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ABSTRACT 

All-Conjugated Block Copolymers for Organic Photovoltaics  

by 

Yen-Hao Lin 

Organic photovoltaics (OPVs) are a promising source of alternative energy due to 

cost effectiveness and process simplicity. However, the performance of OPVs must be 

improved to produce viable devices. This can be achieved by optimizing the 

optoelectronic properties of constituent materials, tuning the nanostructures of materials 

within active layer of OPVs and defining a well-defined interface between electron-donor 

materials and electron-acceptor materials. The above opportunities can potentially be 

addressed with using all-conjugated block copolymers in that self-assembly of block 

copolymers can lead to well-defined nanostructures driven by thermodynamics. The 

focus of this thesis is on the synthesis and development of all-conjugated block 

copolymers in which one block is an electron-donor polymer and the other is an electron-

acceptor polymer. We focus primarily on poly(3-hexylthiophene) (P3HT)-based block 

copolymers in which the electron-donor P3HT is made from Grignard metathesis 

polymerization (GRIM) and the other block is synthesized by Suzuki-Miyaura 

polycondensation reaction for wide variety of electron-acceptor polymers. Subsequently, 

the nanostructures of polymers were studied on a model series of all-conjugated block 

copolymer: poly(3-hexylthiophene)—block—poly[2,7-(9�,9�-dioctyl-fluorene) (P3HT–b–

PF) under different processing conditions with using differential scanning calorimetry 

(DSC) and grazing-incidence X-ray scattering (GIXS). This reveals strong process-

structure-property relationships of all-conjugated block copolymers. Furthermore, using 

our two-step synthetic route, we prepared an all-conjugated block copolymer poly(3-
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hexylthiophene)—block—poly[2,7-(9�,9�-dioctyl-fluorene)-alt-5,5-(4�,7�-di-2-thienyl-

2�,1�,3�,-benzothiadiazole)] (P3HT–b–PFTBT) that exhibits over 3% PCEs as the active 

layer in a solution processed OPV due to the formation of lamellae of the block 

copolymers and preferential �-� stacking direction of the P3HT perpendicular to the 

substrate. In addition to covalently linked block copolymers, we applied a quadruple 

hydrogen group, 2-ureido-4[1H]-pyrimidinone (UPy), as polymeric end functionalities to 

reduce macro-phase separation in polymer blends. In the polymer blends OPVs 

comprised of P3HT and PFTBT, the UPy hydrogen bonding group reduces macro-phase 

separation in polymer blends and leads to improved power conversion efficiency of 

OPVs from 0.43% to 0.77% under 155 oC annealing condition. This thesis demonstrates 

that both the covalently linked and hydrogen bonding linked all-conjugated block 

copolymers are potential to enhance performance of OPVs. Furthermore, with the 

advancement in synthetic techniques and better understandings on structure-processing-

property relationships of all-conjugated block copolymers, we are able to apply those into 

more emerging conjugated polymers and engineer molecules for efficient energy 

generation in OPVs. 
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Chapter 1 

Introduction 

1.1. Background 

The present energy consumption heavily relies on fossil-based energies like coal, 

natural gas and petroleum. Renewable energy provides an alternative energy to fossil-

based energy to reduce greenhouse gas and air pollutant emissions, create sustainable 

energy sources and meet growing demand in energy. The renewable sources including 

solar, wind, hydropower, biomass and geothermal energy presently contributed about 

10% of total power supply in U.S.1 Solar energy is one of the abundant energy resources 

that it reaches earth with energy about 120,000 TW. It is the energy much greater than 

world’s energy consumption in a year (about 28 TW in 2012).2,3 To collect endless 

energy from solar energy, different types of photovoltaics (PVs) have been developed 

over decades to improve the power conversion efficiency (PCE) and the records of PCEs 

of different PVs are summarized in Figure 1.1.  

Among different PVs with various PCEs, although high efficiency multijunction 

cells (eg. InGaP/GaAs/InGaAs) have PCE up to 44%, silicon-based PVs still dominate 

the regular market with three major types: monocrystalline, polycrystalline and 

amorphous with record performance of 27.6%, 20.4% and 13.4%, respectively. However, 
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performance is not the only driving force for PV technologies in terms of cost-

effectiveness. In addition to amorphous silicon solar cell, other relatively low cost PVs4 

manufactured from thin film technology such as copper-indium-gallium-diselenide 

(CIGS),5 cadmium telluride (CdTe),6 dye-sensitized solar cell (DSSC),7 and organic 

photovoltaics (OPVs),8 the last one being the subject in this thesis.  

 

Figure 1.1 – Chart of best power conversion efficiencies in different PV technoligies, 
adapted from National Renewable Energy Laboratory. 

Extensive research is required to pursue better performance with good stability of 

OPVs for low cost energy with great impact to society. In this thesis new types of 

polymers as known as conjugated polymers and all-conjugated block copolymers that one 

block is an electron donor polymer whereas the other one is an electron acceptor polymer 
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for OPVs are developed and their optical and thermal properties and the influences to 

OPVs are also investigated.  

1.2. Conjugated polymers 

Conjugated polymers have received enormous attention since their discovery in 

the late 70s, recognized by the Nobel Prize in Chemistry awarded in 2000.9 Conjugated 

polymers are currently being investigated for organic electronic applications due to the 

electrical conductivity and optoelectrical properties, including field-effect transistors 

(OFETs),10-13 light emitting diodes (OLEDs),14-19 and photovoltaics (OPVs),20-23 

sensors,24,25 and electrochromic devices26 and they offer potentially low-cost solution 

processing strategies other benefits such as flexibility and transparency which are 

challenging to achieve in inorganic materials.27-29  

The �-conjugated system in polymers offers unique physical properties to 

polymers and enables charge transport, electroluminescence and optical absorption.30,31 

The charge transporting property makes conjugated polymer be a suitable candidate for 

the semi-conductive layer between source and drain in thin film transistor (TFT) devices 

as an example shown in Figure 1.2(a). Upon applying voltage/electrical field via a 

metallic gate in the device (UG), the conductivity of a conjugated polymer changes when 

the drain voltage (UD) is greater than threshold voltage. The conjugated polymer can 

transport either electron or hole depending on its lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) energy levels relative to the 

contact as described in Figure 1.2(b). OFET was first described in 1987 with a conjugated 

polymer poly(3-hexylthiophene) (P3HT) as a p-type (hole conducting) channel with 

mobility 2 × 10-5 cm2V-1s-1 extracted from the slope of drain current versus drain voltage 

curve in saturation region (Figure 1.2(c)).32,33 With further understanding in poly(3-
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alkylthiophene) (P3AT) molecular weight dependent crystallinity, side-chain effect and 

nanostructure orientation, the mobility on P3HT can be pushed up to 0.1 cm2V-1s-1. 34-38  

 

Figure 1.2 – (a) Scheme of a bottom-gate top-contact OFET,13 (b) energy level of 
contact-polymer for representing charge transport between contact and polymer,13 (c) 
Output characteristics plot an OFET device made from P3HT as semiconductive layler 
where the polymer is hole conductive.32,33 

Although some other small organic molecules such as pentacene (5 cm2V-1s-1)39 

already surpass the amorphous silicon TFT mobility of 0.5~1 cm2V-1s-1, conjugated 

polymers are still competitive to amorphous silicon TFT with hole mobility up to 0.72 

cm2V-1s-1 from poly[2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene] (PBTTT) 

(chemical structure is shown in Figure 1.3) as a p-channel polymer.40,41 Several other 

conjugated polymers such as carbazole-based p-channel poly(indolo[3,2-b]carbazole-3,9-

diyl) (PCB)42 with hole mobility of 0.02 cm2V-1s-1, thiophene-based p-channel poly(2,5-

bis(thiophene-2-yl)-(3,7-ditridecanyltetrathienoacene) (P2TDC13FT4)43 with hole 

mobility of 0.33 cm2V-1s-1 have been developed. In addition, the first n-channel (electron 

(a) (c)

(b)
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conductive) polymer poly(benzobisimidazobenzophenanthroline) (BBL)44 with electron 

mobility 0.1 cm2V-1s-1, BBL corresponding n-channel polymer BBB44 with electron 

mobility 10-6 cm2V-1s-1 and poly(N,N'-dialkylnaphthalenedicarboximidedithiophene) 

P(NDI2OD-T2)45,46 with electron mobility 0.45~0.85 cm2V-1s-1. The chemical structures 

for above conjugated polymers with the hole/electron mobility are provided in Figure 1.3. 

The details of these polymers can be found in the corresponding references. 

 

Figure 1.3 – Chemical structure of the p-channel and n-channel conjugated polymers and 
the reported hole/electron mobility.  

In addition to the charge transporting property, conjugated polymers can be used 

in OLEDs for electroluminescence and OPVs for optical absorption and charge 

generation by incorporating two materials with compatible HOMO/LUMO levels as 

schemed in Figure 1.4(a) and Figure 1.4(b), respectively. In an OLED device (shown in 

p-channel polymers

PBTTT (R=C14H29)
� = 0.72 cm2V-1s-1

n-channel polymers

PCB (R=C8H17)
� = 0.02 cm2V-1s-1

P2TDC13FT4 (R=C13H27)
� = 0.33 cm2V-1s-1

BBL
� = 0.1 cm2V-1s-1

BBB
� = 10-6 cm2V-1s-1

N

N

C8H17

O

O

C8H17

O

O

C10H21

C10H21

S

S
n

P(NDI2OD-T2)
� = 0.85 cm2V-1s-1



�

6�
�

Figure 1.5(a)), the light is generated by excitation of electric current which is injected 

from electrodes and recombine in conjugated polymers. The electroluminescent 

characteristics of conjugated polymers directly decide the emitting wavelengths from the 

devices.47 A few examples of conjugated polymers such as poly(9�,9�-dioctylfluorene) 

(PF)48 and poly[2-methoxy-5-(2�-ethylhexyloxy)-p-phenylenevinylene] (MEH�PPV)49 

implemented in OLED and their emitting wavelengths are shown in Figure 1.5(b). 

Further material developments, processing and device structures are also important to 

improve the performance of OLED. Nonetheless, these will not be discussed in this thesis 

while conjugated polymers for OPVs are our focus and it will be separately discussed in 

the next section.  
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Figure 1.4 – (a) Representative energy diagram for an OLED that electron and hole 
recombine within a material after electron and hole are injected from cathode and anode, 
respectively. (b) Representative energy diagram for an OPV that an electron-hole pair is 
generated in an electorn-donor material upon photon excitation and after charge 
separation the electron transports through a electron-acceptor material to cathode while 
hole transports to anode. 

 

Figure 1.5 – (a) The basic structure of an OLED and (b) examples of conjugated 
polymers, PF and MEH-PPV and, for OLED with their emitting wavelength.  
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1.3. Organic photovoltaics (OPVs) 

The need of renewable, environment-friendly and cheaper energy resources drives 

research for low-cost organic photovoltaic devices. Polymer-based solar cells represent 

potentially inexpensive and easily processible materials for converting light into 

electricity. OPVs have superior properties over silicon–based solar cells such as cheap 

synthetic materials, roll-to-roll process in thin film devices, and broad light absorption 

wavelength via combining several conjugated polymers,20,50 The photo-conversion 

efficiency of organic solar cells has remarkable increase in recent years with reported 

certified efficiency values of up to 12% achieved by Heliatek and 8.4% for fullerene-free 

OPV.51 This increase over decade has relied on understanding of synthetic discoveries, 

underlying physics, cell structures, and morphological improvement. Nonetheless, more 

works are needed to make OPVs viable for practical applications. In this section we give 

an overview on the device structure, process converting ray into electricity, optimization 

consideration, and obstacles that we have targeted to solve. 

1.3.1. OPV device architectures and mechanism 

Organic photovoltaics are made by depositing one of more semi-conductive 

organic molecules, oligomers, or polymers in a thin film (around 100 nm) between anode 

and cathode electrodes as depicted in Figure 1.6 for four different architectures of OPVs. 

Examples for these four device architectures will be discussed in the following 

paragraphs. The 100 nm thickness of organic solar cells is about 1,000 times thinner than 

that of crystalline silicon solar cells and roughly 10 times thinner than that in inorganic 

thin film cells.52 Large area of polymer thin films can be deposited quickly and cheaply 

by spin-coating, screen-coating, spray coating, and ink jet printing, significantly reducing 

processing cost and guaranteeing thin, flexible devices. 
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Figure 1.6 – Device architectures for OPVs: (a) single layer OPV, (b) bilayer 
heterojunction, (c) bulk heterojunction (BHJ) and (d) ordered bulk heterojunction.53  

The function of conjugated polymers in active layer of devices involves four steps 

(as shown in Figure 1.7): (i) photon absorption by the active layer and exiton generation, 

(ii) exciton transportation to the interface of donor and acceptor, (iii) charge separation, 

(iv) transportation of charges to corresponding electrodes. Organic semiconductors have 

large absorption coefficient.20 Thus an active layer of thickness around 100 nm is 

sufficient to absorb all the light at their peak absorption wavelength. A characteristic 

domain size about 10~20 nm is desired due to the penetration length of exiton.52  

 

(a) (b) (c) (d)



�

10�
�

 

Figure 1.7 – Principle of charge separation in a solar cell.52 

One of the first reported conjugated polymers for OPVs used poly(phenylene 

vinylene) (PPV) as the active layer sandwiched between indium-tin oxide (ITO) and 

metal for single layer OPV architecture.54 This produced an open circuit voltage (Voc) 

between 1.2V and 1.7 V depending on the metal used. However, the extremely low 

photocurrent with around 0.1 to 1% external quantum efficiency (EQE) which may 

attribute from the recombination of electron and hole after photon excitation. The 

importance of combining two distinct organic semiconductors in the active layer was 

recognized in 1986 with using bi-layer structures (Figure 1.6.(b)) and gives relatively 

high performance ~ 1%.55 OPVs that combine an electron donor with an electron 

acceptor exhibit significant improved performance compared with OPVs with only one 

organic semiconductor. The direction of change transportation toward electrodes can be 

guaranteed in bi-layer structures and reduce the chances of charge recombination. 

However, the interfacial area between donor and acceptor materials is limited in bi-layer 

architecture, and the interfacial area plays an important role in separating excited state 

into positive and negative charges.56,57 
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Bulk heterojunction (BHJ) solar cells were developed to increase the interfacial 

area between donor and acceptor materials. In a BHJ architecture (Figure 1.6(c)) both 

electron donor and electron acceptor materials are uniformly mixed through the active 

layer, leading to a much larger interfacial area distributed through entire active layer. 

BHJ architectures were also considered to reduce the travel distance for excitons to reach 

charge separation interfaces.58 The pathway for transporting hole and electron are 

demanded in that the separated charges can rapidly reach corresponding electrodes before 

recombination happens50 Hence, an ideal type of BHJ has been proposed as shown in 

Figure 1.6.(d) with an average length scale of 10~20 nm equal to or less than the exciton 

diffusion length. This can possibly be achieved through self-assembly of block 

copolymers59 and inorganic template nanostructures filled with organic materials60 Our 

goal on BHJ solar cells is to prepare all-conjugated block copolymers and optimize 

morphologies under different processing conditions to understand the nanostructure 

dependent properties of materials and the resulting OPV device performance. 

1.3.2. Performance parameters of OPVs 

The current-voltage plot can be used to extract important information of 

photovoltaic devices. The power conversion efficiency (PCE, �p) of a solar cell is defined 

as the ratio between the maximum deliverable electrical power (Vm × Jm) to the incident 

light power (Pinc), as well as in terms of the relevant parameters derived from the current–

voltage plot (Figure1.8.). The �p can be incorporated with three parameters of the short-

circuit current density (Jsc), the open circuit voltage (VOC), and fill factor (FF) for 

substitution of the current and voltage at the maximum power point (Jm and Vm, 

respectively). 
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Figure 1.8 – Typical current–voltage characteristics for dark and light current in a solar 
cell. Embended equations are for calculation of power efficiency (�p) conversion and fill 
factor (FF).50 

1.3.3. Improving OPVs from material developments 

A prototypical BHJ OPVs system of P3HT:PCBM (PCBM stands for phenyl-C61-

butyric acid methyl ester) has been explored for the last decade.61,62 The performance in 

these devices is almost optimal. For pursuing better efficiency of organic solar cell, the 

research on new materials is necessary. All-polymer solar cells in which n-type 

conjugated polymer is used as electron acceptor instead of fullerene show some 

advantages such as high absorption coefficient in the visible light region and tunable 

energy level owing to structural variety63 The solar spectrum under AM 1.5 conditions 

(the sun being at 45o above the horizon) is depicted in Figure 1.9. The photon flux is 

important in determining the number of electrons generated from solar cells. P3HT which 
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only absorb light at wavelength about 450 nm and most of photon flux is at wavelength 

above 500 nm. A common strategy to improve efficiency of OPV is to use low band gap 

polymers. Above 40% of photons from sun can be harvested while the absorption band of 

donor or donor-acceptor blend can extend the range of 350-826 nm50,64 The enhancement 

of light absorption incorporated with well-defined nanostructures in active layer is 

considered to be the key toward higher efficiency. 

 

Figure 1.9 – Photon flux as function of wavelength with the example of P3HT UV-VIS 
absorbance as function of wavelength. 

In addition, the fluorene based conjugated polymers as active materials in 

electronic devices become attractive due to tunable optoelectronic properties depending 

on chemical structures.65 Polyfluorene is a wide bandgap material with good photo-

fluorescence in blue region. The choice of co-monomer unit can determine the bandgap, 

HOMO and LUMO levels in materials. The candidates of co-monomers are generally the 
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materials emitting fluorescence colors at spectrum position higher than 500 nm as 

depicted in Figure 1.10. Several OPV researches have been conducted with using these 

fluorene based copolymers mixing with PCBM for improving OPV performance such as 

Bis-EH-PFDTBT66 and PCDTBT.67  

 

Figure 1.10 – Position of the fluorescence colors of several fluorene co-monomers in the 
visible spectrum.65 

In addition to broadening light wavelength absorption, the use of low-bandgap 

polymers serving as n-type materials have potential to achieve larger Voc (>1 V) while 

incorporating with p-type polymers such as P3HT. In this thesis research, we synthesized 

several fluorene-based copolymers which will be electron acceptor materials and be 

compatible with the energy levels of P3HT. Then, optimization of the nanostructures of 

these all-conjugated block copolymers will be the next task. 

1.3.4. Improving OPVs from morphology of the active layer 

The morphology in the active layer of BHJ OPVs is one of the key factors leading 

to efficient performance. A schematic for BHJ OPVs consisting of both conjugated 

polymer and fullerene is shown in Figure 1.11(left). In general, the final structure of 
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active layer is a result of various non-equilibrium processes, including polymer 

crystallization and phase separation that occur during film casting and annealing.68,69 A 

variety of methods have been implemented to control the length scale interface structure 

and crystallinity of the active layers including the use of processing additives70-72 and top-

down approaches to patterning.73-75 For OPVs that comprised of all polymers, the 

morphology and the optimization of devices have been studied by means of 

composition,76 casting solvents,77 annealing temperatures,78 nanoimprint lithography73 

and block copolymer self-assembly,59,79,80 Although all-conjugated block copolymers 

with p- and n- type blocks are considered an effective way to achieve optimal structures 

and superior performance, the simplicity of using polymer blends is still widely 

studied.77,78,81,82 

 

Figure 1.11 – Schematics for the active layer morphologies of bulk heterojunction OPVs 
(left)83,84 and all-conjugated block copolymer OPVs (right). 

The structure in BHJ device has been used to create more efficient polymeric 

photovoltaics in a relatively simple route that a solution of mixture of donor and acceptor 

is casted on substrate forming a blend film.74,85 However, the resulting structure is in 

random orientation, phase separation due to thermodynamically favorable process 

(mainly dependent on Flory-Huggins parameter)86 or high crystallinity in one component 

molecular
< 10 nm

mesoscale
10 – 100 nm

Block Copolymer OPVsBulk heterojunction OPVs
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such as P3HT.87,88 Block copolymers can potentially be used to control the size and the 

orientation of the phase-separated domains through self-assembly into well-defined donor 

and acceptor domains as shown in Figure 1.11 (right). 

Block copolymers comprised of two-conjugated polymer blocks, known as all-

conjugated block copolymers,89 can potentially address many of the current challenges in 

morphology and interfacial structure control for OPVs. All-conjugated block copolymers 

are an emerging class of materials comprised of two or more conjugated polymer chains. 

Such block copolymers combine the optoelectronic properties of semiconductive 

polymers with structure control through micro-phase segregation90-92 and 

crystallization.93,94 Donor-acceptor all-conjugated block copolymers comprised of both p-

type and n-type polymer blocks are of particular interest for OPVs.80,95 Selected examples 

of all-conjugated block copolymers are shown in Scheme 1.89,93,96-106 The micro-phase 

segregation of diblock copolymer typically leads to domain sizes of 5-100 nm with 

various morphologies, depending on the volume fraction of block.107,108 For the above 

reasons, in this thesis research we prepared all-conjugated block copolymers with varying 

block sizes for processing condition studies.  

1.4. Thesis objectives and outlines 

The key objective in this thesis is to develop all-conjugated block copolymers 

which comprise of an electron donor block and an electron acceptor block for the OPV 

application. Polymer synthesis, modification, processing-dependent morphology study in 

all-conjugated block copolymers and OPV device fabrication are studied in this thesis.  

Chapter 2 presents development for synthesis of poly(3-alkylthiophene) (P3AT)-

based all-conjugated block copolymers with a covalent linker between the electron donor 

polymer and the electron acceptor polymer. A two-step reaction with combination of 
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Grignard metathesis polymerization (GRIM) followed by Suzuki-Miyaura poly-

condensation reaction for preparing three various all-conjugated block copolymers by 

incorporating different monomers in Suzuki-Miyaura poly-condensation step. This 

chapter is included in Yen-Hao Lin, Kendall A. Smith, Chloe N. Kempf, Rafael 

Verduzco, “Synthesis and Crystallinity of All-Conjugated Poly(3-hexylthiophene) Block 

Copolymers,” Polymer Chemistry, 2013, 4(2), 229-232. Portions of this chapter are 

included in Yen-Hao Lin and Rafael Verduzco, “Synthesis and Process-Dependent Film 

Structure of All-conjugated Copolymers for Organic Photovoltaics,” The American 

Chemical Society Symposium of Polymer Composites for Energy Harvesting, Conversion 

and Storage, 2014, Chapter 3, 49-70. 

Chapter 3 provides a thorough investigation on the processing-dependent 

nanostructures on all-conjugated block copolymers with focus on a model example of 

poly(3-hexylthiophene) –b–poly(9�,9�-dioctylfluorene) (P3HT–b–PF) with varying block 

ratios. In contrast to previous researches that P3HT always dominates the nanostructures, 

here we provide rich processing dependence on the nanostructures of P3HT–b–PF as well 

as the resulting thermal and optical properties. This chapter is included in Yen-Hao Lin, 

Kevin G. Yager, Bridget Stewart, Rafael Verduzco, “Lamellar Structures of Solvent 

Annealed All-Conjugated Block Copolymers,” Soft Matter, 2014, 4(2), 3817-3825. 

