 

6.3.B, but recombine with 100% yield over the next few hundred ps).  These results indicate that 

controlling the spatial position of the fullerenes can dramatically affect carrier dynamics.  
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Finally, upon photoexcitation of PFT:‘mixed-bis’ fullerene solutions, we observe increased 

luminescence quenching due to exciton quenching by P+-polarons (Fig. 6.4.G). However, if 

tetrahydrofuran (THF), which is known to disassemble polymer micelles 232, is added to the co-

assembled green system, the luminescence signal regains intensity (Fig. 6.4.G). This further 

supports the idea that intimate assembly is required to facilitate a charge transfer cascade and 

avoid recombination, resulting in stable polarons. 

 

6.3. Conclusions 

The self-assembly of the PFT polymer with a combination of trans-2 and trans-3 charged 

bis-fullerene isomers forms an ET cascade that promotes the creation of long-lived charge 

species.  Upon photoexcitation of PFT, an electron is transferred to trans-3 fullerenes sitting 

within the micelle; the electron is then funneled to the adjacent trans-2 fullerene sitting the 

gallery region of the micelle, where it is stabilized by reorganization of the surrounding water. 

The electron and hole are now spatially separated, decreasing the probability of recombination to 

near zero, so that the separated charges are stable in aqueous solution for weeks. The key to 

producing these stabilized, separated charges lies in controlling the nanoscale structure of our 

polymer/fullerene assemblies.  Now that the general principles of designing artificial self-

assembled ET cascades are known, it should be possible to apply these principles to the 

production of water-based OPV devices.   

 

6.4. Experimental 

6.4.1. Materials Synthesis 

PFT synthesis previously reported 179. 
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Bis-N-methylpyrrolidine adducts were synthesized according to published methods 233,234 

and were separated according to the following procedure: The crude product was dry loaded onto 

a silica column pre-treated with 2% triethylamine in toluene with an unusually large ratio of 

silica gel to product 1:~500 and the column was run with an extremely slow elution rate (~1-2 

mL/min). The column was first eluted with toluene to yield a purple fraction of C60 followed by a 

second brown fraction containing the monoadduct (rf = 0.70 2/10/88 TEA/Et2O/PhMe). After 

elution of the monoadduct, the eluent was changed to 2/10/88 TEA/Et2O/PhMe and two closely 

spaced fractions. The first fraction gives two spots by TLC corresponding to the Trans-1 and 

Trans-2 isomers (rf = 0.50 and rf = 0.43 2/10/88 TEA/Et2O/PhMe) and the second fraction gives 

a two spots by TLC corresponding to the Trans-2 and Trans-3 isomers (rf = 0.43 2/10/88 

TEA/Et2O/PhMe rf = 0.33 2/10/88 TEA/Et2O/PhMe) Subsequent fractions contain many spots 

with rf ranging from 0.2 to 0.33 (2/10/88 TEA/Et2O/PhMe) corresponding to a complex mixture 

of Trans-3, 4, e, and cis-3 isomers which can be separated by HPLC using published methods.234 

1H NMR, 13C NMR, and MALDI-TOF spectra for the Trans-1 and Trans-2 and Trans-2 and 

Trans-3 mixtures match with previously reported spectra for the pure compounds.234 

 

6.4.2. Methods 

For cryoEM,  grids were prepared by placing a small drop (~4 µl) of sample solution onto 

glow discharged holy carbon mesh Quantifoil 200 mesh grids with 3.5 µm holes spaced 1 µm 

apart. The grids were then blotted and plunged immediately into liquid nitrogen cooled liquid 

ethane to rapidly freeze the samples in vitrified ice. The cryo grids were visualized with an FEI 

Tecnai F20 transmission electron microscope at an accelerating voltage of 200 kV. Images were 
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collected on a 16 megapixel CCD camera at ~50,000x magnification with a defocus value of 

approximately 3 µm. 