Portions of this chapter are included in Yen-Hao Lin and Rafael Verduzco, “Synthesis 

and Process-Dependent Film Structure of All-conjugated Copolymers for Organic 

Photovoltaics,” The American Chemical Society Symposium of Polymer Composites for 

Energy Harvesting, Conversion and Storage, 2014, Chapter 3, 49-70. 

Chapter 4 presents a breakthrough in non-fullerene OPV with using an all-

conjugated block copolymer poly(3-hexylthiophene)–b–poly(2,7-(9�,9�-dioctyl-fluorene)-

alt-5,5-(4�,7�-di-2-thienyl-2�,1�,3�,benzothiadiazole) (P3HT–b–PFTBT) which achieves a 

record ~3% performance. This chapter will discuss how nanostructures of this block 
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copolymer improve the device performance. This chapter is included in Changhe Guo, 

Yen-Hao Lin, Mathew D. Witman, Kendall A. Smith, Cheng Wang, Alexandar Hexemer, 

Joseph Strzalka, Enrique D. Gomez, Rafael Verduzco, “Conjugated Block Copolymer 

Photovoltaics with near 3% Efficiency through Microphase Separation,” Nano Letters, 

2013, 13 (6), 2957-2963. 

Chapter 5 provides an unconventional method for all-conjugated block copolymer 

with using hydrogen bonding interaction to resolve macro-phase separation issue in 

polymer blends. We demonstrate the synthesis of a quadruple hydrogen bonding group, 

2-ureido-4[1H]-pyrimidinone (UPy), and its impact to resolve the macro-phase separation 

issue in polymer blends together with the capability to enhance the energy transfer 

between an electron donor material and an electron acceptor material. This chapter is 

included in Yen-Hao Lin, Seth B. Darling, Maxim P. Nikiforov, Joseph Strzalka, Rafael 

Verduzco, “Supramolecular Conjugated Block Copolymers,” Macromolecules, 2012, 45, 

6571-6579. 

Chapter 6 studies the OPV devices with a quadruple hydrogen bonding mediation 

on P3HT and PFTBT polymer blends and blends with PCBM. Although the miscibility of 

blends is improved from the morphological study, there is no pronounced improvement 

for device performance probably because the improved miscibility surrenders the fill 

factor due to enlarged bulk resistance which is evidenced from impedance spectroscopy 

study. 

The last, chapter 7 gives a few possibilities with preliminary results for future 

works which may lead to breakthrough in OPVs developments. This chapter also 

includes some notes for OPV device fabrication. 

Appendix A lists publications associated with this thesis and Appendix B 

provides all reprints for the publications. 
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Chapter 2 

Synthesis and Crystallinity of All-Conjugated Poly(3-hexylthiophene)  
Block Copolymer 

This chapter is included in Yen-Hao Lin, Kendall A. Smith, Chloe N. Kempf, 

Rafael Verduzco, “Synthesis and Crystallinity of All-Conjugated Poly(3-hexylthiophene) 

Block Copolymers,” Polymer Chemistry, 2013, 4(2), 229-232. Portions of this chapter are 

included in Yen-Hao Lin and Rafael Verduzco, “Synthesis and Process-Dependent Film 

Structure of All-conjugated Copolymers for Organic Photovoltaics,” The American 

Chemical Society Symposium of Polymer Composites for Energy Harvesting, Conversion 

and Storage, 2014, Chapter 3, 49-70. 

 

A simplified approach towards the synthesis of high molecular weight (Mw > 50 

kg/mol) poly(3-hexylthiophene) (P3HT)-based all-conjugated block copolymers is 

demonstrated and applied to prepare a series of all-conjugated block copolymers. 

Grazing-incidence X-ray scattering measurements show that P3HT crystallization is 

suppressed in all-conjugated block copolymers with low (< 25 wt%) P3HT content. 
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2.1. Introduction 

Most approaches for making donor-acceptor all-conjugated block copolymers, 

which incorporate both n- and p-type polymer blocks, rely on distinct polymerization 

reactions for each polymer block, including GRIM, Suzuki-Miyaura, and Stille 

polymerization reactions.1-6 All-conjugated block copolymers are generally synthesized 

from two general strategies depicted schematically in Figure 2.1: (a) through a macro-

reagent approach involving sequential polymerization reactions; and (b) through the 

coupling of two conjugated polymers with controlled end-functionalities. Both strategies 

have advantages and limitations. While the macro-reagent approach is generally more 

straightforward and versatile, the coupling approach gives better control over the 

molecular weight of each polymer block separately. However, the coupling approach 

requires good end-group control for two separate conjugated polymer blocks. 
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Figure 2.1 – Approaches for synthesis of all-conjugated block copolymers via (a) macro- 
reagent and (b) covalent/supramolecular coupling. 

Alternative approaches to the two mentioned above are limited but include the 

“all-GRIM” approach which has been applied for the synthesis of block 

copolythiophenes7-20 and P3HT–b–PF.12 The advantage of “all-GRIM” is potentially 

improved control over the polymerization reaction of both blocks. However, “all-GRIM” 

is limited in terms of applicability to different monomeric repeat units. The reader is 

referred to recent reviews for more information on this synthetic approach.21-23 

Studies on all-conjugated block copolymers are limited, due in large part to 

synthetic challenges.1,3-5,10,16,24-30 Recent work has demonstrated the preparation of block 

copolythiophenes using Grignard metathesis polymerization (GRIM)7-19 resulting in 

block copolymers with two p-type blocks and similar optoelectronic properties. Most 

approaches for making donor-acceptor all-conjugated block copolymers, which 

incorporate both n- and p-type polymer blocks, take advantage of distinct polymerization 

�
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reactions for each polymer block, including GRIM, Suzuki-Miyaura, and Stille 

polymerization reactions.2-5 A drawback of these methods is that they typically result in 

relatively low molecular weight block copolymers with significant amounts of 

homopolymer impurities that can only be removed using tedious column purification 

techniques.4,5,26 

In this work, we report an improved route to the synthesis of all-conjugated block 

copolymers via GRIM followed with Suzuki-Miyaura polycondensation as depicted in 

Figure 2.2. We show that the use of a LiCl additive during GRIM allows for the 

preparation of high molecular weight block copolymers with little or no homopolymer 

impurities. This improved synthetic method is applied to the preparation of three different 

P3HT block copolymers. The molecular weights, polydispersities, and block ratios are 

measured using a combination of size-exclusion chromatography with refractive index 

(SEC-RI) and UV-VIS absorbance (SEC-UVVIS) detection and nuclear magnetic 

resonance spectroscopy (NMR). The morphology and thermal properties of the materials 

are characterized using X-ray diffraction (XRD), grazing-incidence wide-angle X-ray 

scattering (GIWAXS), and differential scanning calorimetry (DSC). In contrast to 

previous work with P3HT-based block copolymers, we observe suppression of P3HT 

crystallinity in high molecular weight all-conjugated block copolymers, but at more 

balanced block ratios crystallization of both blocks is achieved. This work provides an 

improved synthetic method for preparing high-molecular weight all-conjugated block 

copolymers and the first examples of all-conjugated block copolymers with crystallinity 

determined by polymer block ratios. 
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Figure 2.2 – Preparation of all-conjugated P3HT block copolymers via Grignard 
metathesis polymerization with LiCl additive followed by Suzuki-Miyaura 
Polycondensation. aconditions for Suzuki-Miyaura: Pd(PPh3)4, toluene, water, 90 °C. An 
equimolar ratio of 9�,9�-dioctylfluorene-2�,7�-diboronic acid ester and corresponding 
dibromo monomer is used. 

�

2.2. Experimental methods 

2.2.1. Materials 

2,5-dibromo-3-hexylthiophene31 and 4,7-di-2�-(5�-bromo)-thienyl-2�,1�,3�,-benzo-

thiadiazole)32 were synthesized as previously described. All other reagents were 

purchased from Sigma-Aldrich and used as received.  
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Poly(3-hexylthiophene) (P3HT-Br). The synthetic procedure is a slightly 

modified from a previous report.33 In a 50 mL flask purged with nitrogen gas, 2,5-

dibromo-3-hexylthiophene (1.9 g, 5.82 mmol) was dissolved in anhydrous THF (5 mL), 

and the solution was stirred under nitrogen at 0 °C for 15 minutes. A solution of 

isopropyl magnesium chloride and LiCl (1.3 M) in THF (4.48 mL, 5.82 mmol) was added, 

and the mixture was stirred for 2 hours. 25 mL of THF was then added before adding 

Ni(dppp)Cl2 (105.15 mg, 0.194 mmol), and the mixture was stirred for 15 minutes. The 

reaction was quenched by adding 5 M HCl (2 mL, 10 mmol), and the solution was stirred 

for another 15 minutes. The final mixture was collected by precipitation in cold methanol 

and washed with hexanes and dried under vacuum. Yield: 92%. 1H NMR (500 MHz, 

CDCl3), 
 (ppm): 6.95 (1H, Aryl—H), 2.82 (2H, C—CH2—C5H11), 1.70 (2H, CH2—

CH2—C4H9), 1.35 (6H, CH2—C3H6—CH3), 0.92 (3H, CH2—CH3). Molecular weight 

and PDI are provided in Table 2.1 in results and discussions section.  

Poly(3-hexylthiophene)–b–poly(9�,9�-dioctylfluorene) (P3HT–b–PF) 

(P3HT36–b–PF100 and P3HT81–b–PF105). In a representative procedure, P3HT-Br 

(124 mg, 0.031 mmol), 9�,9�-dioctylfluorene-2�,7�-diboronic acid ester (781 mg, 1.4 

mmol), 2�,7�-dibromo-9�,9�-dioctylfluorene (706 mg, 1.288 mmol), tetrakis-

(triphenylphosphine) -palladium(0) (75 mg, 0.065 mmol), and aliquat 336 (3 drops) were 

added to a Schlenk tube loaded with nitrogen-purged toluene (25 mL) and an aqueous 

solution of Na2CO3 (2M, 10 mL). The reaction was stirred at 90 °C for 1 day. The final 

mixture was collected by precipitation in cold methanol, and the crude product was 

further purified by washing in a Soxhlet extractor with acetone and then hexanes. The 

undissolved residue was collected and dried under vacuum. Yield: 80%. 1H NMR (500 

MHz, CDCl3) (see Figure 2.2), 
 (ppm): 7.5-7.8 (6H; Aryl—H), 6.95 (1H, Aryl—H), 

2.82 (2H, C—CH2—C5H11), 2.1 (4H; CH2—C7H15), 1.70 (2H, CH2—CH2—C4H9), 1.35 
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(6H, CH2—C3H6—CH3), 1.13 (20H; CH2—C5H10—CH3), 0.92 (3H, CH2—CH3), 0.80 

(6H; C7H14—CH3). Molecular weight and PDI are provided in Table 2.1 in results and 

discussions section. 

Poly(3-hexylthiophene)–b–poly[(9�,9�-dioctylfluorene)-alt-(2�,3�,5�-

benzothiadiazole)] (P3HT–b–PFBT) (P3HT51–b–PFBT66 and P3HT81–b–PFBT90). 

In a representative procedure, P3HT-Br (74.4 mg, 0.0062 mmol), 9�,9�-dioctylfluorene-

2�,7�-diboronic acid ester (346 mg, 0.62 mmol), 4,7-dibromobenzo[1,2,5] thiadiazole (181 

mg, 0.61 mmol), tetrakis-(triphenylphosphine)-palladium(0) (75 mg, 0.065 mmol), and 

aliquat 336 (3 drops) were added to a Schlenk tube loaded with nitrogen-purged toluene 

(25 mL) and an aqueous solution of Na2CO3 (2M, 10 mL). The reaction was stirred at 90 

°C for 1 day. The final mixture was collected by precipitation in cold methanol, and the 

crude product was further purified by washing in a Soxhlet extractor with acetone and 

then hexanes. The undissolved residue was collected and dried under vacuum. Yield: 

83%. 1H NMR (500 MHz, CDCl3) (see Figure 2.3.), 
 (ppm): 7.3-8.2 (8H; Aryl—H ), 

6.95 (1H, Aryl—H), 2.82 (2H, C—CH2—C5H11), 2.1 (4H; CH2—C7H15), 1.70 (2H, 

CH2—CH2—C4H9), 1.35 (6H, CH2—C3H6—CH3), 1.13 (20H; CH2—C5H10—CH3), 0.92 

(3H, CH2—CH3), 0.80 (6H; C7H14—CH3). Molecular weight and PDI are provided in 

Table 2.1 in results and discussions section. 

Poly(3-hexylthiophene)–b–poly(2,7-(9�,9�-dioctyl-fluorene)-alt-5,5-(4�,7�-di-2-

thienyl-2�,1�,3�,-benzothiadiazole) (P3HT–b–PFTBT) (P3HT51–b–PFTBT17 and 

P3HT81–b–PFTBT12). In a representative procedure, P3HT-Br (139 mg, 0.0116 mmol), 

9�,9�-dioctylfluorene-2�,7�-diboronic acid ester (506 mg, 0.9 mmol), 4,7-di-2�-(5�-bromo)-

thienyl-2�,1�,3�,-benzothiadiazole) (407 mg, 0.89 mmol), Tetrakis-(triphenylphosphine)-

palladium(0) (75 mg, 0.065 mmol), and aliquat 336 (3 drops) were added to a Schlenk 

tube loaded with nitrogen-purged toluene (25 mL) and an aqueous solution of Na2CO3 
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(2M, 10 mL). The reaction was stirred at 90 °C for 1 day. The final mixture was collected 

by precipitation in cold methanol and the crude product was further purified by washing 

in a Soxhlet extractor with acetone and then hexanes. The undissolved residue was 

collected and dried under vacuum. Yield: 70%. 1H NMR (500 MHz, CDCl3) (see Figure 

S3), 
 (ppm): 8.18 (2H), 7.94 (2H), 7.6-7.8 (6H; Aryl—H), 7.49 (2H) , 6.95 (1H, Aryl—

H (P3HT)), 2.82 (2H, C—CH2—C5H11), 2.1 (4H; CH2—C7H15), 1.70 (2H, CH2—CH2—

C4H9), 1.35 (6H, CH2—C3H6—CH3), 1.13 (20H; CH2—C5H10—CH3), 0.92 (3H, CH2—

CH3), 0.80 (6H; C7H14—CH3). Molecular weight and PDI are provided in Table 2.1 in 

results and discussions section. 
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Figure 2.3 – 1H NMR spectrum of P3HT36–b–PF100 (top) and P3HT81–b–PF105 
(bottom). 
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Figure 2.4 – 1H NMR spectrum of P3HT51–b–PFBT 66 (top) and P3HT81–b–PFBT90 
(bottom). 
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Figure 2.5 – 1H NMR spectrum of P3HT51–b–PFTBT17 (top) and P3HT81–b–
PFTBT12 (bottom). 
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2.2.2. Instrumentation 

Size Exclusion Chromatography (SEC). Molecular weights and polydispersities 

were obtained by SEC using an Agilent 1200 module equipped with three PSS SDV 

columns in series (100, 1000, and 10 000 Å pore sizes), an Agilent variable wavelength 

UV/visible detector, and a Wyatt Technology Optilab reX RI detector. This system 

enables SEC with simultaneous refractive index (SEC-RI) and UV-VIS detection. THF 

was used as the mobile phase at a flow rate of 1mL/min at 40 °C. Polystyrene relative 

molecular weights are calculated using Astra Software Version 5.3.4.  

The molecular weight distributions for each polymer block and corresponding 

homopolymer impurities can be obtained by SEC-UVVIS analysis at two distinct 

wavelengths. By using a wavelength specific to one polymer block, we first obtain the 

molecular weight distribution for one block. 450 nm (specific to P3HT), 500 nm (specific 

to P3HT), and 550 nm (specific to PFDTBT) were used for P3HT–b–PF, P3HT–b–PFBT, 

and P3HT–b–PFDTBT, respectively. PF and PFBT exhibit no measureable absorbance at 

450 and 500 nm, respectively, while P3HT exhibits no measureable absorbance at 550 

nm. Next, SEC-UVVIS analysis a second wavelength sensitive to both polymer blocks 

can be corrected to obtain the molecular weight distribution of the second block. In the 

case of P3HT–b–PF, analysis at 380 nm is sensitive to both blocks, but the contribution 

of P3HT to the signal is subtracted using the 450 nm SEC-UVVIS trace and the 

absorbance ratio for P3HT at 450nm relative to 380 nm, measured independently to be 

1.82. The 380 nm absorbance trace presented in Figure S5 is the result of this subtraction 

and reflects the molecular weight distribution of the PF block only. Similar analysis was 

carried out for P3HT–b–PFBT and P3HT–b–PFDTBT. 300 nm and 500 nm were used for 

analysis of P3HT–b–PF, with a measured absorbance ratio of 0.12 for P3HT at 500nm 
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relative to 300 nm. 550 nm and 450 nm were used for P3HT–b–PFDTBT, with a 

measured absorbance ratio of 3.2 for PFODTBT at 550 nm relative to 450 nm 

Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectroscopy 

was performed on Varian 500 MHz. Samples were placed in 5 mm o.d. tubes with sample 

concentrations of about 5 mg/mL. Solvents contain 0.05% TMS as an internal standard. 

Spectra were processed using 1D NMR Processor in ACDLABS 12.0. 

Ultraviolet-Visible Absorbance Spectroscopy (UV-VIS). UV-VIS 

measurements were carried out with a Varian Cary 50 spectrophotometer with scan range 

of 190 nm – 1100 nm at the Center for Functional Nanomaterials at Argonne National 

Laboratory. Samples were prepared by stirring 1 mg/mL solutions in CHCl3 and diluted 

to a concentration of approximately 1 �g/mL immediately before measurement. 

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry 

measurements were performed using a TA Instrument DSC Q10 with a ramp rate of 5 

°C/min under N2 flow. Samples about 3 mg were placed in hermetic pans from Thermal 

Support Inc.  

Wide-angle X-ray diffraction (XRD). X-ray diffraction was performed with 

Rigaku D/Max Ultima II with Cu K� radiation source. Samples were prepared by drop 

casting 6 mg/mL polymer CHCl3 solution on glass slide and dried under a stream of air. 

Then, samples were annealed to 220 °C and cooled to room temperature twice before 

measurement.  

Grazing-Incidence Wide Angle X-ray scattering (GIWAXS). Grazing 

incidence wide angle X-ray scattering measurements were carried out on Sector 8-ID-E at 

the Advanced Photon Source, Argonne National Laboratory.34 Beamline 8-ID-E operates 

at an energy of 7.35 keV and images were collected from a Pilatus 1MF camera (Dectris), 
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with two exposures for different vertical position of the detector. After flatfield correction 

for detector nonuniformity, the images are combined to fill in the gaps for rows at the 

borders between modules, leaving dark only the columns of inactive pixels at the center. 

Using the GIXSGUI package35 for Matlab (Mathworks), data are corrected for X-ray 

polarization, detector sensitivity and geometrical solid-angle. The beam size is 200 �m (h) 

x 20 �m (v). Sample detector distance is 204 mm. Sample measurement and thermal 

annealing were carried out under vacuum which is in the range of 2~3 × 10-6 bar, with the 

sample stage interfaced with a Lakeshore 340 unit. 

Couple samples (P3HT81–b–PFBT90 and P3HT51–b–PFTBT17) were carried 

out on X9 at National Synchrotron Light Source, Brookhaven National Laboratory. 

Beamline X9 operates at an energy of 14 keV and images were collected from a Pilatus 

1MF camera (Dectris). Using the GIXSGUI package35 for Matlab (Mathworks), data are 

corrected for X-ray polarization, detector sensitivity and geometrical solid-angle. Sample 

detector distance is 370 mm for wide-angle detector and 3091 mm for small-angle 

detector. Sample measurement and thermal annealing were carried out under vacuum 

which is in the range of 2~3 × 10-6 bar. 

2.3. Results and discussions 

Our synthetic strategy involves a combination of GRIM and Suzuki-Miyaura 

polymerizations as shown in Figure 2.2. GRIM is first carried out to synthesize a Br end-

functionalized P3HT (P3HT-Br) macroreagent, and P3HT-Br is subsequently utilized in a 

Suzuki-Miyaura polymerization reaction to make all-conjugated P3HT block copolymers. 

A high degree of end functionali zation of the P3HT-Br macroreagent is required to avoid 

residual P3HT homopolymer impurities, and this was accomplished using LiCl as an 

additive for the preparation of bromo-chloromagnesio-hexylthiophene monomer. LiCl 
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has been shown to be an effective additive for accelerating Grignard formation and 

producing P3HT with a high degree of end-group functionality.33,36,37 P3HT-Br was 

prepared using standard methods by the addition of Ni(dppp)Cl2 catalyst to the monomer 

solution to initiate GRIM.38 Three different sizes of P3HT were synthesized with 

relatively low PDI and regioregularity higher than 93%. Next, P3HT-Br was reacted in a 

Suzuki-Miyaura polycondensation reaction to prepare three different types block 

copolymers, each with a P3HT block and a second conjugated polymer block: poly(9�,9�-

dioctyl fluorene) (PF), poly(9�,9�-dioctyl fluorene-alt-benzothiadiazole) (PFBT), and 

poly(2,7-(9�,9�-dioctyl-fluorene)-alt-5,5-(4�,7�-di-2-thienyl-2�,1�,3�,benzothiadiazole) 

(PFTBT). PF, PFBT, and PFTBT have been previously studied for use in bulk-

heterojunction OPVs and OLEDs,39-41 and PFTBT may be particularly promising for use 

in block copolymer OPVs because it exhibits a broad absorbance and a low-lying HOMO 

level.42,43 A high and low molecular weight P3HT-Br macroreagent was used for each 

type of block copolymer, resulting in a total of six different block copolymers, as shown 

in Table 2.1. The formation of triblock copolymers is unlikely due to a low content of 

P3HT-Br macroreagent used in the Suzuki-Miayura polycondensation step (roughly 1 

mole % relative to monomers). 
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Polymers P3HTa

Mw
 (PDI) 

BCPa 
Mw

 (PDI) 
DP ratiosb  

(P3HT wt%) 

P3HT36–b–PF100 6.1 (1.16) 48.4 (1.86) 36:100 (13%) 

P3HT81–b–PF105 13.5 (1.32) 60.6 (1.87) 81:105 (25%) 

P3HT51–b–PFBT66 8.5 (1.19) 168 (3.61) 51:66 (20%) 

P3HT81–b–PFBT90 13.5 (1.32) 81.5 (2.24) 81:90 (22%) 

P3HT51–b–PFTBT17 8.5 (1.19) 19.7 (1.49) 51:17 (42%) 

P3HT81–b–PFTBT12 13.5 (1.32) N/Ac 81:12 (62%) 

aMw (kg/mol) and PDI for P3HT and block copolymers determined by comparison to a set of 
monodisperse polystyrene standards. Head-to-tail regioregularity of P3HT is greater than 93% for 
all samples as determined from 1H NMR. bDP ratios and P3HT content were determined by 1H 
NMR via comparison of the integrated intensity of P3HT aromatic peak (6.9 ppm) and fluorene 
alkyl peaks (2.2 ppm). cP3HT81–b–PFTBT12 contains primarily homopolymer impurities, and 
therefore an estimate for block copolymer molecular weight is not provided. 

Table 2.1 – Characteristics of all-conjugated P3HT block copolymers.  
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Figure 2.6 – SEC-RI analysis of block copolymers and corresponding P3HT-Br 
macroreagents. Intensities are normalized for clarity. 

A comparison of the characteristics of final block copolymer products produced 

(Figure 2.6 and Table 2.1) with previous reports using similar methods4-5 indicates that 
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the use of an LiCl additive enables the preparation of much cleaner and higher molecular 

weight block copolymers. With the exception of P3HT81–b–PFTBT12, a clear shift in 

the molecular weight distribution of the final products is observed relative to the starting 

P3HT homopolymers. For comparison, our previous attempts at making similar all-

conjugated block copolymers using similar methods (but without the LiCl additive) 

resulted in only modest shifts in the molecular weight distribution along with 

homopolymer impurities.5 Other reports using similar synthetic methods report the 

presence of significant homopolymer impurities or relatively low molecular weights for 

the second polymer block.6,26 The clear shift in the molecular weight distributions of the 

block copolymer products shown in Figure 2.6 indicates that little or no residual P3HT 

homopolymer remains, and all-conjugated block copolymers with a mass-averaged 

molecular weight Mw as high as 168 kg/mol (relative to polystyrene) are produced. 

Number-averaged molecular weights for each block estimated by SEC-RI are in 

relatively good agreement with 1H NMR estimates of P3HT content of the final block 

copolymers (see Table 2.1 and Figure 2.3, 2.4, and 2.5). In the case of P3HT81–b–

PFTBT12, the synthesis failed to produce significant amounts of block copolymer due to 

poor solubility of the PFTBT block and the resulting block copolymer. However, the use 

of a lower molecular weight P3HT macroreagent in the polycondensation reaction of 

PFTBT resulted in product with majority block copolymer in P3HT51–b–PFTBT17. 
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Figure 2.7 – (a) UV-VIS absorbance spectra for P3HT, PF, PFBT, and PFTBT 
homopolymers and (b) UV-VIS absorbance spectra for block copolymers. 
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Figure 2.8 – SEC-UVVIS traces for block copolymers and P3HT macroreagents. All 
traces are normalized for clarity. SEC-UVVIS traces at 380 nm for P3HT–b–PF, 300 nm 
for P3HT–b–PFBT, and 450 nm for P3HT–b–PFTBT were corrected as described in 
Experimental Methods. SEC-UVVIS traces for block copolymers reflect the molecular 
weight distribution of one polymer block only. 
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Analysis of the final product using SEC with UV-VIS absorbance detection (SEC-

UVVIS) provides additional information on homopolymer impurities (see Figure 2.7 and 

2.8). By using two different wavelengths for analysis, the molecular weight distributions 

for each polymer block can be obtained (see experimental methods for details of this 

analysis). For all BCP samples except for P3HT81–b–PFTBT12, SEC-UVVIS analysis 

indicates clean block copolymer product - a clear shift in the SEC-UVVIS traces 

corresponding to P3HT is observed as well a good match between SEC-UVVIS traces at 

both wavelengths. The purity of the final product is better for block copolymers with 

shorter P3HT blocks; both P3HT36–b–PF100 and P3HT51–b–PFBT66 exhibit excellent 

overlap between SEC-UVVIS traces corresponding to both polymer blocks, while some 

high molecular weight P3HT homopolymer may be present in P3HT81–b–PF105 and 

P3HT81–b–PFBT90. In the case of P3HT51–b–PFTBT17, some high molecular weight 

PFTBT homopolymer is present, but the product is primarily block copolymer. 

Deconvolution of the SEC-RI trace gives an estimate of approximately 15% for PFTBT 

homopolymer impurities in the final P3HT51–b–PFTBT17 product. 

Altogether, SEC-RI and SEC-UVVIS indicate the formation of clean all-

conjugated block copolymer products. The synthetic method enables the preparation of 

all-conjugated block copolymers with high molecular weights (Mw up to 168 kg/mol) and 

with varying molecular weight of the P3HT block. Importantly, the synthetic method is 

straightforward to implement, scalable, and provides the final product in good overall 

yield. 
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Figure 2.9 – DSC data for all-conjugated block copolymers and P3HT-Br macroreagents. 
Third heating cycles are shown for all samples, and a heating rate of 5 °C/min is used. 
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Prior studies on P3HT block copolymers have found that P3HT crystallization can 

dominate the morphology, suppressing micro-phase segregation and crystallization of the 

second block.9,44-46 Here, we are able to test whether this holds true in large (Mw > 50 

kg/mol) all-conjugated block copolymers with a semi-crystalline polymer block attached 

to a minority P3HT block. For all block copolymers, DSC indicates that the 

crystallization of P3HT is suppressed or shifted to lower temperatures, and as expected 

the effect is more pronounced in block copolymers with lower P3HT block ratios (Figure 

2.9). For block copolymers with larger P3HT blocks, P3HT81–b–PF105 and P3HT81–b–

PFBT90, a crystallization transition is observed at approximately 214 °C, a roughly 10 °C 

decrease in the crystallization temperature relative to the corresponding P3HT-Br 

macroreagent. P3HT crystallization is not observed for P3HT51–b–PFBT66 while the 

decrease in the crystallization temperature is approximately 15 and 20 °C for P3HT36–b–

PF100 and P3HT51–b–PFTBT17, respectively. P3HT81–b–PFTBT12 exhibits a 

transition near 224 °C matching that of the corresponding P3HT-Br homopolymer, as 

expected due to the presence of P3HT homopolymer impurities. In the case of P3HT36–

b–PF100, as discussed below, GIWAXS analysis indicates that the observed transition at 

153 °C corresponds primarily to crystallization of the PF block. Only P3HT81–b–PF105 

exhibits two transitions; one at 214 °C corresponding to P3HT crystallization and a 

second near 150 °C, corresponding to PF crystallization. 
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Figure 2.10 – XRD analysis of all-conjugated block copolymers and P3HT-Br. 

 

Figure 2.11 – GIWAXS measurement for P3HT-Br, P3HT36–b–PF100, P3HT81–b–
PF105, and P3HT51–b–PFBT66. All samples were thermally annealed at 230 °C and 
measured at 80 °C. Samples were measured at an incident angle of 0.25° and 20 second 
exposure time. All images plotted using the same color scale for the scattered intensity. 
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Figure 2.12 – Temperature-dependent GIWAXS measurements for block copolymer 
polymer thin films. (a) P3HT-Br81, (b) P3HT36–b–PF100, (c) P3HT81–b–PF105, (d) 
P3HT51–b–PFBT66, (e) P3HT81–b–PFBT90, (f) P3HT51–b–PFTBT17. Samples were 
heated from room temperature and measured at 80 °C, 160 °C and 230 °C before cooling 
and measuring again at 80 °C, as indicated for each sample from left to right. All samples 
were measured at an incident angle of 0.25° and 20 second exposure time. 

�
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XRD (Figure 2.10) and GIWAXS (Figure 2.11 and Figure 2.12) analysis confirms 

the low content of P3HT crystallinity in the block copolymer samples. P3HT–b–PFBT 

and P3HT–b–PFTBT block copolymers show only broad scattering peaks, while P3HT–

b–PF block copolymers exhibit crystalline peaks corresponding primarily to PF 

crystallites. Highly oriented crystallites are observed in P3HT36–b–PF100 films with 

features characteristic of the PF phase,47 confirming that the DSC transition near 150 °C 

reflects PF crystallization. In the case of P3HT81–b–PF105, both P3HT and PF 

crystallinites are observed, but P3HT crystallite peaks are less pronounced. Quantitative 

analysis of the GIWAXS pattern for P3HT81–b–PF105 shows scattering peaks at qz = 

0.38, 0.75, and 1.12 Å-1 corresponding to the (100), (200), and (300) reflections for P3HT 

crystallites and a scattering peak at qz = 0.50 Å-1 corresponding to PF crystallites (see 

Figure 2.12b). This is consistent with DSC measurements that show both a PF and a 

P3HT crystallization transition for P3HT81–b–PF105, the latter which is shifted to lower 

temperatures relative to the corresponding P3HT-Br macroreagent. Altogether, DSC, 

XRD, and GIWAXS results show that P3HT crystallization is reduced or suppressed in 

high molecular weight all-conjugated P3HT block copolymers, and at more balanced 

block ratios both blocks can crystallize. 

2.4. Conclusions 

We demonstrate a straightforward, versatile, and scalable synthetic route to 

prepare block copolymers comprised of a poly(alkyl thiophene) block and second 

polymer block made via Suzuki-Miyaura polycondensation, and block copolymers with 

Mw > 50 kg/mol are achieved. Analysis of different all-conjugated block copolymers 

indicates that P3HT crystallinity is reduced or completely suppressed in all-conjugated 
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P3HT block copolymers. These results indicate that proper balance of block ratios is 

important for the development of all-conjugated block copolymers for use in OPVs. 

2.5. References 

(1) Scherf, U.; Gutacker, A.; Koenen, N., Accounts Chem. Res. 2008, 41, 1086-1097. 

(2) Tu, G.; Li, H.; Forster, M.; Heiderhoff, R.; Balk, L. J.; Sigel, R.; Scherf, U., Small 

2007, 3, 1001-1006. 

(3) Mulherin, R. C.; Jung, S.; Huettner, S.; Johnson, K.; Kohn, P.; Sommer, M.; Allard, 

S.; Scherf, U.; Greenham, N. C., Nano Lett. 2011, 11, 4846-4851. 

(4) Sommer, M.; Komber, H.; Huettner, S.; Mulherin, R.; Kohn, P.; Greenham, N. C.; 

Huck, W. T. S., Macromolecules 2012, 45, 4142-4151. 

(5) Verduzco, R.; Botiz, I.; Pickel, D. L.; Kilbey, S. M.; Hong, K.; Dimasi, E.; Darling, S. 

B., Macromolecules 2011, 44, 530-539. 

(6) Scherf, U.; Adamczyk, S.; Gutacker, A.; Koenen, N., Macromol. Rapid Commun. 

2009, 30, 1059-1065. 

(7) Gutacker, A.; Adamczyk, S.; Helfer, A.; Garner, L. E.; Evans, R. C.; Fonseca, S. M.; 

Knaapila, M.; Bazan, G. C.; Burrows, H. D.; Scherf, U., J. Mater. Chem. 2010, 20, 1423-

1430. 

(8) Ku, S.-Y.; Brady, M. A.; Treat, N. D.; Cochran, J. E.; Robb, M. J.; Kramer, E. J.; 

Chabinyc, M. L.; Hawker, C. J., J. Am. Chem. Soc. 2012, 134, 16040-16046. 

(9) Yu, X.; Yang, H.; Wu, S.; Geng, Y.; Han, Y., Macromolecules 2012, 45, 266-274. 

(10) Lai, Y.-C.; Ohshimizu, K.; Takahashi, A.; Hsu, J.-C.; Higashihara, T.; Ueda, M.; 

Chen, W.-C., J. Polym. Sci., Part A: Polym. Chem. 2011, 49, 2577-2587. 

(11) Wu, P.-T.; Ren, G.; Kim, F. S.; Li, C.; Mezzenga, R.; Jenekhe, S. A., J. Polym. Sci., 

Part A: Polym. Chem. 2010, 48, 614-626. 

(12) Javier, A. E.; Varshney, S. R.; McCullough, R. D., Macromolecules 2010, 43, 3233-

3237. 

(13) Hollinger, J.; Jahnke, A. A.; Coombs, N.; Seferos, D. S., J. Am. Chem. Soc. 2010, 

132, 8546-8547. 



� �
�

52�
�

(14) Ge, J.; He, M.; Qiu, F.; Yang, Y., Macromolecules 2010, 43, 6422-6428. 

(15) Zhang, Y.; Tajima, K.; Hashimoto, K., Macromolecules 2009, 42, 7008-7015. 

(16) Wu, S.; Bu, L.; Huang, L.; Yu, X.; Han, Y.; Geng, Y.; Wang, F., Polymer 2009, 50, 

6245-6251. 

(17) Wu, P.-T.; Ren, G.; Li, C.; Mezzenga, R.; Jenekhe, S. A., Macromolecules 2009, 42, 

2317-2320. 

(18) Zhang, Y.; Tajima, K.; Hirota, K.; Hashimoto, K., J. Am. Chem. Soc. 2008, 130, 

7812-7813. 

(19) Chueh, C.-C.; Higashihara, T.; Tsai, J.-H.; Ueda, M.; Chen, W.-C., Org. Electron. 

2009, 10, 1541-1548. 

(20) He, M.; Zhao, L.; Wang, J.; Han, W.; Yang, Y.; Qiu, F.; Lin, Z., ACS Nano 2010, 4, 

3241-3247. 

(21) Kiriy, A.; Senkovskyy, V.; Sommer, M., Macromol. Rapid Commun. 2011, 32, 

1503-1517. 

(22) Okamoto, K.; Luscombe, C. K., Polym. Chem. 2011, 2, 2424-2434. 

(23) Verswyvel, M.; Verstappen, P.; De Cremer, L.; Verbiest, T.; Koeckelberghs, G., J. 

Polym. Sci., Part A: Polym. Chem. 2011, 49, 5339-5349. 

(24) Botiz, I.; Schaller, R. D.; Verduzco, R.; Darling, S. B., J. Phys. Chem.C 2011, 115, 

9260-9266. 

(25) Woody, K. B.; Leever, B. J.; Durstock, M. F.; Collard, D. M., Macromolecules 2011, 

44, 4690-4698. 

(26) Ouhib, F.; Khoukh, A.; Ledeuil, J.-B.; Martinez, H.; Desbrières, J.; Dagron-Lartigau, 

C., Macromolecules 2008, 41, 9736-9743. 

(27) Ohshimizu, K.; Takahashi, A.; Higashihara, T.; Ueda, M., J. Polym. Sci., Part A: 

Polym. Chem. 2011, 49, 2709-2714. 

(28) Sun, S.-S.; Zhang, C.; Ledbetter, A.; Choi, S.; Seo, K.; Carl E. Bonner, J.; Drees, M.; 

Sariciftci, N. S., Appl. Phys. Lett. 2007, 90, 043117. 

(29) Chen, X. L.; Jenekhe, S. A., Macromolecules 1996, 29, 6189-6192. 

(30) Xiao, X.; Fu, Y.; Sun, M.; Li, L.; Bo, Z., J. Polym. Sci., Part A: Polym. Chem. 2007, 

45, 2410-2424. 



� �
�

53�
�

(31) Han, Y.-K. L., Y-J; and  Huang, P-C, J. Electrochem. Soc. 2009, 156, k37-k43. 

(32) Svensson, M.; Zhang, F.; Veenstra, S. C.; Verhees, W. J. H.; Hummelen, J. C.; 

Kroon, J. M.; Inganäs, O.; Andersson, M. R., Adv. Mater. 2003, 15, 988-991. 

(33) Lohwasser, R. H.; Thelakkat, M., Macromolecules 2011, 44, 3388-3397. 

(34) Jiang, Z.; Li, X. F.; Strzalka, J.; Sprung, M.; Sun, T.; Sandy, A. R.; Narayanan, S.; 

Lee, D. R.; Wang, J., J. Synchrot. Radiat. 2012, 19, 627-636. 

(35) Jiang, Z., GIXSGUI is available for download:  

http://www.aps.anl.gov/Sectors/Sector8/Operations/GIXSGUI.html. 

(36) Kochemba, W. M.; Kilbey, S. M.; Pickel, D. L., J. Polym. Sci., Part A: Polym. Chem. 

2012, 50, 2762-2769. 

(37) Takahashi, A.; Rho, Y.; Higashihara, T.; Ahn, B.; Ree, M.; Ueda, M., 

Macromolecules 2010, 43, 4843-4852. 

(38) Loewe, R. S.; Ewbank, P. C.; Liu, J. S.; Zhai, L.; McCullough, R. D., 

Macromolecules 2001, 34, 4324-4333. 

(39) Herguth, P.; Jiang, X.; Liu, M. S.; Jen, A. K. Y., Macromolecules 2002, 35, 6094-

6100. 

(40) Kim, Y.; Cook, S.; Choulis, S. A.; Nelson, J.; Durrant, J. R.; Bradley, D. D. C., 

Chem. Mater. 2004, 16, 4812-4818. 

(41) Calabrese, A.; Schimperna, G.; Po, R.; Yohannes, T.; Debebe, S. E.; Tinti, F.; 

Camaioni, N., J. Appl. Phys. 2011, 110, 113106. 

(42) Lee, W.-Y.; Cheng, K.-F.; Wang, T.-F.; Chueh, C.-C.; Chen, W.-C.; Tuan, C.-S.; 

Lin, J.-L., Macromol. Chem. Phys. 2007, 208, 1919-1927. 

(43) Lee, W.-Y.; Cheng, K.-F.; Wang, T.-F.; Chen, W.-C.; Tsai, F.-Y., Thin Solid Films 

2010, 518, 2119-2123. 

(44) Choi, S. Y.; Lee, J. U.; Lee, J. W.; Lee, S.; Song, Y. J.; Jo, W. H.; Kim, S. H., 

Macromolecules 2011, 1771-1774. 

(45) Dai, C. A.; Yen, W. C.; Lee, Y. H.; Ho, C. C.; Su, W. F., J. Am. Chem. Soc. 2007, 

129, 11036-11038. 

(46) Lee, Y. J.; Kim, S. H.; Yang, H.; Jang, M.; Hwang, S. S.; Lee, H. S.; Baek, K.-Y., J. 

Phys. Chem.C 2011, 115, 4228-4234. 



� �
�

54�
�

(47) Chen, S. H.; Chou, H. L.; Su, A. C.; Chen, S. A., Macromolecules 2004, 37, 6833-

6838. 

 

 



� �
�

55�
�

Chapter 3 

Lamellar and Liquid Crystal Ordering in Solvent-Annealed  
All-Conjugated Block Copolymers 

This chapter is included in Yen-Hao Lin, Kevin G. Yager, Bridget Stewart, Rafael 

Verduzco, “Lamellar Structures of Solvent Annealed All-Conjugated Block Copolymers,” 

Soft Matter, 2014, 4(2), 3817-3825. Portions of this chapter are included in Yen-Hao Lin 

and Rafael Verduzco, “Synthesis and Process-Dependent Film Structure of All-

conjugated Copolymers for Organic Photovoltaics,” The American Chemical Society 

Symposium of Polymer Composites for Energy Harvesting, Conversion and Storage, 

2014, Chapter 3, 49-70. 

�

All-conjugated block copolymers are an emerging class of polymeric materials 

promising for organic electronic applications, but further progress requires a better 

understanding of their microstructure including crystallinity and self-assembly through 

micro-phase segregation. Here, we demonstrate remarkable changes in the thin film 

structure of a model series of all-conjugated block copolymers with varying processing 

conditions. Under thermal annealing, poly(3-hexylthiophene)–b–poly(9�,9�-
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dioctylfluorene) (P3HT–b–PF) all-conjugated block copolymers exhibit crystalline 

features of P3HT or PF, depending on the block ratio, and poor �-� stacking. Under 

chloroform solvent annealing, the block copolymers exhibit lamellar ordering, as 

evidenced by multiple reflections in grazing incidence wide- and small-angle X-ray 

scattering (GIWAXS and GISAXS), including an in-plane reflection indicative of order 

along the �-� stacking direction for both P3HT and PF blocks. The lamellae have a 

characteristic domain size of 4.2 nm, and this domain size is found to be independent of 

block copolymer molecular weight and block ratio. This suggests that lamellar self-

assembly arises due to a combination of polymer block segregation and �-� stacking of 

both P3HT and PF polymer blocks. Strategies for predicting the microstructure of all-

conjugated block copolymers must take into account intermolecular �-� stacking and 

liquid crystalline interactions not typically found in flexible coil block copolymers. 

3.1. Introduction 

All-conjugated block copolymers are an emerging class of materials comprised of 

two or more covalently linked conjugated polymer chains. This class of block 

copolymers is of interest for organic electronic applications because they combine the 

optoelectronic properties of semiconductive polymers with structure control through 

micro-phase segregation1,2 and crystallization.3,4 As an example, recent work 

demonstrated significant performance enhancement in block copolymer organic 

photovoltaics (OPVs) compared with polymer-polymer blends.5 However, further 

progress in the development of all-conjugated block copolymers requires a better 

understanding of the microstructure of all-conjugated block copolymers and how their 

crystallinity, micro-phase segregation, and domain orientation can be controlled by 

applying different processing strategies.  
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Comprehensive theoretical and experimental studies of rod-coil diblock 

copolymers (containing one conjugated polymer block and one flexible coil polymer 

block) have revealed an interplay between relative block size, polymer crystallinity, 

liquid crystal ordering, and micro-phase segregation.6-11 Processing conditions have been 

demonstrated to give some control over the microstructure of rod-coil block copolymers, 

including aligned domains through the application of a magnetic field12-15 or the 

formation of micellar assemblies using a selective solvent.16 This work has led to the 

development of a quantitative model to describe the phase behavior of rod-coil block 

copolymers, including self-assembly and liquid crystal ordering.17 Comparable predictive 

models are unavailable for all-conjugated block copolymers due in part to limited 

experimental studies on structure-processing relationships. Previous work with P3HT-

based all-conjugated block copolymers have found that P3HT crystallization dominates 

the film morphology, suppressing micro-phase segregation and crystallization of the 

second polymer block.18,19 Evidence for micro-phase segregation in rod-rod all-

conjugated block copolymer has been inconclusive, potentially due to polymer 

crystallization, slow dynamics, stiff polymer backbones, and/or low enthalpic driving 

force for micro-phase segregation.20 Improved control over the microstructure of all-

conjugated block copolymers and a broader understanding of structure-processing-

property relationships could benefit their development for and use in organic electronic 

devices and applications. 

Here, we report remarkable changes in the thin film structure of a model series of 

all-conjugated block copolymers under different annealing conditions. Thermally 

annealed, poly(3-hexylthiophene)–b–poly(9�,9�-dioctylfluorene) (P3HT–b–PF) (Figure 

3.1) all-conjugated block copolymers exhibit crystalline features characteristic of P3HT 

or PF, but poor order along the �-� stacking direction. The same block copolymers, under 
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solvent annealing, self-assemble into a lamellar phase, as evidenced by multiple 

reflections in grazing incidence wide- and small-angle X-ray scattering (GIWAXS and 

GISAXS). The degree of face-to-face �-� stacking substantially increases in solvent-

annealed compared with unannealed films. We present a detailed analysis of the structure 

of P3HT–b–PF block copolymer films and the self-assembled lamellar phase, including 

paracrystallinity measurement, spectroscopic properties, and phase behaviour with 

temperature. These results indicate that all-conjugated block copolymers have a rich, 

processing-dependent microstructure determined by a combination of �-� stacking, 

crystallization, and micro-phase segregation of the polymer blocks. 

 

Figure 3.1 – Chemical structure of poly(3-hexylthiophene)–b–poly(9�,9�-dioctylfluorene) 
(P3HT–b–PF). 