Small-angle X-ray scattering (SAXS) experiments were conducted at the Stanford 

Synchrotron Radiation Laboratory (SSRL) Beamline 4-2. Using a syringe, 100 µL of each 

sample was loaded in a quartz capillary and held at 25oC. Scattered X-rays (at 12 keV) were 

collected with a Rayonix MX225-HE detector (sample to detector distance = 1.7 m). The two-

dimensional data was radially averaged to obtain one-dimensional scattering curves. 

Electron paramagnetic resonance was performed at UCLA in the Molecular 

Instrumentation Center (MIC). Experiments were performed on the Bruker EMX EPR 

spectrometer in a nitrogen finger dewar to keep the sample frozen at 95 K. The microwave 

frequency was 9.437 GHz, amplitude of 4 G, microwave power of 0.02 mW and a scan time of 

20.972 s for 32 accumulated scans. 

A femtosecond Ti:Sapphire amplifier (Coherent, Legend Elite) seeded with a broadband 

Ti:Sapphire oscillator (Coherent, Mantis) was used for ultrafast pump-probe transient absorption 

experiments. Spectral and kinetic data acquisition was accomplished using a commercially built 

spectrometer (HELIOS, Ultrafast Systems LLC). The amplifier output consisting of 40 fs, 3 mJ 

pulses centered around 800 nm (at 1 kHz repetition rate) was split into two beams of roughly 

equal power. One of the beams was directed to an Optical Parametric Amplifier (Light 

Conversion, TOPAS-C) to create 470 nm pump pulses. A small portion of the amplifier output 

was focused onto a sapphire crystal to generate white light continuum (WLC) probe laser pulses. 

The probe beam was directed onto a computer-controller translation stage so that the time-delay 

between the pump and the probe could be varied. The pump and probe pulses were focused into 

the sample in a non-collinear geometry, making it possible to select only the WLC probe pulses 
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for detection. The probe beam was focused onto the sample such that the spot-size of probe beam 

was smaller than the pump beam in order to ensure that the data collected came from a uniformly 

excited region. Solution-phase samples of a concentration of 1mg/ml were filled in glass cuvettes 

with 1 mm path-length to ensure sufficient transmission of the probe light. The transmitted probe 

beam through the sample was collimated onto a fiber optic cable using a telescope and then 

dispersed onto a one dimensional CCD detector. We chopped the pump beam at a frequency of 

500 Hz and recorded the pump on/pump off signals for each consecutive pair of pulses to 

calculate the normalized transient absorption spectrum for a particular probe delay. We used a 

modest pump pulse energy of 60 nJ (spot size ~ 5 mm) for excitation and ensured that we were 

safely in the linear regime.  

UV-vis absorption spectra were taken on a Perkin-ElmerLambda25spectrometer in a 0.1 

cm glass cell in DMSO. 1H and 13C NMR spectra were taken on a 500 MHz Bruker Avance AV 

500 spectrometer equipped with a 5mm dual cryoprobe. 
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CHAPTER 7 

CONCLUSIONS 

 This work provides insight into how important nm-scale morphology is to charge 

separation and device performance. By utilizing different device fabrication techniques we can 

aim to scale-up OPV devices to industrial roll-to-roll printing, allowing OPVs to become a 

commercially available product. Additionally, due to the harmful halogenated solvents that are 

typically used in processing these organic polymers and fullerenes, we have found a viable 

pathway towards a water-soluble polymer:fullerene system that includes both P+ (holes) and N- 

(electrons) that are stable in solution for days to weeks. We aim to transfer this assembly into a 

solid state OPV device. 

 OPV device fabrication requires a nm-scale intimately mixed system; however 

surprisingly BC and SqP techniques require different polymer crystallinities to obtain the most 

efficient device. In this work we provided a study that shows explicitly what is required in BC 

and SqP for P3HT, a traditionally edge-on oriented semicrystalline polymer. However, as 

presented in literature, different polymers require their own specific conditions to fabricate the 

most efficient device. Where this research can be applied broadly to other semicrystalline 

polymers, it does not necessarily translate to amorphous polymers. These amorphous polymers 

have some of the highest efficiencies in literature and need to be fully investigated in regards to 

these device fabrication techniques. Especially because the SqP method that would provide a 

more reproducible pathway towards industrial roll-to-roll devices. 