3.2. Experimental methods 

3.2.1. Synthesis of P3HT–b–PF 

P3HT–b–PF block copolymers were synthesized with using the method shown in 

chapter 2.21 Characteristics of P3HT–b–PF block copolymers reported in this study are 

listed in Table 3.1. 1H NMR spectra are provided below in Figure 3.2.  
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Polymers P3HTa

Mw
 (PDI) 

BCPa 
Mw

 (PDI) 
DP ratiosb  

(P3HT wt%) 

P3HT36–b–PF100 6.1 (1.16) 48.4 (1.86) 36:100 (13%) 

P3HT81–b–PF105 13.5 (1.32) 60.6 (1.87) 81:105 (25%) 

P3HT84–b–PF80 14.1 (1.10) 42.5 (1.58) 84:80 (33%) 

P3HT84–b–PF13 14.1 (1.10) 22.8 (1.39) 84:13 (74%) 
aMw (kg/mol) and PDI for P3HT and block copolymers determined by comparison to a set of 
monodisperse polystyrene standards. Head-to-tail regioregularity of P3HT is greater than 93% for 
all samples as determined from 1H NMR. bDP ratios and P3HT content were determined by 1H 
NMR via comparison of the integrated intensity of P3HT aromatic peak (6.9 ppm) and fluorene 
alkyl peaks (2.2 ppm). 

Table 3.1 – Characteristics of all-conjugated P3HT–b–PF block copolymers.  
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Figure 3.2 – 1H NMR spectrum of (a) P3HT36–b–PF100, (b) P3HT81–b–PF105 (c) 
P3HT84–b–PF80 and (d) P3HT84–b–PF13. 
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3.2.2. Sample preparation and measurements  

Sample films were prepared by drop casting from 0.05 wt% chloroform solutions 

onto silicon substrates and quartz substrates. Evaporation of chloroform under ambient 

conditions gives films with a thickness of approximately 350 nm as measured by X-ray 

reflectivity. Samples were solvent annealed in a closed chamber saturated with 

chloroform at ambient temperature and pressure for 5 days. Samples were dried under 

vacuum for at least 12 hours prior to measurement. 

Grazing incident small- and wide-angle X-ray scattering (GIWAXS and 

GISAXS) measurements were carried out on the X9 beamline at the National 

Synchrotron Light Source, Brookhaven National Laboratory. The undulator beamline 

was operated at an energy of 14 keV; two-dimensional images were collected using CCD 

area detectors. The beam size was 100 �m (h) × 50 �m (v). Sample detector distance was 

370 mm for the wide-angle detector and 3091 mm for the small-angle detector. Sample 

measurements were carried out under vacuum which was in the range of 2~3 × 10-6 bar, 

with a temperature-controlled sample stage interfaced with a Lakeshore 340 unit.  

GIXS measurement at Argonne National Laboratory. The measurements were 

carried out on Sector 8-ID-E at the Advanced Photon Source, Argonne National 

Laboratory.22 Beamline 8-ID-E operates at an energy of 7.35 keV and images were 

collected from a Pilatus 1MF camera (Dectris), with two exposures for different vertical 

position of the detector.  After flatfield correction for detector nonuniformity, the images 

are combined to fill in the gaps for rows at the borders between modules, leaving dark 

only the columns of inactive pixels at the center.  Using the GIXSGUI package23 for 

Matlab (Mathworks), data are corrected for X-ray polarization, detector sensitivity and 

geometrical solid-angle. The beam size is 200 �m (h) x 20 �m (v). Sample detector 
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distance is 204 mm. Sample measurement and thermal annealing were carried out under 

vacuum which is in the range of 2~3 × 10-6 bar, with the sample stage interfaced with a 

Lakeshore 340 unit. 

Differential Scanning Calorimetry (DSC) measurements were performed using 

a TA Instrument DSC Q10 with a ramp rate of 5 °C/min under N2. Samples were placed 

in hermetic pans from Thermal Support, Inc. Solvent annealed samples were solvent 

annealed as described above for one month and dried under vacuum before measurement. 

All samples were subjected to at least two heating and cooling cycles between 10 °C to 

250 °C. 

Ultraviolet-Visible Absorbance Spectroscopy (UV-VIS) measurements were 

carried out with a Shimadzu UV-3101PC spectrophotometer with scan range of 200 nm – 

900 nm. All films were cast on quartz substrates. 

Polarized Optical Microscopy (POM) images of polymer films were acquired 

using an Axioplan 2 imaging microscope in reflective mode. Films were the same as 

films for GIXS measurements. Images were processed using Axio Vision version 4.8. 

3.3. Results and discussions 

P3HT–b–PF is an all-conjugated block copolymer comprised of two semi-

crystalline conjugated polymer blocks (crystal melting temperatures 220 °C and 150 °C 

for P3HT and PF, respectively). Prior work with P3HT–b–PF thin films has found a 

morphology dominated primarily by crystallization of the P3HT or PF block but no 

evidence for liquid crystal ordering or micro-phase segregation.19,21,24,25 We hypothesized 

that long-term solvent annealing in a good solvent for both blocks would increase chain 

mobility, yielding improved crystallinity, new phases and/or micro-phase segregation. 
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Similar strategies applied to flexible coil block copolymers can result in improved long-

range ordering of block copolymer domains and, in some cases, new phases through 

micro-phase segregation.26 

As detailed by prior work, the microstructure of P3HT and PF homopolymers is 

influenced by processing. Regioregular P3HT organizes into lamellar crystalline domains 

with face-to-face �-� stacking between chains and lamellar stacking through the hexyl 

side-chains.27 In solution processed thin films, the preferred orientation of P3HT 

crystallites can be dictated to some extent by varying processing conditions.28 PF exhibits 

crystalline, liquid crystalline, or amorphous phases depending on its processing history.29-

31 

To investigate the role of processing and annealing conditions, the microstructure 

of a series of P3HT–b–PF films with varying P3HT contents after solvent and/or thermal 

annealing were analyzed by grazing-incidence X-ray scattering, microscopy, UV-VIS 

absorbance measurements, and differential scanning calorimetry (DSC). P3HT–b–PF all-

conjugated block copolymers with varying block ratios were synthesized via a 

combination of Grignard metathesis and Suzuki-Miyaura polycondensation. The P3HT–

b–PF block copolymers studied have varying compositions ranging from 13 wt% of 

P3HT to 74 wt% of P3HT, as shown in Table 1. Samples films were drop cast from 

chloroform and analyzed by grazing-incidence wide- and small-angle scattering 

(GIWAXS and GISAXS) without annealing (as-cast), after thermal annealing, and with 

long-time solvent annealing (5 days at room temperature, CHCl3). 
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3.3.1. Grazing Incidence X-ray Scattering (GIXS) Analysis of P3HT–b–PF under 

varying processing conditions 

Small- and wide-angle X-ray scattering (GISAXS and GIWAXS) measurements 

provide information on both the in-plane (qxy, direction parallel to substrate) and out-of-

plane (qz, direction perpendicular to the substrate) structure of the films. Peaks or 

reflections in the spectra indicate periodicities in the film microstructure, which may arise 

due to crystallinity or self-assembly processes. More information on the application of 

GIWAXS and GISAXS to study block copolymer films is provided by Lee et al.32 

GIWAXS measurements of P3HT–b–PF films are shown in Figure 3.3, 3.4 and 

3.5. As-cast P3HT–b–PF films are amorphous and exhibit a weak in-plane reflection at 

q~1.45 Å-1 (see Figure 3.3, 3.4 and 3.5). This in-plane reflection matches the �-� stacking 

reflection observed in PF homopolymer films,33 and we therefore conclude this reflection 

indicates some �-� stacking of the PF polymer block in as-cast films. P3HT84–b–PF13 

additionally exhibits weak scattering peaks characteristic of P3HT crystallites: an in-

plane �-� stacking (010) peak at q ~ 1.65 Å-1 and out-of-plane (100), (200), and (300) 

peaks.4,27,34 
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Figure 3.3 – GIWAXS measurements for P3HT36–b–PF100, P3HT81–b–PF105, 
P3HT84–b–PF80, P3HT84–b–PF13 with varying processing histories, as indicated. (a) 
and (b) were acquired at room temperature and (c) was acquired at 150 �C. All samples 
were measured at an incident angle of 0.25° and 30 seconds exposure time. 
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Figure 3.4 – GISAXS measurement for P3HT36–b–PF100, P3HT81–b–PF105, 
P3HT84–b–PF80, P3HT84–b–PF13. All samples were in-situ thermally annealed and 
measured at various temperatures. Samples were measured at an incident angle of 0.25° 
and 5 seconds exposure time. All images plotted using the same color scale for the 
scattered intensity. 

0

0.05

0.1

0.15

0.25

0.2

0.3
q z

(Å
-1

)

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

0

0.05

0.1

0.15

0.25

0.2

0.3

q z
(Å

-1
)

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

0

0.05

0.1

0.15

0.25

0.2

0.3

q z
(Å

-1
)

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

As cast 150 C 220 C 100 C

0

0.05

0.1

0.15

0.25

0.2

0.3

q z
(Å

-1
)

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

qy(Å-1)
0 0.05 0.1-0.05-0.1-0.15-0.2

As cast 150 C 220 C 100 C

As cast 150 C 220 C 100 C

As cast 150 C 220 C 100 C

P3HT36-b-PF100

P3HT81-b-PF105

P3HT84-b-PF13

P3HT84-b-PF80



� �
�

68�
�

 

Figure 3.5 – GIWAXS measurement for P3HT36–b–PF100, P3HT81–b–PF105, 
P3HT84–b–PF80, P3HT84–b–PF13. All samples were in-situ thermally annealed and 
measured at various temperatures. Samples were measured at an incident angle of 0.25° 
and 30 seconds exposure time. All images plotted using the same color scale for the 
scattered intensity. 
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After thermal annealing at 220 °C - beyond the crystal melting temperatures for 

both blocks - and cooling to 100 °C, the films exhibit characteristics of pure P3HT or PF 

crystallites, or both, depending on the block ratio  (Figure 3.3a). Thermally annealed 

P3HT36–b–PF100 films exhibit characteristics of PF �-phase crystals34 while thermally 

annealed P3HT84–b–PF13 films show (100), (200), and (300) P3HT crystal reflections. 

Block copolymers with intermediate P3HT compositions, P3HT81–b–PF105 and 

P3HT84–b–PF80, show primarily reflections consistent with PF �-phase and some 

crystallization of the P3HT block.  In contrast to thermally annealed P3HT homopolymer 

films, reflections corresponding to �-� stacking (q ~ 1.45 Å-1 and 1.65 Å-1 for PF and 

P3HT, respectively) are absent for all thermally annealed block copolymer films. 

Block copolymer films subjected to 5 days of solvent annealing in a good solvent 

for both blocks (chloroform) exhibit multiple out-of-plane reflections indicative of long-

range, lamellar ordering (Figure 3.3b, 3.6 and 3.7). A primary GISAXS reflection is 

observed at ~0.15 Å-1, which corresponds to a spacing between lamellae of 

approximately 4.2 nm (Figure 3.6). As shown in Figure 3.7, the observed peaks are 

separated by integral multiples of q. These reflections reveal long-range lamellar ordering 

in solvent annealed P3HT–b–PF films not present in solvent or thermally annealed 

pristine P3HT or PF films. By contrast, solvent annealed P3HT homopolymer exhibits a 

(100) crystal peak while solvent-annealed PF films exhibit a metastable liquid crystal � 

mesophase35 (Figure 3.8, 3.9 and 3.10). 
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Figure 3.6 – GISAXS measurements for solvent-annealed P3HT36–b–PF100, P3HT81–
b–PF105, P3HT84–b–PF80, P3HT84–b–PF13. Samples were analyzed at room 
temperature. 

 

Figure 3.7 – Linecuts of GISAXS (imbedded figure) and GIWAXS measurements along 
qxy ~ 0 Å-1 for solvent annealed samples. 
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Figure 3.8 – GIWAXS patterns of a P3HT-Br thin films cast at room temperature and 
thermally annealed in-situ. All samples were measured at an incident angle of 0.25° and 
20 seconds exposure time, and all images have the same color scale. 

 

Figure 3.9 – GISAXS and GIWAXS measurement for P3HT homopolymer. Samples 
were annealed at room temperature with CHCl3 vapors for 5 days. 
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Figure 3.10 – GISAXS and GIWAXS measurement for � mesophase PF homopolymer. 
Samples were annealed at room temperature with CHCl3 vapors for 5 days. 

 

Figure 3.11 – Linecuts of GIWAXS measurements along qz ~ 0 Å-1 for solvent annealed 
samples. 
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Solvent-annealed block copolymer films also display strong in-plane reflections at 

q~1.45 Å-1 and q~1.65 Å-1
 (see Figure 3.11). These reflections are characteristic of face-

to-face �-� stacking for PF and P3HT, respectively. Other crystal reflections 

characteristic of PF or P3HT homopolymers are absent in solvent annealed films, except 

for P3HT84–b–PF13. A peak corresponding to the (100) P3HT crystal spacing (q~0.39 

Å-1) is clearly evident in solvent-annealed P3HT84–b–PF13 (see linecut in Figure 3.7). A 

quantitative analysis of crystalline disorder through measurements of a paracrystallinity 

parameter is provided below. 

On heating the solvent-annealed films from room temperature to 150 °C, lamellar 

GISAXS and GIWAXS reflections disappear and P3HT–b–PF films, with the exception 

of P3HT84–b–PF13, show only diffuse scattering, with no sharp reflections or peaks. 

This is indicative of an amorphous or liquid crystal nematic phase (Figure 3.3c). Note 

that 150 °C is below the crystal melting temperatures for both P3HT and PF blocks. 

The presence of nematic liquid crystal ordering is confirmed by inspection of the 

films by polarized optical microscopy (POM), which reveals a birefringent Schlieren 

texture characteristic of a nematic phase for P3HT36–b–PF100, P3HT81–b–PF105, and 

P3HT84–b–PF80 (Fig. 3.12a, 3.12b, and 3.12c). The block copolymer with the highest 

P3HT content, P3HT84–b–PF13, (comprised of 85 wt% P3HT) does not exhibit a 

nematic phase. Instead, as shown in Figure 3.3c, some P3HT crystallization is evident. 

POM analysis of all solvent-annealed and solvent+thermal-annealed block copolymer 

films are provided in the Electronic Supplementary Information Figure 3.13. 
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Figure 3.12 – Polarized optical microscopy images of P3HT–b–PF block copolymer thin 
films subjected to solvent-annealing followed by thermal annealing at 150 °C. Images 
were acquired at room temperature. 
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Figure 3.13 – Polarized optical microscopy images: (a)-(d) chloroform vapor induced 
smectic phases. (e)-(g) Additional thermal induced nematic phases. All measurements 
were carried out at room temperature. 

P3HT–b–PF films, with the exception of P3HT84–b–PF13, thus form a nematic 

phase after solvent annealing followed by heating to 150 °C and slowly cooling to room 

temperature. PF homopolymers exhibit a nematic phase only at temperatures higher than 

the crystal melting temperature36 or at room temperature after rapid quenching.30,37 The 

enhanced stability of the nematic phase in block copolymers may be due to poor chain 

mobility resulting from the rigidity of polymer chains or close �-� stacking in the self-

assembled lamellar phase.38 The results also suggest that the lamellae of P3HT–b–PF is 

metastable and can be affected by elevated temperature as well as the crystallization of 

P3HT as shown in P3HT84–b–PF13. 

P3HT–b–PF films thus exhibit remarkable changes depending on the processing 

history. Thermally annealed films show characteristics of P3HT or PF crystallites, but 

with poor order along the �-� stacking direction. Solvent-annealed films exhibit a self-

assembled lamellar phase along with ordering along the �-� stacking direction.  Solvent-
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annealed films subsequently heated to 150 °C transition to a nematic liquid crystal phase, 

which is stable on cooling back down to room temperature. This phase behaviour is 

distinct from that of P3HT or PF homopolymers. Below, we provide a proposed structure 

of the lamellar phase, detail the optical and thermal properties of the materials, and 

quantify disorder in solvent-annealed films through quantitative analysis of peak spacings 

and widths. 

3.3.2. Schematic for Lamellar Assembly in Solvent-Annealed Films 

A schematic for the film microstructure consistent with the features of GISAXS 

and GIWAXS is shown in Figure 3.14. P3HT and PF lamellar domains are oriented 

parallel to the substrate, and the primary lamellar peak reflection (qz ~ 0.15 Å-1) (Figure 

3.6 and inset Figure 3.7) corresponds to a domain spacing of 4.2 nm. Peaks at q~1.45 Å-1 

and q~1.65 Å-1 correspond to face-to-face (�-�) packing for PF and P3HT, respectively, 

and indicate �-� stacking along the in-plane direction, as shown schematically in Figure 

3.14. The orientation of the face-to-face �-� stacking is perpendicular to the lamellar 

domains but free to rotate 180 degrees within the plane parallel to the substrate. For 

clarity, only one possible orientation is shown in the schematic. 
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Figure 3.14 – Representative GISAXS and GIWAXS reflections and schematic for 
lamellar ordering in solvent-annealed P3HT–b–PF all-conjugated block copolymers. 

The size of the lamellar domains formed after solvent annealing is invariant with 

block copolymer molecular weight and composition. All solvent-annealed block 

copolymers exhibit lamellar ordering with a characteristic domain spacing of 4.2 nm. The 

underlying mechanism for the formation of lamellar domains cannot be attributed to 

conventional micro-phase segregation as in coil-coil block copolymers, in which the 

domain spacing is dependent on the block copolymer molecular weight.39 Instead, we 

propose that self-assembled lamellae arise due to a combination of polymer block 

segregation and �-� interactions of both P3HT and PF polymer blocks. The lamellae are 

expected to consist of both ordered and amorphous regions, consistent with the structure 

of P3HT and other semicrystalline, conjugated polymers.40 Prior work has shown that 



� �
�

78�
�

P3HT polymer chains can be folded in amorphous regions and between crystalline 

domains, even with very sharp turns and folds of the P3HT backbone.41 This allows for a 

single chain to occupy both ordered and amorphous domains and pass in and out of 

relatively small domains. As a result, the lamellar domain size (4.2 nm) is determined 

primarily by �-� stacking associations and is relatively unaffected by block copolymer 

molecular weight and composition. 

An alternative possibility for the structure of solvent-annealed block copolymer 

films is shown schematically in the Figure 3.15. In this proposed schematic, polymer 

backbones are oriented in-plane rather than out-of-plane. As a result, the domain spacing 

is determined by the fully extended length of the alkyl side-chains. While this structure is 

consistent with the features observed by GISAXS and GIWAXS, we believe this type of 

ordering is unlikely due to the relatively large spacing between polymers, 4.2 nm. This 

would require stretching of the P3HT and PF alkyl side-chains. Additionally, the 

hypothetical ordering is not volume conserving due to the large space (4.2 nm) between 

polymer chains and close �-� stacking. As a result, the structure in Figure 3.14 is the 

more likely possibility, but acknowledge the potential for an alternative configuration 

shown in Figure 3.15. 
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Figure 3.15 – Alternative schematic for lamellar ordering in solvent-annealed all-
conjugated block copolymer films. The lamellar domain size in this schematic is 
determined by stacking through the alkyl side-chains of P3HT and PF polymers. 

3.3.3. Optical and Thermal Properties of P3HT–b–PF Films 

UV-VIS absorbance analysis of block copolymer films can provide information 

about ordering and crystallinity, particularly along the �-� stacking direction.  UV-VIS 

analysis has previously been used to study conformational changes in PF35,37 and 

P3HT.42-44 High-temperature thermally annealed block copolymer films, which exhibit a 

morphology dominated by crystallinity of either P3HT or PF (Figure 3.3a), show only 

broad absorbance peaks at 	 ~ 390 and 500 nm, indicative of poor �-� stacking (Figure 
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3.16a). Similar broad peaks by UV-VIS are observed in the PF crystalline �-phase35 and 

nematic phases.35 

 

Figure 3.16 – UV-VIS spectra for P3HT–b–PF block copolymers after: (a) high-
temperature thermal annealing, (b) long-term solvent annealing, and (c) long-term solvent 
annealing followed by 150 °C thermal annealing. All spectra were acquired at room 
temperature. 
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After solvent annealing, UV-VIS measurements reveal peaks at 	 ~ 522, 560 and 

603 nm in the absorption spectra, reflecting P3HT �-� stacking in all solvent annealed 

films. Regioregular P3HT homopolymer, ordered in the �-� stacking direction, exhibits 

similar peaks by UV-VIS analysis.42-44 UV-VIS analysis also reveals peaks at 	 ~ 400 and 

435 nm in the absorption spectra for lamellar block copolymer films, similar to what is 

seen for the PF � phase.33 This suggests that face-to-face �-� of PF and P3HT polymer 

blocks is enhanced in solvent-annealed films, compared with thermally annealed films. 

After heating to 150 °C resulting in nematic liquid crystal ordering, sharp 

absorbance features characteristic of �-� stacking disappear. Nematic block copolymer 

films show only broad peaks in the absorption spectra at 	 ~ 390 and 500 nm, similar to 

thermally annealed block copolymer films and corresponding to poor face-to-face 

ordering of PF and P3HT blocks. The observed transformations in the UV-VIS spectra 

are thus consistent with GIWAXS measurements that indicate poor �-� stacking in 

crystalline and nematic block copolymer films and enhanced �-� stacking in the lamellar 

block copolymer phase. 

Differential scanning calorimetry (DSC) reveals differences in the crystal melting 

temperatures for samples with different processing histories. With the exception of 

P3HT84–b–PF13, DSC measurements detect a phase transition at 145 °C in solvent-

annealed block copolymer on the first heating cycle (Figure 3.17a). This transition 

temperature is consistent with the transition to the nematic liquid crystal phase observed 

by GIWAXS. 

For thermally annealed samples, melting transitions at roughly 157 °C and 215 °C 

are detected. These temperatures correspond approximately to the crystal melting 

temperatures of PF and P3HT, respectively. 
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Figure 3.17 – DSC analysis of P3HT–b–PF block copolymers after (a) long-term solvent 
annealing and (b) thermal annealing above 220 �C. 

DSC measurements thus indicate that the self-assembled lamellar phase melts 

near 150 °C, while thermally annealed samples exhibit crystal melting temperatures 

comparable to the constituent homopolymers. Similar results for thermally annealed films 
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have been previously reported for P3HT–b–PF4,21 and other all-conjugated block 

copolymers.3,18,45-47 For P3HT84–b–PF13, only one thermal transition near 220 °C (near 

the crystal melting temperature of P3HT) is detected by DSC on both first and second 

heating cycles, suggesting that PF crystallization is suppressed in this sample due to the 

much higher content of P3HT in the block copolymer. 

3.3.4. Paracrystallinity Disorder Analysis on Lamellar Ordering 

Peak width analysis can provide information on disorder within crystalline or 

semicrystalline regions. Disorder is quantified through calculation of a paracrystallinity 

disorder parameter g,48 calculated using the center (q0) and breadth (�q) of a peak, as 

shown in Eqn. (1).40,49 A larger value of g indicates greater disorder. Here, we present an 

analysis of g for block copolymer films under different processing histories and for P3HT 

and PF homopolymer films. The paracrystallinity disorder parameter was measured for 

the out-of-plane primary lamellar spacing (Figure 3.6) in GISAXS and the in-plane �-� 

stacking reflection (Figure 3.14) in GIWAXS in solvent-annealed films. 

� � ����	
�� 

Equation 3.1 – Paracrystallinity disorder parameter g for information on disorder within 
crystalline or semicrystalline regions. 

As shown in Table 3.2, the paracrystallinity disorder parameter g measured for 

P3HT �-� stacking in thermally-annealed films is in agreement with literature values (g ~ 

6-8%40). The disorder for �-� stacking of the P3HT block is slightly higher for solvent-

annealed P3HT–b–PF compared with thermally annealed P3HT homopolymer. This is 

expected due to connectivity to a PF block which can increase disorder in the P3HT �-� 

stacking. 
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Spacingsa Samples g (%) 

�-� stacking, P3HT P3HT36–b–PF100 
P3HT81–b–PF105 
P3HT84–b–PF80 
P3HT84–b–PF13 
Solvent ann. P3HTb 
Thermal ann. P3HTb 

9.68 
7.58 
9.54 
8.42 
8.82 
8.19 

�-� stacking, PF P3HT36–b–PF100 
P3HT81–b–PF105 
P3HT84–b–PF80 
P3HT84–b–PF13 
Solvent ann. PF 

8.23 
5.18 
8.81 
7.59 
17.84 

Primary lamellar 
reflection 

P3HT36–b–PF100 
P3HT81–b–PF105 
P3HT84–b–PF80 
P3HT84–b–PF13 

9.38 
9.05 
9.44 
8.89 

a�-� stacking of P3HT and PF was analyzed on GIWAXS patterns whereas 1st lamellar ordering 
was analyzed on GISAXS patterns. bcommercially available P3HT homopolymer has Mw~60 
kg/mol. 

Table 3.2 – Paracrystallinity disorder (g) analysis on solvent annealed films. 

The paracrystallinity disorder parameter has similar values, roughly 8 – 10 %, for 

PF �-� stacking and for ordering of the self-assembled lamellae. We also note that PF is 

more ordered along �-� direction in solvent-annealed BCPs compared with solvent 

annealed PF homopolymer � phase (g ~ 17.84%). 

Quantitative paracrystallinity disorder analysis thus indicates that ordering along 

the �-� stacking direction is substantially improved for solvent-annealed films compared 

with thermally-annealed block copolymers. 



� �
�

85�
�

3.4. Conclusions 

A combination of analytical techniques—GIXS, UV-VIS, POM and DSC—reveal 

novel lamellar ordering in all-conjugated P3HT–b–PF block copolymers after long-term 

solvent annealing. We observe enhanced �-� stacking in the lamella compared with either 

the crystal or nematic phases. These results demonstrate that all-conjugated block 

copolymers exhibit a rich, processing-dependent microstructure, and a quantitative 

description will have to account for various intermolecular interactions including �-� 

stacking, steric repulsions of the alkyl side-chains, and chain rigidity. The presence of a 

liquid crystal phase with enhanced �-� stacking may lead to block copolymer films with 

superior optoelectronic properties or the use of new processing strategies, such as the 

application of magnetic fields,13-15 to achieve improved alignment. The results reported 

for rod-rod all-conjugated block copolymers contrast with previous studies of coil-coil 

and rod-coil diblock copolymers. In the case of rod-coil block copolymers, self-assembly 

can be described through a mean field theory that includes Flory-Huggins interactions 

and Maier-Saupe parameter to account for liquid crystal ordering.17 Here, we observe a 

qualitatively different self-assembly process driven by both �-� stacking interactions and 

polymer block segregation.   
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Chapter 4 

Conjugated Block Copolymer Photovoltaics with Near 3% Efficiency 
Through Microphase Separation 

This chapter is included in Changhe Guo, Yen-Hao Lin, Mathew D. Witman, 

Kendall A. Smith, Cheng Wang, Alexandar Hexemer, Joseph Strzalka, Enrique D. 

Gomez, Rafael Verduzco, “Conjugated Block Copolymer Photovoltaics with near 3% 

Efficiency through Microphase Separation,” Nano Letters, 2013, 13 (6), 2957-2963. 

 

Organic electronic materials have the potential to impact almost every aspect of 

modern life including how we access information, light our homes, and power personal 

electronics.  Nevertheless, weak intermolecular interactions and disorder at junctions of 

different organic materials limit the performance and stability of organic interfaces and 

hence the applicability of organic semiconductors to electronic devices. Here, we 

demonstrate control of donor-acceptor heterojunctions through microphase-separated 

conjugated block copolymers.  When utilized as the active layer of photovoltaic cells, 

block copolymer-based devices demonstrate efficient photoconversion well beyond 

devices composed of homopolymer blends.  The 3% block copolymer device efficiencies 
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are achieved without the use of a fullerene acceptor. X-ray scattering results reveal that 

the remarkable performance of block copolymer solar cells is due to self-assembly into 

mesoscale lamellar morphologies with primarily face-on crystallite orientations. 

Conjugated block copolymers thus provide a pathway to enhance performance in 

excitonic solar cells through control of donor-acceptor interfaces. 

4.1.  Introduction 

Excitonic photovoltaics are a class of devices where donor-acceptor interfaces are 

critical for photogeneration of charges and efficient device performance.1-4 In contrast to 

many inorganic semiconductors where optical excitations generate delocalized free 

charge carriers, current generation in organic photovoltaics depends on dissociation of 

tightly bound charge transfer states near donor-acceptor interfaces.  For instance, a recent 

model by Giebink et al. suggests that tuning the electronic coupling at donor/acceptor 

interfaces is crucial to minimizing the recombination rate of charge transfer states while 

maintaining yields of exciton dissociation near unity.5 It follows that tuning the chemical 

structure and local order at organic heterojunctions is a requirement to access the full 

potential of organic solar cell materials. Unfortunately, organic solar cells rely on 

kinetically-trapped, partially phase-separated structures of donor/acceptor mixtures to 

create a high surface area for exciton dissociation and networks of bicontinuous phases 

for charge extraction.6-12 As a consequence, molecular control of the interface in state-of-

the-art organic photovoltaics is nearly impossible.   

Microphase-separated block copolymers comprised of electron donor and electron 

acceptor polymers can address many of the current challenges in morphology and 

interfacial structure control for photovoltaics. The equilibrium self-assembly of block 

copolymers into mesoscale (5-500 nm) well-ordered morphologies where interfaces are 
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governed by moieties near the junction between blocks13,14 is ideal for the active layer of 

organic solar cells. While several examples of block copolymers with donor and acceptor 

blocks have been reported, the majority contain a non-conjugated insulating backbone in 

at least one polymer block and consequently do not directly control donor/acceptor 

interfaces.15-20 Recent work has demonstrated significant progress in the design, synthesis, 

and characterization of fully conjugated block copolymers,21-23 but it remains a challenge 

to achieve efficient charge photogeneration in photovoltaic device architectures. 

We demonstrate that poly(3-hexylthiophene)–block–poly((9�,9�-dioctylfluorene)-

2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2�,2��-diyl) (P3HT–b–PFTBT) 

block copolymers can be utilized as the active layer for efficient photovoltaic device 

operation. These block copolymers self-assemble to form in-plane lamellar morphologies 

with alternating electron donor and acceptor domains and a dominant face-on orientation 

in the crystalline P3HT block. Even without the use of fullerene, we obtain efficiencies 

near 3%, remarkable open-circuit voltages of 1.2 V, and short-circuit currents above 5 

mA/cm2 from block copolymer devices. These results demonstrate that conjugated block 

copolymers are a viable strategy for morphology and interfacial control for high 

performance organic solar cells. 

4.2. Experimental Section 

4.2.1. Materials 

Regioregular P3HT (96% H-T regioregular, Mn = 26 kg/mol, polydispersity = 2.0) 

was purchased from Merck. All other reagents and solvents were purchased from Sigma-

Aldrich and used as received. P3HT–b–PFTBT block copolymers were synthesized using 

a procedure similar to that previously described23 and the synthesis is briefly discussed in 
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the next section. The chemical structures of polymers and block copolymer are shown in 

Figure 4.1. 

 

Figure 4.1 – Chemical structures of P3HT–b–PFTBT, PFTBT, and P3HT. 

4.2.2. Synthesis and size-exclusion chromatography of block copolymers 

P3HT–b–PFTBT block copolymers were synthesized using a procedure similar to 

that previously described.23 Briefly, Br end capped P3HT (Mw = 16.1 kg/mol, 

polydispersity = 1.12, 685 mg, 0.042 mmol), 9�,9�-dioctylfluorene-2�,7�-diboronic acid 

ester (455 mg, 0.82 mmol), 4,7-bis-2�-(5�-bromo)-thienyl-2�,1�,3�,- benzothiadiazole) (309 

mg, 0.68 mmol), tetrakis-(triphenylphosphine)-palladium(0) (38 mg, 0.033 mmol), 5 mL 

of tetraethyl ammonium hydroxide (20% in H2O) and aliquat 336 (3 drops) were added to 

a Schlenk tube loaded with nitrogen-purged toluene (25 mL). The flask was purged with 

three freeze-pump-thaw cycles, backfilled with nitrogen, and stirred overnight at 90 °C. 

Next, 5mL bromobenzene was added and stirred at 90°C for 1 h before cooling the 

reaction mixture. The polymer was precipitated in cold methanol and collected by 

filtration.  The powder was then loaded into a Soxhlet thimble and washed with acetone, 
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hexanes, and then chloroform to recover the polymer. The yield of block copolymer was 

740 mg (Mw = 28.5 kg/mol, polydispersity = 1.3).   

Polymer molecular weights and polydispersities (PDIs) were obtained by size-

exclusion chromatography (SEC) as described below. Refractive index (RI) SEC 

analyses for the P3HT macroreagent and the final P3HT–b–PFTBT are shown in Figure 

4.2.  

Polymer molecular weights and polydispersities (PDIs) were obtained by size-

exclusion chromatography (SEC) using an Agilent 1200 module equipped with three PSS 

SDV columns in series (100, 1000, and 10 000 Å pore sizes), an Agilent variable 

wavelength UV/visible detector, and a Wyatt Technology Optilab reX RI detector. 

Tetrahydrofuran was used as the mobile phase at a flow rate of 1 mL/min at 40 °C. 

Weight average molecular weights (Mw) and polydispersities (PDIs) are determined 

relative to a set of monodisperse polystyrene standards (Astra Software Version 5.3.4). 

SEC-RI analysis for the P3HT macroreagent and the final P3HT–b–PFTBT is shown in 

Figure 4.2. Deconvolution of the constituent peaks in the block copolymer trace reveals 

14 wt% of P3HT homopolymer impurities.  

SEC analysis shows a clear shift of the molecular weight distribution for the final 

P3HT–b–PFTBT block copolymer compared with the starting P3HT macroreagent. The 

shoulder in the molecular weight distribution at long times indicates that some residual 

P3HT macroreagent is present (14 wt%). 
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Figure 4.2 – Size-Exclusion Chromatography (SEC) analysis of P3HT macroreagent and 
final block copolymer product.   

4.2.3. Photovoltaic device fabrication and measurement 

Photovoltaic devices were prepared with the conventional architecture of 

ITO/PEDOT:PSS (65 nm)/active layer (60-70 nm)/Al (75 nm). ITO-coated glass 

substrates (20 ohm/sq, Xin Yan Technology, Hong Kong) were cleaned by soap, 

followed by 20 min of sonication in acetone, then isopropanol, and finally 15 min of 

ultraviolet light ozonation. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), 

PEDOT:PSS (Clevios P, Heraeus), was spin-coated on top of ITO at 4000 rpm for 2 min 

yielding a thickness of about 65 nm. The PEDOT:PSS/ITO substrates were dried for 10 

min at 165 °C in air and then transferred to a nitrogen-filled glovebox. Solutions of 

P3HT/PFTBT mixtures (15 mg/ml, weight ratio 1:2) and P3HT–b–PFTBT (5 mg/ml) 

were made with anhydrous chloroform (� 99%, amylenes as stabilizer, Sigma-Aldrich) 

and stirred at 95 °C for about 20-22 hrs in a tightly sealed container prior to casting in a 

N2 glovebox. The active layers of P3HT/PFTBT and P3HT–b–PFTBT devices were cast 

onto PEDOT:PSS layers from prepared hot solutions (95 °C) at various spin speeds for 1 
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min to maintain thicknesses around 60-70 nm. The film thicknesses were determined on a 

TENCOR P-10 surface profiler. Samples were then transferred immediately onto a 

calibrated digital hot plate at 100 or 165 °C and dried for 5 min. The devices were 

completed by vacuum thermal evaporation of 75 nm aluminum at 10-6 torr on top of the 

active layer through a shadow mask. The device area is 16.2 mm2. Integrated solar cells 

were further annealed at 100 or 165 °C for various annealing times. 

Photovoltaic measurements were performed in a N2 atmosphere under simulated 

AM 1.5G illumination (97 mW/cm2) from a xenon lamp solar simulator (Newport Model 

SP92250A-1000). The illumination intensity was calibrated using an optical power meter 

and NREL certified Si reference photocell (Newport). A Keithley 2636A Sourcemeter 

was used to measure the current-voltage characteristics of solar cells.  External quantum 

efficiencies (EQE) were measured in air. The photocurrents as a function of wavelength 

were recorded by a multifunction optical power meter (Model 70310) using 300W xenon 

lamp and Cornerstone monochromator (Newport Model 74100) illumination. The 

absorption spectra of films were measured using an ultraviolet/visible/near-infrared 

spectrophotometer (Beckman DU Series 500). 

Samples for RSOXS, XRD, GISAXS and GIWAXS measurements were prepared 

on PEDOT:PSS/Si substrates in the same manner as for device fabrication. For RSOXS 

experiments, as-cast films were floated-off in deionized water and picked up with 5 mm 

× 5 mm silicon frames supporting a 1 mm × 1 mm, 100 nm thick Si3N4 window. Samples 

were then dried for 24 hrs at room temperature under vacuum and subsequently annealed 

on a hot plate in the N2 glovebox. RSOXS measurements were carried out at beam line 

11.0.1.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory.24 

Scattering was performed in the transmission geometry in vacuum at X-ray energies at 
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the carbon absorption edge (285.4 eV) with linearly polarized X-rays. Data were 

corrected for dark currents and azimuthally integrated.  

XRD experiments were conducted at the Materials Characterization Lab of 

Pennsylvania State University, on a Rigaku DMAX Rapid Micro-diffractometer. The X-

ray wavelength, �, was 1.54 Å. Rocking curves were obtained by rocking the sample 

(±0.5°) around the Bragg angle and images were collected with a curved image plate 

detector.  Data were azimuthally integrated. GISAXS and GIWAXS measurements were 

carried out at Beamline 8-ID-E of the Advanced Photon Source, Argonne National 

Laboratory (� = 1.6868 Å).25 Scattering data were acquired at an incident angle of 0.2°. 

Data are corrected for X-ray polarization, detector sensitivity and geometrical solid-angle. 

4.2.4. Absorption spectra of P3HT–b–PFTBT block copolymers 

The absorption spectra of P3HT, PFTBT, and P3HT–b–PFTBT are shown in 

Figure 4.3. All films were cast from chloroform solutions and not annealed. The 

absorption coefficients are calculated from the absorbance and film thickness. PFTBT 

demonstrates two absorption peaks around 390 and 540 nm with a similar absorption 

edge and optical bandgap (~ 2 eV) as P3HT. P3HT–b–PFTBT block copolymers 

approximately preserve the features of the constituent P3HT and PFTBT homopolymers. 

Hence, the absorption coefficient is enhanced at longer wavelengths (450-600 nm) due to 

the overlapping absorption bands of P3HT and PFTBT, while absorption at short 

wavelengths (300-420 nm) is mainly attributed to the PFTBT block. 
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Figure 4.3 – UV-VIS absorption spectra of pristine P3HT, PFTBT and P3HT–b–PFTBT 
films. 

4.2.5. X-ray absorption spectra 

Near-edge X-ray absorption fine structure (NEXAFS) studies of neat P3HT and 

neat PFTBT films are shown in Figure 4.4. Both films are annealed at optimized 

conditions (165 °C) for device performance. The absorption spectra were normalized to 1 

at 320 eV to account for thickness variations in different samples. NEXAFS spectra show 

that the absorption in organic materials is sensitive to small changes of the X-ray energy 

near the carbon absorption edge (280-320 eV). For example, significant contrast exists at 

285.4 eV, where the C 1s to �* transition differs in P3HT and PFTBT. 
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Figure 4.4 – NEXAFS absorption spectra of neat P3HT and PFTBT films. NEXAFS 
spectra were normalized to 1 at 320 eV to account for thickness variations. Significant 
contrast is observed at 285.4 eV, where the X-ray absorption of P3HT and PFTBT differ. 

4.2.6. Morphological characterization through RSOXS and GISAXS 

Figure 4.5 presents resonant soft X-ray scattering (RSOXS) profiles of 

P3HT/PFTBT and P3HT–b–PFTBT thin films at various annealing conditions.  RSOXS 

experiments were carried out at beamline 11.0.1.2 of the Advanced Light Source, 

Lawrence Berkeley National Laboratory.24 The X-ray energy was 285.4 eV, such that the 

absorption contrast between P3HT and PFTBT is significant (Figure 4.4). Scattering 

intensities are offset for clarity. Figure 4.5 shows the RSOXS scattering data as I vs q, 

where I is the scattering intensity and q is the scattering vector. Figure 4.5(b) shows the 

data as Kratky plots of Iq2 vs q. 
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Figure 4.5 – RSOXS intensities of P3HT–b–PFTBT and P3HT/PFTBT thin films under 
various processing conditions. (a) I vs q and (b) Iq2 vs q. Profiles are offset for clarity. 
Scattering data were acquired at 285.4 eV, azimuthally integrated, and presented as a 
Kratky plot of I(q)q2 vs q. 

The broad peak or shoulder in the RSOXS data for blends or the block copolymer 

annealed at 100 oC is similar to the scattering data obtained from P3HT mixtures with 

fullerene derivatives,10 suggesting that this scattering feature corresponds to the spacing 

between P3HT fibrils. Annealing blends at 165 °C instead of 100 oC leads to a shift in the 

scattering to lower q suggesting that the microstructure coarsens upon annealing. In 

contrast, a well-defined primary peak at 0.035 Å-1 and its second-order reflection are 

identified only in block copolymer films annealed at 165 °C, suggesting the existence of 

alternating lamellar microdomains on a length scale of around 10 nm. 
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Grazing-incidence small-angle X-ray scattering (GISAXS) experiments were 

performed to characterize the morphology in block copolymer thin films annealed at 165 

°C, as shown in Figure 4.6. GISAXS measurements were carried out at Beamline 8-ID-E 

of the Advanced Photon Source, Argonne National Laboratory (� = 1.6868 Å).25 

Scattering data were acquired at an incident angle of 0.2°. Using the GIXSGUI package26 

for Matlab (Mathworks), data were corrected for X-ray polarization, detector sensitivity 

and geometrical solid-angle. A line cut along the in-plane direction was used to present 

scattering data as a function of the in-plane scattering vector, qy. The GISAXS data 

clearly show that a periodic structure is present with an average domain spacing of 

around 16 nm, consistent with RSOXS results (Figure 4.5 and Figure 4.9). No such 

structure is evident from the out-of-plane GISAXS scattering data. 

 

Figure 4.6 – GISAXS intensities vs scattering vector, qy, for a P3HT–b–PFTBT film 
annealed at 165 oC. 

4.3. Results and Discussions 

The structure of P3HT, PFTBT and P3HT–b–PFTBT are shown in Figure 4.1. 

P3HT–b–PFTBT is roughly symmetric in composition, with 56 wt% P3HT and a total 
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weight-averaged molecular weight of 29 kg/mol. The energy levels of PFTBT as an 

electron acceptor are well aligned with those of P3HT as an electron donor, such that the 

difference between the lowest unoccupied molecular orbital of PFTBT (~ 3.5 eV)27 and 

the highest occupied molecular orbital of P3HT (~ 4.9 eV)28 can yield open-circuit 

voltages above 1 V. High open-circuit voltages have indeed been demonstrated for solar 

cells where the active layer is comprised of blends of P3HT and other dioctylfluorene 

bisthienyl-benzothiadiazole alternating copolymers,28 ternary blends composed of similar 

conjugated block copolymers as P3HT–b–PFTBT with donor and acceptor 

homopolymers,29 or polymer blends with fluorene benzothiadiazole alternating 

copolymers as acceptor molecules.30-32  

Solar cell devices with P3HT/PFTBT blends as active layers are compared with 

devices comprised of P3HT–b–PFTBT block copolymers in Figure 4.7. All devices have 

an active layer thickness of 60-70 nm and were thermally annealed after deposition of the 

cathode (Al). As shown in Table 4.1, devices made from P3HT/PFTBT blends exhibited 

a maximum power conversion efficiency of 1.0%, which is comparable to the 

performance reported previously for devices which utilize blends of P3HT and PFTBT-

based polymers as the active layer.28 Solar cells made from P3HT/PFTBT blends were 

optimized at 1:2 weight ratios of P3HT:PFTBT after annealing at 100 °C for 20 min. 

Longer annealing times or higher annealing temperatures lead to a drop in performance, 

potentially due to macroscopic phase separation. 
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Figure 4.7 – Current-voltage characteristics of P3HT/PFTBT (1:2 by mass) and P3HT–
b–PFTBT photovoltaic devices annealed at 100 oC for 20 min and 165 oC for 10 min, 
respectively. P3HT/PFTBT solar cells are optimized at 100 oC for 20 min, while P3HT–
b–PFTBT devices are optimized at 165 oC for 10 min. Devices were measured under 
simulated AM 1.5G irradiation with intensity of 97 mW/cm2. 

 

Figure 4.8 – UV-Visible absorption spectrum of a P3HT–b–PFTBT film and EQE 
characteristics of a P3HT–b–PFTBT solar cell annealed at optimized conditions (165 oC 
for 10 min). 

If the active layer is comprised of P3HT–b–PFTBT block copolymers, devices 

yielded average efficiencies of 1.5% under annealing conditions optimal for polymer 

blend devices (100 °C for 20 min) and higher efficiencies of around 1.7% with an 
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extended annealing time of 90 min at 100 °C (Table 4.1). Optimal performance, however, 

was achieved at higher annealing temperatures. After annealing for 10 minutes at 165 °C, 

average power conversion efficiencies of 2.7 ±0.4% with short-circuit currents (Jsc) of 5.0 

±0.3 mA/cm2, open-circuit voltages (Voc) of 1.14 ±0.08 V and fill factors of 0.45 ±0.02 

were measured for devices under simulated solar conditions made from block copolymers. 

The nearly three-fold increase in device performance with respect to optimized devices 

comprised of polymer blends is due to enhancements of the short-circuit currents and fill 

factors. Nevertheless, fill factors in all of our devices do not exceed 0.5, a result of the 

inflection point near open-circuit conditions visible in the current-voltage characteristics 

shown in Figure 4.7. We attribute the presence of an inflection point to problems in 

charge extraction due to either an imbalance in charge transport or accumulation of 

charge at an interface.33,34 As shown in Table 4.2, the best overall efficiency among our 

devices was recorded at 3.1% with an open-circuit voltage of 1.23 V. This device 

performance is remarkable for solar cells based on donor-acceptor block copolymers15-

17,35,36 and for non-fullerene solution-processed organic solar cells.37-40� 
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 efficiency 
(%) 

short-circuit 
current 

(mA/cm2) 

open-circuit 
voltage (V) fill factor 

100 oC 20 min 
polymer blend 1.0 ±0.1 2.6 ±0.3 1.22 ±0.02 0.33 ±0.02 

165 oC 10 min 
polymer blend 0.5 ±0.1 1.0 ±0.1 1.16 ±0.03 0.42 ±0.02 

100 oC 20 min 
block copolymer  1.5 ±0.1 3.7 ±0.2 1.13 ±0.04 0.35 ±0.01 

100 oC 90 min 
block copolymer 1.7 ±0.1 4.1 ±0.1 1.14 ±0.02 0.35 ±0.01 

165 oC 10 min 
block copolymer 2.7 ±0.4 5.0 ±0.3 1.14 ±0.08 0.45 ±0.02 

Note: Devices are measured under simulated AM 1.5G irradiation with intensity of 97 mW/cm2. 