 Although the most efficient organic solar devices contain an electron donating polymer 

and electron accepting fullerene, it is important to investigate other electron acceptors, such as 
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the n-type polymers that were studied here. PBFI-T is a promising n-type polymer for all-

polymer solar devices; it out-performed its very similar selenophene copolymer, PBFI-S. We 

determined that the main difference between these two polymers was the amount of mixing 

present when performing GIWAXS experiments. PBFI-S mixed more with PSEHTT then PBFI-

T, which suggests that pure polymer domains result in better device performance. 

 TRMC is a unique method to determine the local mobility in a pure fullerene films. By 

examining these shuttlecock derivatives first with theory and then building up to TRMC, we 

determined that the local mobilities of these fullerenes are similar to that of PCBM. However, 

when SCLC devices are fabricated the mobilities are significantly lower then that of PCBM. This 

study elucidates that local assembly is important, but macroscopic assembly of these fullerenes is 

just as necessary as the local assembly to achieve respectable macroscopic mobilities. 

 Device morphology is essential to charge separation but the structure of the individual 

organic components is also vital to device performance. By studying a self-assembling 

semiconducting polymer, PFT, we have the ability to straighten polymer chains along the long-

direction of the micelle and thus improve conductivity along the polymer backbone. 

Additionally, through rheology we determined that the PFT network consists of “sticky ends” 

that bridge other polymer micelles creating an interconnected network. This network was also 

observable through cryoEM. Due to the bridging nature of PFT, the photogenerated charges in 

this network can travel along the polymer chains more efficiently then a random walk 

unassembled polymer.  

 To achieve our goal of creating a water-processable solar cell we synthesized a water 

soluble fullerene, C60(N+)n, that assembles with the PFT micelle in solution. The assembly of 

these two molecular components in water results in long-lived charge carriers that are stable on 
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the length scale of days to weeks. However, this assembly does require the bis adduct fullerenes 

instead of the higher adduct fullerenes. Bis fullerene adducts are not water-soluble so assembly 

with PFT is required to solvate the fullerene, where the high adducts are substituted with n=3-5 

adducts on the fullerene ball that allows them to assemble separate from the PFT in solution. To 

further study this system, the bis adducts were separated into fractions of trans-2 and trans-3 

isomers. This intimate assembly of the bis fullerene facilitates the polaron formation by the 

trans-3 fullerene assembling within the PFT micelle and the trans-2 fullerene assembling with 

the PFT side chains. Upon excitation of the system the electron is quickly transferred (< 1 ps) 

from PFT to the trans-3 isomer and then the electron is shuttled out to the trans-2 isomer where 

it is stabilized by the dielectric of the water. The electron and hole are now out of the 

recombination range and are stable in their respective environments. Here we have essentially 

turned off recombination, which is one of the largest hurdles in the OPV community. The next 

step is to determine how to transfer this polaronic formation into the solid state to create a water-

processable device, which requires retention of the self-assembled nature of these organic 

components.  

 The content of this thesis elucidates the importance of the nm-scale morphology of OPV 

devices. The facilitation of these device morphologies can be address in various ways. First, we 

can study and control the active layer morphology of polymer:fullerene composites through two 

different device fabrication techniques. Additionally, we can control the active layer morphology 

by designing organic molecules that self-assemble. This level of control allows us to determine 

the polymer chain morphology, while also controlling the structure of the overall active layer. 

And finally by controlling the assembly of the electron-acceptor through self-assembly too, we 

can create long-lived charge carriers that are stable in solution for days to weeks. These stable 
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charges are unprecedented in polymer:fullerene solutions and if these polarons can be transferred 

to the solid state it could be a viable pathway towards a water-processable solar device. All of 

these results point towards how the knowledge of the nanoscale morphology of OPV devices is 

imperative to designing devices with efficient charge separation and charge transfer. 
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