Table 4.1 – Device characteristics of P3HT/PFTBT blend and P3HT–b–PFTBT block 
copolymer solar cells at different annealing conditions. 
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 efficiency 
(%) 

short-circuit 
current 

(mA/cm2) 

open-circuit 
voltage (V) fill factor 

Best device , 
block copolymer 3.1 5.2 1.23 0.47 

Best device, 
blend 1.1 2.9 1.22 0.30 

Note: Devices are measured under simulated AM 1.5G irradiation with intensity of 97 mW/cm2. 

Table 4.2 – Device characteristics of P3HT/PFTBT polymer blend and P3HT–b–PFTBT 
block copolymer solar cells with highest efficiencies. 

The absorption spectrum of pristine P3HT–b–PFTBT films and external quantum 

efficiency (EQE) of P3HT–b–PFTBT devices annealed at 165 °C are shown in Figure 4.8. 

The absorption profiles of P3HT–b–PFTBT films preserve the features of the constituent 

homopolymers and a similar optical bandgap (~ 2 eV) as P3HT is deduced from the 

absorption edge (see Figure 4.3 in experimental session). Optimized block copolymer 

devices display relatively high photoconversion efficiencies over a broad range of 

wavelengths (namely 350-610 nm) with EQE values of 20-35%, which are significant for 

thin-film photovoltaics based on only polymeric materials.  Interestingly, an EQE value 

of 31% was recorded at 400 nm where the exciton generation is mostly attributed to the 

optical absorption of PFTBT, suggesting efficient exciton dissociation from 

photoexcitations in the acceptor domains.  Integrating the EQE results predicts a Jsc of 4.7 

mA/cm2 with an AM 1.5G reference spectrum.  This is consistent with a measured Jsc of 

5.0 mA/cm2 under AM 1.5G simulated solar conditions for the same device (~ 5% error). 

We attribute the small discrepancy to degradation in air, as EQE measurements took 
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place in ambient. Indeed, devices which have undergone EQE measurements exhibit 

reduced JSC ( < 4 mA/cm2) when tested under 1 sun conditions in a N2 atmosphere. 

Resonant soft X-ray scattering (RSOXS) and grazing-incidence X-ray scattering 

measurements were carried out to elucidate the basis for the enhanced performance of 

block copolymer devices compared to devices made from polymer blends.  RSOXS is a 

powerful tool for characterizing the phase separation in polymer thin films with limited 

phase contrast or in complicated multiphase systems.41-44 Differences in the core 

electronic transitions of organic materials in the soft X-ray regime greatly enhance 

scattered intensities over hard X-ray scattering, enabling transmission X-ray scattering 

experiments of thin polymer films. As shown in Figure 4.4, the X-ray absorptions of 

P3HT and PFTBT differ at 285.4 eV, which enables RSOXS experiments. 

Figure 4.9 presents RSOXS intensities as a function of scattering vector, q (q = 

4�sin(�/2)/�, � is the X-ray wavelength and � is the scattering angle), taken at 285.4 eV 

X-ray energy for P3HT/PFTBT polymer blend and P3HT–b–PFTBT block copolymer 

thin films annealed at 100 and 165 °C, respectively.  The film annealing conditions match 

the optimum for the active layer of devices. Scattering data from polymer blends show 

little structure. Scattering profiles from P3HT–b–PFTBT block copolymer films are 

distinct from scattering data from polymer blends (Figure 4.9. and Figure 4.5.) or 

polymer/fullerene mixtures.10,45 A primary scattering peak at q* = 0.035 Å-1 and a weak 

second-order peak at 2q* = 0.070 Å-1 are evident in data from thin films of block 

copolymers annealed at 165 °C. The positions of the scattering peaks at q* and 2q* are a 

signature of self-assembly into block copolymer lamellar microdomains46,47 with a 

domain spacing of approximately 18 nm. The individual domain sizes are therefore 

roughly 9 nm, comparable to the exciton diffusion length in organic semiconductors (~ 

10 nm).48 
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Figure 4.9 – Comparison of the morphology in the active layers of optimized P3HT–b–
PFTBT and P3HT/PFTBT photovoltaic devices using RSOXS. RSOXS data were 
acquired at the carbon absorption edge (285.4 eV) of a P3HT–b–PFTBT film annealed at 
165 oC and a P3HT/PFTBT (1:2 by mass) blend annealed at 100 oC.  RSOXS intensities 
are offset for clarity. Scattering data are presented as a Kratky plot of I(q)q2 vs q, where 
I(q) is the scattering intensity, and q is the scattering vector.  In optimized P3HT–b–
PFTBT samples, a well-defined primary peak, q* (~ 0.035 Å-1), and second-order 
reflection, 2q*, are identified. Schematic illustration of the lamellar morphology is shown 
in the inset, with the average domain spacing indicated as d. 

RSOXS experiments in the transmission geometry exclusively explore the in-

plane film structure and consequently demonstrate the presence of P3HT–b–PFTBT 

lamellae oriented perpendicular to the substrate, as shown in the inset of Figure 4.9. 

Grazing incidence small-angle X-ray scattering (GISAXS) measurements shown in 

Figure 4.6 similarly suggest in-plane microdomains with roughly 16 nm spacing (q* = 

0.04 Å-1), in reasonable agreement with the length scales extracted from RSOXS data. 
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Consequently, RSOXS and GISAXS data demonstrate a thin-film lamellar morphology 

that not only establishes an equilibrium microstructure amenable for exciton dissociation 

but also provides pathways for electron and hole transport to the corresponding electrodes. 

We note that the appearance of a lamellar microstructure in P3HT–b–PFTBT films only 

occurs at 165 oC and not 100 oC (see Figure 4.5.), and device efficiencies exhibit a 

roughly two-fold increase when films are annealed at 165 oC versus 100 oC (Table 4.1). 

Thus, we attribute the significant improvement in photovoltaic device performance to the 

self-assembly of block copolymers into well-defined mesostructures in the active layer. 

We examined the molecular order in block copolymer thin films using 

conventional X-ray diffraction (XRD) and grazing-incidence wide-angle X-ray scattering 

(GIWAXS). Measurements were performed on P3HT–b–PFTBT films deposited on top 

of PEDOT:PSS-coated Si substrates and processed in an analogous manner to optimized 

devices (165 °C annealing for 10 min). XRD results show that PFTBT is amorphous 

while P3HT forms crystalline structures in both blend and block copolymer films with 

the same (100) spacing as that in the pristine P3HT films (Figure 4.10(a)). 

Complementary 2-D GIWAXS measurements provide the preferred orientation of these 

crystallites through analysis of both the in-plane (along qy) and out-of-plane (along qz) 

scattering data. As shown in Figure 4.10(b), the (100), (200), and (300) reflections of 

P3HT (q ~ 0.4, 0.8, and 1.2 Å-1, respectively) - corresponding to spacing between the 

polymer backbone through the alkyl side-chains - are strongly in-plane with the substrate 

(along qy). The (010) peak (q ~ 1.65 Å-1), which corresponds to �-� stacking between 

chains, is only evident in the out-of-plane direction (along qz). This indicates that P3HT 

assumes a predominantly face-on orientation, with �-stacking primarily out-of-plane with 

the substrate. Face-on P3HT crystallites likely enhance the hole extraction efficacy 

because the fast charge transport direction is along the �-� stacking direction.49 The 
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orientation of P3HT crystals in P3HT–b–PFTBT block copolymer films differs 

qualitatively from previously reported studies on P3HT crystallization in 

homopolymers,50 polymer/fullerene mixtures51,52 or polymer/polymer blends53 where 

edge-on orientations are strongly preferred. To first order, there is no reason for the 

lamellar block copolymer morphology to constrain the P3HT block into either a face-on 

or edge-on orientation. Instead, we hypothesize that interactions between PFTBT and the 

substrate lead to preferred face-on orientations for the PFTBT block at the substrate 

interface. Consequently, the connectivity between blocks nucleates crystals with face-on 

orientations within the P3HT domains. 
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Figure 4.10 – Molecular organization in P3HT–b–PFTBT thin films. (a) X-ray 
diffraction (XRD) patterns of neat P3HT, neat PFTBT, P3HT/PFTBT blend, and P3HT–
b–PFTBT block copolymer films annealed at 165 oC. (b) Two-dimensional GIWAXS 
pattern for thin films of P3HT–b–PFTBT annealed at optimized conditions (165 oC) for 
device performance. The (100), (200), and (300) diffraction peaks of regioregular P3HT 
are strongly biased in the in-plane direction (qy) and the (010) peak is apparent in the out-
of-plane direction (qz), suggesting face-on crystallites. 
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The combination of our device results and structural characterization on multiple 

length scales demonstrates the unique strengths of block copolymer architectures for 

efficient organic photovoltaics. In addition to controlling the mesoscale structure, 

conjugated block copolymers provide control of the donor-acceptor interface and of 

crystallite orientations. Covalent bonding across the donor-acceptor interface has the 

potential to control charge separation and charge recombination rates,54,55 opening the 

possibility of achieving the near unit efficiencies for charge separation from charge 

transfer states observed in photosynthetic systems.56 In our studies, the device 

performance increases when the active layer is composed of block copolymers instead of 

polymer blends even when the morphology is roughly invariant between the two systems; 

for example, after annealing at 100 oC the device efficiencies improve by 50% when 

block copolymers are used as active layers even though the RSOXS data and mesoscale 

structure are similar for block copolymer and blend films (Table 4.1 and Figure 4.5). 

A possible explanation for the difference in the device performance between 

blend and block copolymer devices is that the connectivity between blocks provides 

donor/acceptor interfaces within length scales of the order of chain dimensions (ca. 10 

nm) and consequently promotes charge separation. The size of domains, however, in 

P3HT/PFTBT blends at optimum conditions is near 10-20 nm, as evident from the 

inflection point in the scattering data from blends shown in Figure 4.9 or the data in 

reference.57 Another possible explanation, changes in charge extraction efficacy, is ruled 

out given that the current at reverse bias scales with the short-circuit current in Figure 

1b.45 Thus, we hypothesize that conjugation across the donor-acceptor interface is 

responsible for enhancing device performance in block copolymer devices even when the 

microstructure of the active layer is similar to blends, suggesting that covalent control of 
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donor-acceptor interfaces is a route for controlling interfacial molecular order, exciton 

dissociation and charge recombination to enhance excitonic solar cell performance. 

4.4. Conclusions 

Establishing exceptional performance in P3HT–b–PFTBT solar cells provides a 

clear pathway for enhancing efficiencies in fully conjugated block copolymers devices. 

The choice of P3HT and PFTBT as constituent blocks is motivated by previous work on 

optimizing polymer blends composed of P3HT and PFTBT derivatives for the active 

layer of solar cells.28,58-61 As a consequence, combinations of polymer blocks with 

complementary absorbance could lead to significant enhancements in short-circuit 

currents beyond P3HT–b–PFTBT because the absorption spectra of P3HT and PFTBT 

overlap significantly (Figure 4.3.). Broad-band light absorption can be achieved in 

combination with open-circuit voltages beyond 1 V with careful design of the 

HOMO/LUMO levels of the constituent blocks, as demonstrated with P3HT–b–PFTBT.  

Previous work has also demonstrated the presence of exciplex or bound charge transfer 

states at polymer-polymer interfaces which are unlikely to contribute to the photocurrent 

at room temperature.62-64 These strongly bound states are localized, in many cases 

intermolecularly to the benzothiadiazole group in the acceptor polymer.65,66 Nevertheless, 

recent photophysical studies of conjugated donor-acceptor molecules have shown that the 

presence of charge transfer states and consequently the degree of recombination depends 

strongly on the linking chemistry.67 As such, fully conjugated block copolymers provide 

a path to achieve unprecedented combinations of light absorption, high photovoltages and 

control of electronic coupling at donor-acceptor interfaces in single-component active 

layers of organic solar cells. 
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Chapter 5 

Supramolecular Conjugated Block Copolymers 

This chapter is included in Yen-Hao Lin, Seth B. Darling, Maxim P. Nikiforov, 

Joseph Strzalka, Rafael Verduzco, “Supramolecular Conjugated Block Copolymers,” 

Macromolecules, 2012, 45, 6571-6579. 

 

While the performance of polymer-polymer bulk heterojunction organic 

photovoltaics (OPVs) is poor compared with polymer-fullerene OPVs, reducing or 

eliminating micron-scale phase separation in all-polymer OPVs may dramatically 

improve performance. Herein, we demonstrate that 2-ureido-4[1H]-pyrimidinone (UPy) 

quadruple hydrogen bonding interactions can be used to prevent micron-scale phase 

separation at temperatures and processing conditions typically used to prepare bulk 

heterojunction OPVs. UPy-terminated polymers are synthesized by coupling hydroxyl or 

primary amine terminated polymers to a reactive isocyanate-UPy group in a one-step 

reaction. Polymer blend films are subsequently prepared by solution blending, casting 

onto a surface, and thermal and/or solvent annealing. Film microstructure including the 

presence of phase-separated domains and polymer crystallinity is analyzed by optical 
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microscopy, atomic force microscopy (AFM), and grazing-incidence wide-angle X-ray 

scattering (GIWAXS). In contrast to unmodified polymer blends, blends of UPy-

terminated polymers do not exhibit micron-scale phase separation after extended thermal 

annealing. AFM reveals the presence of crystalline nanofibers and, in some cases, 100 - 

300 nm phase-separated domains in UPy-mediated polymer blends. Fluorescence 

measurements indicate that UPy modification increases fluorescence quenching in 

solutions of donor and acceptor polymers, due to hydrogen-bonding associations which 

reduce the average distance for energy and/or electron transfer. These results show that 

UPy-mediated interactions can suppress micron-scale phase separation in bulk 

heterojunction polymer blends at temperatures and processing conditions typically used 

to prepare bulk-heterojunction OPVs. As a result, UPy functionalization may be a 

powerful route for improving the performance of all-polymer OPVs. 

5.1. Introduction 

The nanoscale structure of the active layer plays a key role in determining the 

efficiency of photon-to-electricity conversion in bulk heterojunction (BHJ) organic 

photovoltaics (OPVs), which are typically comprised of a blend of p-type (hole-

conductive) and n-type (electron-conductive) organic semiconductors. While some 

degree of phase separation is desired for creating continuous charge transport pathways, 

micron-scale phase separated domains are unfavorable due to reduced interfacial area and 

decreased charge separation efficiencies.1-4 This presents significant challenges for all-

polymer OPVs, which are made up of a blend of a p-type and n-type conjugated polymers; 

micron-scale phase separation is commonly observed due to the reduced entropy of 

mixing for polymer blends.5-8 While the best performance in all-polymer OPVs (~ 2%)9-

13 is significantly lower compared with state-of-the art polymer-fullerene BHJs, reducing 
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or eliminating large-scale phase separation in all-polymer OPVs may dramatically 

improve performance. Advantages of all-polymer OPVs over polymer-fullerene OPVs 

include a typically higher Voc, a broader absorbance, and tunability of the absorption 

profile due to the presence of two polymeric semiconductors in the active layer. 

All-conjugated block copolymers with p- and n-type blocks represent a promising 

approach to improving the performance of all-polymer OPVs. Phase separation can be 

avoided and block copolymer self-assembly may lead to ideal structures for charge 

dissociation and transport.14,15 However, studies on donor-acceptor all-conjugated block 

copolymers are limited, due in large part to synthetic challenges,16-28 and non-covalent 

interactions may provide a more accessible approach to construct materials that exhibit 

the desirable properties of all-conjugated block copolymers.29-31 Non-covalent 

associations such as hydrogen bonds,32,33 ionic bonds,34,35 and metal-ligand 

coordination36 give rise to persistent intermolecular associations between monomeric or 

polymeric units resulting in supramolecular polymers. These associations potentially 

provide a straightforward method to reduce phase separation in all-polymer OPVs, 

resulting in improved performance and model materials for understanding the structure of 

conjugated polymer blends. 

The ureidopyrimidone (UPy) group forms self-complementary quadrupole 

hydrogen bonding interactions with high dimerization constants (up to 107 M-1 in non-

polar solvents such as chloroform).37-39 Supramolecular polymers based on UPy 

interactions have been widely studied, and recent work with coil-like (non-conjugated) 

polymers has shown that hydrogen bonding interactions can reduce phase separation in 

polymer blends.32,38,40-42 The UPy group is also effective in mediating the microstructure 

and optoelectronic properties of organic semiconductors. For example, UPy hydrogen 

bonding interactions can enhance energy transfer between electron donor and acceptor 
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molecules43 and improve interfacial contact and ionic conductivity when incorporated in 

the polymer electrolyte of a dye-sensitized solar cell.44 Also, white-light emitting diodes 

have been demonstrated using UPy-mediated supramolecular interactions between 

semiconductive oligomers.45 

Herein, we present a study of the structure, optoelectronic properties, and 

crystallization of blends of polymers modified with UPy groups. Conjugated and non-

conjugated polymers are functionalized with UPy in a one-step coupling reaction and 

solution blended to form supramolecular conjugated block copolymers. A practical 

advantage of UPy interactions compared with all-conjugated block copolymers is a 

greatly simplified synthetic route and straightforward preparation through solution 

blending. The structure of blend films is analyzed under a variety of annealing conditions 

using a combination of polarized optical microscopy (POM), atomic force microscopy 

(AFM), and grazing-incidence wide-angle X-ray scattering (GIWAXS). We find that 

UPy quadruple hydrogen bonding interactions can prevent micron-scale phase separation 

in polymer blend thin films and increase fluorescence quenching in solution due to a 

reduced average distance between donor and acceptor polymers. 

5.2. Experimental Section 

5.2.1. Materials 

Methyl isocytosine (MIC) was purchased from Sigma-Aldrich and dried under 

vacuum at 100 °C overnight before use. Styrene (purchased from Sigma-Aldrich) was 

purified by passing through an Al2O3 column. Poly(ethylene glycol) methyl ether (PEG-

OH, 5,000 g/mol) was purchased from Sigma-Aldrich. 2(6-

isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone (UPy-isocyanate),38 
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2,5-dibromo-3-hexylthiophene,46 9�,9�-dioctylfluoren-2�,7�-diboronic pinacol ester, and 7�-

bromo-9�,9�-dioctylfluoren-2�-yl-4,4,5,5-tetramethyl[1,3,2]dioxaborolane47 were 

synthesized as previously described.  Tetrahydrofuran (THF) and chloroform (CHCl3) 

were dried over molecular sieves (4�). All other reagents were purchased from Sigma-

Aldrich and used as received. Silicon Wafers were purchased from El-Cat, washed by 

sonication in DI water and isopropyl alcohol, and dried under a stream of compressed air 

before use. 

5.2.2. Syntheses 

Aniline-end functionalized poly(3-hexylthiophene), P3HT-NH2. P3HT-NH2 

was prepared using a procedure adapted from a previous report.35 In a 50 mL flask 

purged with nitrogen gas, 2,5-dibromo-3-hexylthiophene (1.9 g, 5.82 mmol) was 

dissolved in anhydrous THF (5 mL), and the solution was stirred under nitrogen at 0 °C 

for 15 minutes. A solution of isopropyl magnesium chloride and LiCl (1.3 M) in THF 

(4.48 mL, 5.82 mmol) was added, and the mixture was stirred for 2 hours. 25 mL of THF 

was then added before adding Ni(dppp)Cl2 (105.15 mg, 0.194 mmol), and the mixture 

was stirred for 15 minutes. The reaction was quenched by adding a 1M THF solution of 

3-[bis-(trimethylsilyl)amino] phenylmagnesium chloride (6 mL, 6mmol) and stirring for 

15 minutes. 5 M HCl (8 mL, 40 mmol) was then added, and the solution was stirred for 

another 15 minutes. The final mixture was collected by precipitation in cold methanol 

and water and then by washing with CHCl3 in a Soxhlet apparatus. The CHCl3 solution 

was stirred with 2 M Na2CO3 solution to neutralize the aniline end group. The resulting 

product was precipitated in cold methanol and dried at 50 °C under vacuum. Yield: 0.86g 

(88%). Mw (GPC): 4986 g/mol, dn/dc = 0.250, polydispersity (PDI) = 1.17, Degree of 

polymerization (DP) (NMR) = 30. 1H NMR (400 MHz, CDCl3, see Figure 5.1), 
 (ppm): 
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6.95 (30H; Aryl-H), 3.75 (2H; NH2), 2.82 (60H; C-CH2-C5H11), 1.70 (60H; CH2-CH2-

C4H9), 1.35 (180H; CH2-C3H6-CH3), 0.92 (90H; CH2-CH3). 

 

Figure 5.1 – 1H NMR spectrum of P3HT-NH2. 

Hydroxyl-end functionalized poly(9,9-dioctylfluorenyl-2,7-diyl), PFO-OH. 7�-

bromo-9�,9�-dioctylfluoren-2�-yl-4,4,5,5-tetramethyl[1,3,2]dioxaborolane (1 g, 1.68 

mmol), 4-(Hydroxymethyl)phenylboronic acid pinacol ester (19.6 mg, 0.08 mmol), 

Tetrakis-(triphenylphosphine)-palladium(0) (75 mg, 0.065 mmol), and aliquat 336 (3 

drops) were added to a Schlenk tube loaded with nitrogen-purged toluene (25 mL) and 2 

M Na2CO3 aqueous solution (10 mL). The reaction was stirred in 90 °C oil bath for 1 day. 
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4-(Hydroxymethyl)phenylboronic acid pinacol ester (157 mg, 0.67mmol) was added to 

the reaction tube and the solution was stirred for 1 day at 90 °C. Bromobenzene (large 

excess) was added to the reaction and stirred for an additional day before collecting the 

product by precipitation in methanol. The polymer was subsequently washed with 

copious amounts of methanol and acetone and dried under vacuum. Yield: 520 mg (84%). 

Mw (GPC): 5860 g/mol, dn/dc = 0.234, PDI = 1.31, DP (NMR) = 13. 1H NMR (400 MHz, 

CDCl3, see Figure 5.2), 
 (ppm): 7.5-7.8 (87H; -Ph), 4.78 (2H; Ar-CH2-OH), 2.1 (52H; 

CH2-C7H15), 1.13 (260H; CH2-C5H10-CH3), 0.80 (78H; C7H14-CH3). 

 

Figure 5.2 – 1H NMR spectrum of PFO-OH. 

Hydroxyl-end functionalized poly(9,9-dioctylfluorenyl-2,7-diyl)-co-(2,3,5-

benzothiadiazole), PFBT-OH. 9�,9�-dioctylfluorene-2�,7�-diboronic pinacol ester (812 

mg, 1.265 mmol), 4,7-dibromobenzo[1,2,5]thiadiazole (370 mg, 1.265 mmol), 4-
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(hydroxymethyl)phenylboronic acid pinacol ester (14.8 mg, 0.063 mmol), tetrakis-

(triphenylphosphine)-palladium(0) (75 mg, 0.065 mmol), and aliquat 336 (3 drops) were 

added to a Schlenk tube loaded with nitrogen-purged toluene (25 mL) and 2 M Na2CO3 

aqueous solution (10 mL). The reaction was stirred in 90 °C oil bath for 1 day. 4-

(hydroxymethyl)phenylboronic acid pinacol ester (118 mg) was added to the reaction 

tube, and the solution was stirred for 1 day at 90 °C. 4-bromobenzyl alcohol (283 mg) 

was added to the reaction, and the solution was stirred for 1 day at 90 °C. The polymer 

was recovered by precipitation in methanol, washed with copious amounts of methanol 

and acetone, and dried under vacuum. Yield: 620 mg (81%). Mw (GPC): 15320 g/mol, 

dn/dc = 0.263, PDI = 1.37, DP (NMR) = 22. 1H NMR (400 MHz, CDCl3, see Figure 5.3), 


 (ppm): 7.3-8.2 (184H; -Ph), 4.78 (4H; Ar-CH2-OH), 2.1 (88H; CH2-C7H15), 1.13 (440H; 

CH2-C5H10-CH3), 0.80 (132H; C7H14-CH3). 
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Figure 5.3 – 1H NMR spectrum of PFBT-OH. 

Hydroxyl-end functionalized polystyrene, PS-OH. Bromine-terminated 

polystyrene (PS-Br) was first synthesized by mixing styrene (12g, 115.2 mmol), Cu(I)Br 

(200 mg, 1.38 mmol), PMDETA (0.29 mL), and ethyl �-bromoisobutyrate (0.127 mL, 

0.86 mmol) under nitrogen and reacting at 65 °C. The polystyrene product was 

precipitated in cold methanol and dried at 50 °C under vacuum. Next, PS-Br (Mw~10,000, 

1.6 g, 0.16 mmol), ethanolamine (0.5 mL), and Et3N (1 mL) were dissolved in DMF (25 

mL) and stirred at room temperature overnight. The product was precipitated in cold 

methanol and dried at 50 °C under vacuum. Yield: 5g (50%). Mw (GPC): 9851, dn/dc = 

0.173, PDI = 1.04. DP (NMR) = 97. 1H NMR (400 MHz, CDCl3, see Figure 5.4), 
 (ppm): 
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6.45-7.08 (490H; -ph), 3.42 (2H; O-CH2-CH3), 3.36 (2H; -CH2-OH), 3.10 (1H; NH-CH-

Ph), 2.10 (2H; NH-CH2-CH-OH), 1.84 (194H; CH2-CH-Ph), 1.42 (97H; CH2-CH-Ph), 

0.99(6H; C-(CH3)2), 0.83 (3H; O-CH2-CH3). 

 

Figure 5.4 – 1H NMR spectrum of PS-OH. 

General procedure for the preparation of UPy-end functionalized polymers. All 

UPy-end terminated polymers were prepared using the same procedure, except where 

indicated otherwise. In a representative procedure, P3HT-NH2 (300 mg, 0.075 mmol), 

UPy-isocyanate (65.9 mg, 0.225 mmol) and 3 drops of dibutyltin dilaurate (DBDTL) 

were dissolved in dry CHCl3 and stirred at 50 °C for 24 hours. Silica gel (240 mesh, 10 

mg) was subsequently added, and the solution was stirred at 60 °C for 24 hours. The 

crude product was precipitated in cold methanol (PEG-UPy was precipitated from cold 
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diethyl ether), loaded into a Soxhlet apparatus, and washed with CHCl3 to collect the 

final product, which was concentrated under reduced pressure and dried under vacuum. 

Recovered yield: 261 mg, 87%. 1H NMR data for each polymer is provided in the text 

below and in the Figure 5.5 – Figure 5.9.    

UPy-functionalized Polystyrene (PS-UPy): Yield (recovered): 90%. 1H NMR (500 

MHz, CDCl3, see Figure 5.5), 
 (ppm): 13.15 (1H; -NH), 11.88 (1H; -NH), 10.18 (1H, -

NH), 5.82 (1H; -CH), 6.45-7.08 (490H; -ph), 3.42 (2H; O-CH2-CH3), 3.21 (2H; -CH2-O-

isocyanate-UPy), 3.10 (1H; NH-CH-Ph), 2.10 (2H; NH-CH2-CH-OH), 1.84 (194H; CH2-

CH-Ph), 1.42 (97H; CH2-CH-Ph), 0.99(6H; C-(CH3)2), 0.83 (3H; O-CH2-CH3). 

�

Figure 5.5 – 1H NMR spectrum of PS-UPy. 
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UPy-functionalized Poly(ethylene glycol) (PEG-UPy): Yield (recovered): 92%. 
1H NMR (400 MHz, CDCl3, see Figure 5.6), 
 (ppm): 13.15 (1H; -NH), 11.88 (1H; -NH), 

10.18 (1H, -NH), 5.82 (1H; -CH), 3.4-3.8 (452H; O-CH2-CH2-O-), 3.35 (3H; O-CH3), 

3.21 (4H; NH-CH2), 2.20 (3H; NH-C-CH3); 1.63 (4H; -CH2-CH2-), 1.35 (4H; NH-CH2-

CH2). 

 

Figure 5.6 – 1H NMR spectrum of PEG-UPy. 
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UPy-functionalized Poly(3-hexyl thiophene) (P3HT-UPy): Yield (recovered): 

87%.  1H NMR (500 MHz, CDCl3, see Figure 5.7), 
 (ppm): 13.15 (1H; -NH), 11.88 (1H; 

-NH), 10.18 (1H, -NH), 5.82 (1H; -CH), 6.95 (30H; Aryl-H), 3.75 (1H; NH-UPy), 2.82 

(60H; C-CH2-C5H11), 1.70 (60H; CH2-CH2-C4H9), 1.35 (180H; CH2-C3H6-CH3), 0.92 

(90H; CH2-CH3). 

 

Figure5.7 – 1H NMR spectrum of P3HT-UPy. 

 

UPy-functionalized Poly(9,9-dioctyl fluorene) (PFO-UPy): Yield (recovered): 

85%.  1H NMR (500 MHz, CDCl3, see Figure 5.8), 
 (ppm): 13.15 (1H; -NH), 11.88 (1H; 
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-NH), 10.18 (1H, -NH), 5.82 (1H; -CH), 7.5-7.8 (87H; -Ph), 5.12 (2H; Ar-CH2-O-UPy), 

2.1 (52H; CH2-C7H15), 1.13 (260H; CH2-C5H10-CH3), 0.80 (78H; C7H14-CH3). 

 

Figure 5.8 – 1H NMR spectrum of PFO-UPy. 

UPy-functionalized Poly(9,9-dioctyl fluorene-alt-benzothiadiazole) (PFBT-UPy): 

Yield (recovered): 87%. 1H NMR (500 MHz, CDCl3, see Figure 5.9), 
 (ppm): 13.15 (2H; 

-NH), 11.88 (2H; -NH), 10.18 (2H, -NH), 5.82 (2H; -CH), 7.3-8.2 (184H; -Ph), 5.12 (4H; 

Ar-CH2-OH), 2.1 (88H; CH2-C7H15), 1.13 (440H; CH2-C5H10-CH3), 0.80 (132H; C7H14-

CH3). 
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Figure 5.9 – 1H NMR spectrum of PFBT-UPy. 

5.2.3. Characterizations 

Size Exclusion Chromatography (SEC). Molecular weights and polydispersities 

were obtained by SEC using an Agilent 1200 module equipped with three PSS SDV 

columns in series (100, 1000, and 10000 � pore sizes), an Agilent variable wavelength 

UV/VIS detector, a Wyatt Technology HELEOS II multi-angle laser light scattering 

(MALLS) detector (	 = 658 nm), and a Wyatt Technology Optilab reX RI detector. This 

system enables SEC with simultaneous refractive index (SEC-RI), UV/VIS (SEC-

UV/VIS), and MALLS detection. THF was used as the mobile phase at a flow rate of 1 

mL/min at 40 °C.  



� �
�

133�
�

Nuclear Magnetic Resonance (NMR). 1H NMR spectroscopy was performed on 

Bruker 400 MHz spectrometers for all OH- and NH2-terminated polymers and Varian 

500 MHz for all UPy-terminated polymers. Samples were placed in 5 mm o.d. tubes with 

sample concentrations of about 5 mg/mL. Solvents contain 0.05% TMS as an internal 

standard.  

Polarizing Optical Microscopy. Optical microscopy images of polymer blend films 

were acquired using an Axioplan 2 imaging microscope in reflective mode. Films were 

prepared by spin casting 6 mg/mL solutions onto a silicon wafer cleaned by sonication in 

DI water and isopropyl alcohol. Images were processed using Axio Vision version 4.8. 

Fourier Transform Infrared (FTIR). FTIR analysis was carried out using a 

Thermo-Nicolet Nexus 670 instrument operated via the OMNIC program. Samples were 

prepared by depositing approximately 1 mg of bulk polymer on the sample holder. 

Atomic force microscopy (AFM). AFM analysis was performed using a Veeco 

Multimode 8 with NanoScope V Controller (instruments located at the Center for 

Nanoscale Materials at Argonne National Laboratory and the Center for Functional 

Nanomaterials at Brookhaven National Laboratory) and a Multimode with Nanoscope 

IIIA controller at Rice University. Sample topography was recorded using TappingTM and 

PeakForceTM modes. 2nd order flattening has been used for compensation of sample tilt 

and enhancement of image’s contrast. Sample films were prepared by spin-casting a 6 

mg/mL solution onto a silicon substrate and thermally annealing on a temperature 

controlled hotplate. 

Ultraviolet-visible (UV-VIS) absorbance and Luminescence spectrometer. UV-

VIS absorbance measurements were carried out with a Varian Cary 50 spectrophotometer 

with scan range of 190 nm – 1100 nm, and fluorescence quenching measurements were 
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carried out on a Jobin-Yvon Horiba NanoLog spectrofluorimeter. Samples for 

fluorescence measurements were prepared by stirring 1 mg/mL solutions in CHCl3 

overnight before diluting to a concentration of approximately 1 g/mL P3HT or P3HT-

UPy. The actual P3HT or P3HT-UPy concentration in the sample was estimated by 

measuring the optical density at 510 nm, and normalized fluorescence data were obtained 

by scaling the raw fluorescence measurement by the actual concentration of P3HT or 

P3HT-UPy in solution.  

Grazing incidence wide angle X-ray scattering (GIWAXS). Grazing incidence 

wide angle X-ray scattering measurements were carried out on Sector 8-ID-E at 

Advanced Photon Source, Argonne National Laboratory.48 Beamline 8-ID-E operates at 

an energy of 7.35 keV and images were collected from a Pilatus 1MF camera (Dectris), 

with two exposures for different vertical position of the detector.  After flatfield 

correction for detector nonuniformity, the images are combined to fill in the gaps for 

rows at the borders between modules, leaving dark only the columns of inactive pixels at 

the center.  Using the GIXSGUI package49 for Matlab (Mathworks), data are corrected 

for X-ray polarization, detector sensitivity and geometrical solid-angle. The beam size is 

200 �m (h) x 20 �m (v). Sample detector distance is 204 mm. Sample measurement and 

thermal annealing were carried out under vacuum which is in the range of 2~3 × 10-6 bar, 

with the sample stage interfaced with a Lakeshore 340 unit. 

5.3. Results and Discussions 

Synthesis of UPy-functionalized polymers. Supramolecular block polymers can be 

prepared by blending UPy-functionalized homopolymers. UPy is a self-complementary 
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group, and as a result the blend is expected to consist of A-A, A-B, and B-B associations 

(Figure 5.10(b)). To investigate phase-separation, crystallinity, and optoelectronic 

properties of supramolecular block copolymers, both conjugated and non-conjugated 

UPy-functionalized polymers were prepared. Specifically, three conjugated polymers - 

poly(3-hexylthiophene) (P3HT), poly(9',9'-dioctyl fluorene) (PFO), and poly(9',9'-dioctyl 

fluorene-alt-benzothiadiazole) (PFBT) - and two coil-like polymers - poly(ethylene 

glycol) (PEG) and polystyrene (PS) were studied. P3HT is a widely studied p-type 

polymer in bulk-heterojunction OPVs. PFO has been utilized in both OPVs and OLEDs, 

and a variety of PFO copolymers exhibit broad absorbance, low bandgap, and, in some 

cases, electron transport.50 PFBT has measurable electron mobility,42 and bulk 

heterojunction blends of PFBT and P3HT exhibit a 0.13 % power conversion 

efficiency.51 PS and PEG are chosen as model coil-like polymers for their ease of 

preparation and relevance to a number of block copolymer systems.  
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Figure 5.10 – Schematic of (a) the synthetic scheme for preparation of UPy-terminated 
polymers and (b) quadruple hydrogen bonding (HB) associations between different UPy-
terminated polymers to form supramolecular block copolymers. 

As shown schematically in Figure 5.10(a), UPy-terminated polymers can be 

prepared through a one-step coupling reaction involving hydroxyl or primary amine-

functionalized polymers and isocyanate-functionalized UPy.38 As evidenced by 1H NMR 
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and FTIR, this enables the preparation of UPy-terminated polymers with a high degree of 

functionalization due to the reactivity of isocyanate groups towards primary hydroxyl and 

amine functionalities (Figures 5.11 and 5.12). All UPy-functionalized polymers prepared 

exhibited four distinct NMR peaks corresponding to the terminal UPy group - 
 (ppm) 

=13.15 (-NH), 11.88 (-NH), 10.18 (-NH), and 5.82 (-CH) (Figure 5.11(a) and Figure 5.5- 

Figure 5.9). PS, PFO, and PFBT also exhibit a clear shift in the 1H NMR peak 

corresponding to CH2 adjacent to the terminal hydroxyl group (Figure 5.11). For PS-OH, 

the 1H NMR peak corresponding to terminal CH2 shifts from 
 (ppm) = 3.36 to 3.21 after 

the coupling reaction (Figure 5.11(b)). In the case of PFO-OH and PFBT-OH (see Figure 

5.2 and Figure 5.3), the terminal CH2 1H NMR peak shifts from 
 (ppm) = 4.78 to 5.12 

(Figure 5.11(c)). 

FTIR spectroscopy (Figure 5.12) provides further evidence for UPy 

functionalization of P3HT and PFO. MIC, a precursor to the UPy endgroup, exhibits a 

sharp primary amine (-NH2) peak at 3330 cm-1 and a peak at 1655 cm-1 corresponding to 

the carbonyl group (C=O). After reaction with hexyl diisocyanate, the primary amine 

peak vanishes and a peak at 2282 cm-1 corresponding to free isocyanate (N=C=O) 

appears. A new peak near 3235 cm-1 corresponding to a secondary amine also appears, 

and split peaks at 1655 cm-1 reflect hydrogen bonding interactions between the carbonyl 

group and the secondary amine functionality. P3HT-NH2 exhibits two weak signals at 

around 3400 and 3500 cm-1, and after functionalization with UPy a broad peak at 3380 

cm-1 appears, indicative of a secondary amine functional group. PFO-OH has a small 

peak at around 3450 cm-1 corresponding to the primary hydroxyl group, and the peak 

disappears after functionalization with UPy. FTIR was less reliable for analyzing end-

group functionalization of PEG-OH, PS-OH, and PFBT-OH (see Figure 5.13).  
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Figure 5.11 – 1H NMR data for (a) the UPy end group, (b) polystyrene before and after 
coupling to UPy, and (c) poly(9,9-dioctyl fluorene) before and after coupling to UPy. 



� �
�

139�
�

 

Figure 5.12 – FTIR spectra for various end-functionalized polymers as well as the 
reactive UPy-isocyanate group (UPy) and methyl isocytosine (MIC). 
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Fgure 5.13 – FTIR spectra of UPy-modified and hydroxyl-terminated PFBT, PS, and 
PEG. 

Phase behavior of polymer blends in thin films In order to test the effect of UPy 

associations on phase behavior, blend films were cast on a surface and analyzed by 

optical microscopy and AFM. Samples were thermally annealed near but below the 

highest crystallization temperatures (180 °C and 110 °C for 5K P3HT and PFO, 

respectively) before analysis by POM. These annealing conditions were chosen because a 

clear difference was observed in the phase behavior of UPy and non-UPy polymer blends. 

POM analysis shows that UPy-mediated hydrogen bonding interactions suppress micron-

scale phase separation at these annealing conditions (Figure 5.14). For example, in the 

case of P3HT/PS blends mixed at a 50/50 ratio by mass, clear evidence for micron-scale 
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phase separation is observed after annealing overnight at 160 °C (Figure 5.14(a)). By 

contrast, no micron-scale phase separation is observed for P3HT-UPy/PS-UPy blend 

films (Figure 5.14(b)). Similar results are observed for PFO/PEG blend films annealed at 

100 °C (Figures 5.14(c) and 5.14(d)), P3HT/PEG blend films annealed at 160 °C (see 

Figure 5.15), and P3HT/PFO blend annealed at 160 °C (Figures 5.14(e) and 5.14(f)). 

Results for PS/PFO blend films were inconclusive since no phase separation was 

observed for both PS/PFO and PS-UPy/PFO-UPy blends (Figure 5.16). Altogether, these 

results indicate that UPy-functionalized conjugated polymer blends have a reduced 

tendency for micron-scale phase separation. 

 

Figure 5.14 – Optical microscopy images of thermally annealed polymer blends: (a) 
50/50 wt% P3HT/PS, (b) 50/50 wt% P3HT-UPy/PS-UPy, (c) 50/50 wt% PFO/PEG, (d) 
50/50 wt% PFO-UPy/PEG-UPy, (e) 50/50 wt% P3HT/PFO, and (f) 50/50 wt% P3HT-
UPy/PFO-UPy. Scale bar: (a) 50 �m, and (b)-(f) 20 �m. Thermal annealing conditions: 
(a), (b), (e), and (f): 160 °C, 16 hours. (c) and (d): 100 °C, 16 hours. 
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Figure 5.15 – Polarizing optical microscopy images of thermally annealed polymer 
blends: (a) 50/50 wt% P3HT/PEG, (b) 50/50 wt% P3HT-UPy/PEG-UPy. Annealing 
temperature: 160 °C. Scale bars: 50 �m. 

 

Figure 5.16 – Polarizing optical microscopy images of thermally annealed polymer 
blends: (a) 50/50 wt% PFO/PS, (b) 50/50 wt% PFO-UPy/PS-UPy. Annealing temperature: 
100 °C. Scale bars: 50 �m. 
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Figure 5.17 – Polarizing optical microscopy images of solvent annealed polymer blends: 
(a) 50/50 wt% P3HT/PFO, (b) 50/50 wt% P3HT-UPy/PFO-UPy. Annealing temperature: 
170 °C in the presence of dichlorobenzene. Scale bars: 50 �m. 

 

Figure 5.18 – Polarizing optical microscopy images of thermally annealed polymer 
blends: (a) 50/50 wt% P3HT/PEG, (b) 50/50 wt% P3HT-UPy/PEG-UPy. Annealing 
temperature: 190 °C. Scale bars: 20 �m. 

While a clear difference between UPy and non-UPy-terminated polymers was 

observed for the specific annealing conditions described above, higher temperature 
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treatment conditions were tested to explore the limit of miscibility of UPy-terminated 

polymer blends. All blend films studied, including UPy polymer blends, showed micron-

scale phase separation when solvent annealed at 170 °C in the presence of 

dichlorobenzene (See Figure 5.17) or when thermally annealed (without solvent present) 

at 190 °C (higher than the crystalline temperature of the present P3HT sample) (see 

Figure 5.18). On the other hand, no phase separation was observed by POM after 

annealing overnight at 100 °C for any polymer blend (see Figure 5.16 for an example). 

These results indicate that thermal annealing at 190 °C or at 170 °C in the presence of 

dichlorobenzene is required to induce micron-scale phase separation in P3HT-UPy blends. 

By comparison, other studies on UPy-functionalized molecules have shown that 

associations are disrupted at a temperature of approximately 80 °C when solvent is 

present,52,53 and a report on star-shaped UPy end-functionalized polymers found 

associations persist only to temperatures as high as 130 °C.54 A recent study on UPy-

functionalized non-conjugated polymers reported micron-scale phase separation in 

polymer blend films thermally annealed at just 100 °C.32 Thus, the results in the present 

study indicate that blends consisting of one or more conjugated polymers can increase the 

temperature required for phase separation. This may be due to a combination of 

thermodynamic and kinetic effects, as discussed below.  

GIWAXS measurements were carried out on pristine P3HT-UPy films, P3HT films, 

and P3HT blend films to investigate crystallization in UPy-modified polymers and 

polymer blends (Figures 5.19 and 5.20). In the case of P3HT-UPy, as-cast films show 

little or no crystallinity, but on heating to 80 °C characteristic P3HT-crystallite peaks 

appear and persist up to temperatures of 160 °C (Figure 5.19). The positions and intensity 

of crystalline peaks is qualitatively similar to those of P3HT films prepared similarly and 

measured at an elevated temperature (Figure 5.20a). Furthermore, thermally annealed 
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(160 °C, 16 h) P3HT-UPy/PFO-UPy and P3HT-UPy/PS-UPy blend films exhibit similar 

crystalline peaks (Figures 5.20b and 5.20c), but the intensity of the crystal peaks is 

significantly weaker for blend films compared with pristine P3HT films. These 

measurements indicate that crystallization is still present but reduced in UPy-modified 

polymer blend films.  

 

Figure 5.19 – GIWAXS patterns of a P3HT-UPy thin films cast at room temperature and 
thermally annealed in-situ. All samples were measured at an incident angle of 0.25° and 
20 second exposure time, and all images have the same color scale. 
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Figure 5.20 – GIWAXS patterns of (a) P3HT homopolymer annealed in-situ at 160 °C, 
(b) P3HT-UPy/PS-UPy and (c) P3HT-UPy/PFO-UPy measured at r.t. after thermal 
annealing for 16 h at 160 °C. All samples were measured at an incident angle of 0.25° 
and 20 second exposure time, and all images have the same color scale. 

AFM measurements were carried out to investigate the mesoscale structure of UPy 

polymer blend films.55 AFM images show clear evidence for crystallization in pristine 

P3HT, pristine PFO, and their blend films with UPy-mediated interactions. For example, 

AFM topography images of P3HT-UPy/PS-UPy blend films reveals crystalline 

nanowires characteristic of P3HT with fiber dimensions approximately 10 nm in width 

and lengths up to 100 nm after 16 hours of thermal annealing at 160 °C (Figure 5.21b). 

Pristine PFO films also exhibit crystalline fibers after thermal annealing at 100 °C for 16 

h (Figure 5.21c), with fiber dimensions of about 50 nm in width and lengths up to 1 �m. 

In the case of PFO-UPy/PEG-UPy annealed at 100 °C for 16 h, both crystallization and 

sub-micron-scale phase separation are observed, with phase-separated domains roughly 

300 nm in size (Figure 5.21d-e). Crystalline fibers are only present in the PFO-rich 

domains and have fiber dimensions approximately 20 nm in width and lengths up to 200 

nm. Similar fibril structures with dimensions of about 30 nm in width and 700 nm in 

length were observed in P3HT-UPy/PFO-UPy blends annealed at 160 °C for 16 h with no 
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evidence of phase separation. Sub-micron phase separation was also observed in P3HT-

UPy/PEG-UPy and PFO-UPy/PS-UPy blends (Figure 5.22). Furthermore, for P3HT-

UPy/PFO-UPy and P3HT-UPy/PS-UPy, solvent annealing at room temperature for 4 

days gives rise to nanoscale phase-separated domains with P3HT crystallinity (see Figure 

5.23). 

 

Figure 5.21 – Atomic force microscopy height images of thermally annealed polymer 
films: (a) pristine P3HT-NH2, (b) 50/50 wt% P3HT-UPy/PS-UPy, (c) PFO, (d) 50/50 
wt% PFO-UPy/PEG-UPy, (f) 50/50 wt% PFO-UPy/PEG-UPy in smaller scale, and (e) 
50/50 wt% P3HT-UPy/PFO-UPy. Thermal annealing conditions: (a), (b), and (e): 160 °C, 
16 hours. (c) (d), and (f): 100 °C, 16 hours. 
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Figure 5.22 – Atomic Force Microscopy height images of thermally annealed UPy 
modified polymer blends: (a) 50/50 wt% P3HT-UPy/PEG-UPy thermally annealed at 160 
°C for 16 hours, (b) 50/50 wt% PFO-UPy/PS-UPy, thermally annealed at 100 °C for 16 
hours. 
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Figure 5.23 – GIWAXS patterns of a (a) P3HTUPy/PSUPy and (b) P3HTUPy/PFOUPy 
toluene solvent annealed thin film at room temperatures for 4 days. All samples were 
measured with incident angle 0.25° and 20 seconds exposure time. AFM height images of 
(c) P3HTUPy/PSUPy and (d) P3HTUPy/PFOUPy toluene solvent annealed thin film at 
room temperatures for 4 days. 

Altogether, AFM and POM measurements of thermally annealed polymer blend 

films indicate that UPy-mediated interactions can suppress micron-scale phase separation 
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in conjugated polymer blend films thermally annealed at temperatures up to 160 °C. The 

reduced tendency for micron-scale phase separation may be due to a combination of 

thermodynamic and kinetic effects. Previous work indicates that UPy-mediated hydrogen 

bonding interactions are weak above 100 °C,52,53 but crystallization in P3HT-UPy blends 

persists up to 180 °C and may lead to reduced chain mobility and slower kinetics for 

phase-separation. This is consistent with the GIWAXS data that show significant 

crystallinity present in P3HT-UPy at 160 °C and AFM images, which indicate that phase 

separation occurs at a reduced length scale in some UPy-terminated polymer blend films 

(e.g. PFO-UPy/PEG-UPy). On the other hand, UPy-modification may also affect the 

thermodynamics of polymer blends, resulting in a homogeneous phase for some UPy-

polymer blends. This is supported by mean-field theories for supramolecular block 

copolymers that indicate complete miscibility under some conditions56,57 and may explain 

the absence of micro-phase segregated structures in UPy polymer blends.  

Fluorescence quenching in conjugated polymer blends. Fluorescence 

measurements were carried out on P3HT/PFO and P3HT/PFBT solution blends to 

determine if UPy-mediated interactions between donor and acceptor polymers affect 

fluorescence quenching. UPy associations are expected to decrease the average distance 

between polymers compared with unmodified polymer blends, resulting in increased 

fluorescence quenching. PFBT has a more compatible LUMO level for energy transfer 

with P3HT and is therefore expected to exhibit more significant quenching compared 

with PFO.28   

Fluorescence quenching measurements were carried out by selectively exciting 

P3HT; this is accomplished by choosing an excitation wavelength greater than 510 nm, 

above which PFO and PFBT exhibit no absorbance (Figure 5.24a). The measurements 

therefore probe energy and/or electron transfer from P3HT to PFO or PFBT, and a 
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quantitative comparison can be made by preparing solutions with approximately the same 

P3HT content (1 - 5 �g/mL) and normalizing fluorescence spectra by the overall P3HT 

concentration, estimated by the measured absorbance at 510 nm.  

 

Figure 5.24 – (a) UV-VIS absorbance spectra of P3HT, PFO, and PFBT. The dotted line 
indicates the excitation wavelength used for fluorescence measurements; note that only 
P3HT exhibits significant absorbance at 510 nm. (b) Fluorescence spectra for conjugated 
polymer blends in solution under 525 nm excitation wavelength. 
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Figure 5.25 – Fluorescence spectrum for P3HT and P3HT-UPy homopolymers at 510 
nm excitation wavelength. 

The fluorescence spectrum (see Figure 5.25) of pure P3HT and P3HT-UPy 

solutions shows that the terminal UPy group by itself has a negligible impact on 

fluorescence quenching. Blends of unmodified polymers show lower fluorescence 

compared with that of pristine P3HT or P3HT-UPy, indicative of some energy or electron 

transfer from P3HT to PFO or PFBT, and as expected quenching is more significant for 

P3HT/PFBT solution blends due to better matching of LUMO energy levels (Figure 

5.24b). Furthermore, for both P3HT/PFO and P3HT/PFBT, UPy-modified polymer 

blends exhibited lower fluorescence compared with that of non-UPy modified polymer 
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blends. This indicates that UPy-associations increase fluorescence quenching due to 

decreased average distance between donor and acceptor polymers in solution. 

5.4. Conclusions 

A series of conjugated and non-conjugated UPy-terminated polymers were 

synthesized via a one-step reaction with UPy-isocyanate. A combination of AFM, POM, 

and GIWAXS shows that UPy-mediated quadruple hydrogen bonding interactions can 

prevent micron-scale phase separation in conjugated polymer blends. UPy modification 

increases fluorescence quenching in solutions of donor and acceptor polymers, due to 

hydrogen-bonding associations which reduce the average distance for energy and/or 

electron transfer. These results show that UPy-mediated interactions can suppress 

micron-scale phase separation in bulk heterojunction polymer blends at temperatures and 

processing conditions typically used to prepare bulk-heterojunction OPVs. As a result, 

UPy functionalization may be a promising route for improving the performance of all-

polymer OPVs. 
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Chapter 6 

Hydrogen Bonding-Mediated Conjugated Polymers for Bulk-Heterojun
ction Organic Photovoltaics 

A major challenge in the optimization of bulk heterojunction photovoltaics (BHJ 

OPVs) is control over their morphology. In contrast to the simple polymer blend OPVs, 

we use hydrogen bonding interactions to mediate the morphology and improve power 

conversion efficiency of all-polymer BHJ OPVs. Poly(3-hexylthiophene) (P3HT) and 

poly(2,7-(9�,9�-dioctyl-fluorene)-alt-5,5-(4�,7�-di-2-thienyl-2�,1�,3�-benzothiadiazole) 

(PFTBT) with self-associating, quadruple hydrogen bonding end groups (2-ureido-4[1H]-

pyrimidinone, UPy) are used to explore the role of hydrogen bonding associations on 

blend morphology and photovoltaic performance. We study three different BHJ OPV 

systems: P3HT/PCBM, PFTBT/PCBM and P3HT/PFTBT and analyze these blends by 

AFM, impedance spectroscopy, and device characteristics. With hydrogen bonding 

mediation, the performance is improved from 1.21% to 2.16% in P3HT/PCBM whereas 

the performance is reduced from 1.84% to 1.08% in PFTBT/PCBM. This contradiction 

between two systems may be due to enhanced long-range order of semi-crystalline of 

P3HT but molecular entanglement of non-crystalline PFTBT chains. In P3HT/PFTBT 

system, the performance is improved from 0.43% to 0.77% because the hydrogen 
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bonding interaction suppresses the macro-phase separation with maintained uniform 

films under 155 oC annealing temperature that better P3HT ordering is expected. Overall, 

the impedance analysis under short circuit and illumination conditions indicates the faster 

charge transport (lower bulk resistance, R1) and reduced charge recombination (higher 

donor-acceptor interfacial recombination resistance, R2) within the better performed 

devices. This study shows that hydrogen bonding interactions can reduce phase 

separation but not significantly produce better OPV devices in all cases perhaps because 

of diluted effect of hydrogen bonding on the end groups of polymer chains.  

6.1. Introduction 

The morphology in the active layer of bulk heterojunction (BHJ) organic 

photovoltaics (OPVs) is one of the key factors leading to efficient performance. In 

general, the final structure of active layer is a result of various non-equilibrium processes, 

including polymer crystallization and phase separation that occur during film casting and 

annealing.1,2 A variety of methods have been implemented to control the length scale 

interface structure and crystallinity of the active layers including the use of processing 

additives3-5 and top-down approaches to patterning.6-8 For OPVs that comprised of all 

polymers, the morphology and the optimization of devices have been studied by means of 

composition,9 casting solvents,10 annealing temperatures,11 nanoimprint lithography6 and 

block copolymer self-assembly.12-14 Although all-conjugated block copolymers with p- 

and n- type blocks are considered an effective way to achieve optimal structures and 

superior performance, the simplicity of using polymer blends is still widely 

studied.10,11,15,16 

In order to enhance intermolecular interaction between donor-acceptor materials, 

hydrogen bonding is considered as the first choice due to its strength and selectivity.17-19 
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Enhanced performance in BHJ OPVs has been demonstrated with using hydrogen 

bonding interaction for morphological control in polymer/inorganic molecules blends.20-

24 Previous studies also show that the hydrogen bonding interaction can improve energy 

transfer between donor-acceptor polymers and dyes.25,26 Then, improved performances in 

all-polymer OPVs which are mediated by hydrogen bonding is anticipated. Herein, a 

quadruple hydrogen bonding group (2-ureido-4[1H]-pyrimidinone, UPy) is introduced as 

end-functional groups to Poly(3-hexylthiophene) (P3HT) and poly(2,7-(9�,9�-dioctyl-

fluorene)-alt-5,5-(4�,7�-di-2-thienyl-2�,1�,3�-benzothiadiazole) (PFTBT) to mediate the 

morphologies and the BHJ OPVs.  

We study the devices in varying donor-acceptor combinations: P3HT/PCBM, 

PFTBT/PCBM and P3HT/PFTBT. The hydrogen bonding improves performance of 

P3HT/PCBM (1.21% to 2.16%) and P3HT/PFTBT (0.43% to 0.77%) devices in which 

P3HT is the electron donor polymer but drops the performance of PFTBT/PCBM (1.84% 

to 1.08%) devices that PFTBT is the electron donor polymer. Furthermore, AFM 

indicates that the quadruple hydrogen bonding molecule gives finer morphologies in 

polymer/PCBM devices and more uniform films even at 155 oC annealing temperature in 

P3HT/PFTBT blend devices. Impedance spectroscopy (IS) is performed to analyze the 

influence of the hydrogen bonding molecule to the electronic properties of OPV devices. 

Overall, the impedance analysis under short circuit and illumination conditions indicates 

the faster charge transport (lower bulk resistance, R1) and reduced charge recombination 

(higher donor-acceptor interfacial recombination resistance, R2) within the better 

performed devices. This study shows that hydrogen bonding interactions can alter the 

morphology by enhancing miscibility of blends but not significantly produce better OPV 

devices and can be even detrimental in some cases. Thorough formulation of hydrogen 
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bonding-modified polymers in regular polymer blends may be important for device 

optimization. 

6.2. Experimental Section 

Materials. We used the synthetic method of functionalized initiator for P3HT-OH 

as reported previously.27 PFTBT-OH and UPy-terminated polymers were synthesized 

with similar methods as reported previously.26 Polystyrene relative Mw of P3HT = 11 

kg/mol with polydispersity = 1.05 and regioregularity = 94%. Polystyrene relative Mw of 

PFTBT = 14 kg/mol with polydispersity = 1.63. Chemical structures of polymers are 

shown in Figure 6.1.  

Cyclic voltammetery (CV). CV measurement was performed using CHI 620C 

Electrochemical Analyzer, CH Instruments. Sample solutions were prepared by adding 

trace amount of polymers in anhydrous 0.1 M TBAP electrolyte CHCl3 solution. We used 

carbon as the working electrode, Pt wire as counter electrode and saturated AgNO3 as 

reference electrode. Equipment was calibrated with using ferrocence dissolved in 0.1 M 

TBAP electrolyte CHCl3 solution. Sample solution was purged with N2 for 10 minutes 

before measurement. The CV curves and UV-Vis spectra for calculation of energy levels 

are provided in Figure 6.2-6.4. Calculation for energy levels followed the methods as 

reported previously.28 The estimation of HOMO level was done with the equation 

EHOMO= [(Eox-E1/2(ferrocene))+4.8] eV, where the Ered is the onset point of reduction 

potential and E1/2(ferrocene) is the average of oxidation and reduction potentials from 

ferrocene. The band gap energy of polymers were calculated from the cross point of onset 

line and baseline of UV-Vis curves. The LUMO level is EHOMO subtracting the band gap 

energy. 
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Figure 6.1 – Chemical structures for OH- and UPy-terminated P3HT and PFTBT. 

 

Figure 6.2 – Current-voltage curve and UV-Vis spectrum for P3HT-OH. 
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Figure 6.3 – Current-voltage curve and UV-Vis spectrum for P3HT-UPy. 

 

Figure 6.4 – Current-voltage curve and UV-Vis spectrum for P3HT-UPy. 
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Figure 6.5 – Current-voltage curve and UV-Vis spectrum for PFTBT-UPy. 

Photovoltaic device fabrication and measurement. Photovoltaic devices were 

prepared with conventional structures of ITO/PEDOT:PSS(55 nm)/active layer (80-90 

nm)/Al (100 nm). ITO glass substrates (20 ohm/sq, 150 nm, purchased from TFD Inc.) 

were rinsed with isopropanol, followed by 3 minutes ozone/plasma treatment. 

PEDOT:PSS (purchased from Sigma Aldrich) was spin-coated on top of ITO at 5000 rpm 

for 40 seconds giving a film thickness about 55 nm measured by Bruker Dektak XT 

profilometer. The PEDOT:PSS/ITO substrates were thermal annealed at 120 oC for 10 

minutes in air and then transferred to a argon-filled glovebox. Polymer solutions were 

prepared with using anhydrous CHCl3 and stirred at room temperature for about 20 hours 

inside glovebox. After spin-coating active layer films, devices were completed by 

thermal evaporation of 100 nm Al at 10-6 torr on top of the active layer through a shadow 

mask. The device area is 3.5 mm2. The integrated devices were further thermal annealed 

at different temperatures as noted in article. The power conversion efficiency (PCE) of 

the devices was measured in the air by Class AAA with AM 1.5 filter solar simulator at 

an intensity of 100 mW/cm2 (PV Measurements Inc.). 
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Atomic force microscopy (AFM). AFM analysis was performed using a Veeco 

Multimode 8 with NanoScope V Controller (instruments located at the Rice University). 

Sample topography was recorded using ScanAsystTM mode. 2nd order flattening was used 

for compensation of sample tilt and enhancement of image contrast.  

Impedance spectroscopy (IS). IS measurement was performed using Autolab 

PGSTAT302N with program NOVA 1.10 on the same devices as device measurement. 

The frequency was used in the range of 0.1 Hz to 106 Hz without applying bias. Fiber-

Lite Model 190 was used for illumination. Data were analyzed with using Zview.  

6.3. Results and discussions 

The quadruple hydrogen bonding 2-ureido-4[1H]-pyrimidinone (UPy) has 

previously been implemented in the preparation of supramolecular polymers and block 

copolymers through self-complementary associations to prevent macro-phase separation 

in polymer blends.26 In this work, as shown in Figure 6.1, we prepare poly(3-

hexylthiophene) (P3HT) and poly(2,7-(9�,9�-dioctyl-fluorene)-alt-5,5-(4�,7�-di-2-thienyl-

2�,1�,3�-benzothiadiazole) (PFTBT) polymers modified with UPy end-groups with the 

methods reported previously.26,27 The hydrogen bonding interaction can be implemented 

to tune morphology in polymer/PCBM as well as polymer/polymer BHJ OPVs to impact 

the performance of solar cells. P3HT is a widely studied p-type polymer in BHJ OPVs. 

PFTBT is a kind of polyfluorene copolymers with low band gap and being studied as a p-

type polymer in BHJ OPVs29 and a n-type polymer in an P3HT–b–PFTBT all-conjugated 

block copolymer OPVs.12 

Electrochemical analysis is an important method to obtain the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 
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levels which are critical parameters for selecting materials for OPVs. We performed 

electrochemical analysis to examine the influence of UPy functional groups. As shown in 

Figure 6.6, the energy levels of UPy-terminated polymers slightly decrease by about 0.05 

eV due to the hydrogen bonding with strong electron affinity. In the following paragraphs, 

we will discuss the influence of hydrogen bonding to morphologies, interface and 

performance of polymer/PCBM and polymer/polymer OPVs. 

 

Figure 6.6 – Energy level diagram (in eV) of OH-terminated (solid lines) and UPy-
terminated (dash lines) P3HT and PFTBT. 

Device characteristics. Both P3HT30,31 and PFTBT29,32 have been studied as p-

type polymers in blending with PCBM for BHJ OPVs. Several methods such as 

composition,33,34 polymer molecular weight,35,36 solvent effects37,38 and processing 

conditions39,40 have been studied to tune to the film morphology leading to varying 

device performances. In addition, P3HT and PFTBT have compatible energy levels and 

have been used for all-polymer OPVs with high open circuit voltage (larger than 1 V) in 

P3HT/PFTBT blend devices41 and P3HT–b–PFTBT block copolymer devices.12 Despite 

of the incentive of high open circuit voltage of polymer/polymer OPV devices, the 
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control of morphology of polymer blend device remains challenge due to the macro-

phase separation. All-conjugated block copolymers can be introduced into polymer blend 

as an interface compatiblizer to address the macro-phase separation issue.42 The previous 

research in supramolecular block copolymers has shown being potential to improve 

polymer blend OPV due to suppression of macro-phase separation.26 Here, we use the 

hydrogen bonding interaction as an unconventional way in tuning film morphology and 

understand the influences on performances of the three OPV systems: P3HT/PCBM, 

PFTBT/PCBM and P3HT/PFTBT. 

All devices were fabricated from nonpolar chloroform solutions to ensure 

hydrogen bonding interaction. The I-V curves for all devices are shown in Figure 6.7 and 

the characteristics of devices are provided in Table 6.1 for polymer/PCBM devices and 

Table 6.2 for polymer/polymer devices. In P3HT/PCBM (1:0.8 w/w) system under the 

same thermal annealing at 140 oC processing condition, P3HT-UPy/PCBM gives power 

conversion efficiency of 2.16% whereas the efficiency for P3HT-OH/PCBM is 1.21%. 

This about 78% of efficiency enhancement is attributed to all improved device 

parameters (Voc, Jsc and FF). In contrast, in PFTBT/PCBM (1:1w/w) system, PFTBT-

UPy/PCBM has efficiency of 1.08% whereas the efficiency for PFTBT-OH is 1.84%. 

This about 41% drop in efficiency is due to all decreased device parameters.  
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Figure 6.7 – OPV device I-V curves for (a) P3HT/PCBM (1:0.8 w/w) devices with 
thermal annealing at 140 oC, (b) PFTBT/PCBM (1:1 w/w) with thermal annealing at 120 
oC and (c) P3HT/PFTBT(1:1 w/w) with thermal annealing at 100 and 155 oC, 
respectively. Device I-V curves are plotted for comparison between OH- or UPy-
terminated polymers. 
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Polymers Efficiency 
(%) 

Short-circuit 
current 

(mA/cm2) 

Open-circuit 
voltage (V) 

Fill Factor 

P3HT-OHa 1.21 6.25 0.56 0.34 

P3HT-UPya 2.16 8.68 0.62 0.39 

PFTBT-OHb 1.84 6.48 0.89 0.32 

PFTBT-UPyb 1.08 5.13 0.69 0.30 
aPolymer/PCBM solutions were prepared in ratios of 1:08 w/w and devices were thermal annealed 
at 140 oC. bPolymer/PCBM solutions were prepared in ratios of 1:1 w/w and devices were thermal 
annealed at 120 oC.  

Table 6.1– Device characteristics for polymer/PCBM OPVs. 
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Active Layer Efficiency 
(%) 

Short-circuit 
current 

(mA/cm2) 

Open-circuit 
voltage (V) 

Fill Factor

P3HT-OH/ 
PFTBT-OHa 

0.62 3.10 0.62 0.32 

P3HT-UPy/ 
PFTBT-UPya  

0.45 1.93 0.88 0.26 

P3HT-OH/ 
PFTBT-OHb 

0.43 2.48 0.56 0.31 

P3HT-UPy/ 
PFTBT-UPyb  

0.77 3.18 0.96 0.25 

aSamples are annealed under 100 oC for 10 minutes. aSamples are annealed under 155 oC for 10 
minutes.  

Table 6.2 – Device characteristics for polymer/polymer (1:1 w/w) OPVs. 

P3HT/PFTBT devices were annealed under two different annealing temperatures, 

100 oC and 155 oC, in that increased annealing temperature offer enhanced P3HT order 

for better hole mobility43 but may hinder performance due to macro-phase separation 

giving poor charge generation in polymer/polymer blends.11,41,42 Furthermore, hydrogen 

bonding interaction can prevent macro-phase separation with annealing temperature up to 

160 oC as reported previously.26 As shown in Figure 6.7(c) and Table 6.2, P3HT-

UPy/PFTBT-UPy devices generally have higher Voc compared with P3HT-OH/PFTBT-

OH devices under both annealing conditions due to improved miscibility in 

polymer/polymer blends (see AFM images at Figure 6.9 and below discussion on 

morphology). The drop of performance (from 0.62% to 0.43%) of P3HT-OH/PFTBT-OH 

devices at elevated annealing temperature from 100 oC to 155 oC is attributed to macro-
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phase separation. On the other hand, the increase of performance (from 0.43% to 0.77%) 

and short-circuit current (from 1.93 mA/cm2 to 3.18 mA/cm2) in P3HT-UPy/PFTBT-UPy 

devices at elevated annealing temperature from 100 oC to 155 oC can be expected by 

enhanced long range order of structures with maintained miscibility due to hydrogen 

bonding interaction. It is worth noting that the fill factor for devices with using UPy-

modified polymers is lower than that without using UPy-modified polymers under both 

annealing conditions. We hypothesize that the introduction of hydrogen bonding may 

increase the charge transport resistance of device and thorough discussion for this will be 

provided in impedance spectroscopy section. Although the performance in this research is 

relatively lower compared with literatures mainly because of smaller molecular weight of 

polymers, the results still show clear difference in performance with using 

supramolecular interaction. Closer investigation on the morphologies and the underlying 

electronic properties are provided in next sections. 
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Figure 6.8 – AFM height images on the polymer/PCBM devices: (a) P3HT-OH/PCBM, 
(b) P3HT-UPy/PCBM, (c) PFTBT-OH/PCBM and (d) PFTBT-UPy/PCBM. 
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Figure 6.9 – AFM height images on the polymer/polymer devices: (a) P3HT-
OH/PFTBT-OH annealed at 100 oC, (b) P3HT-OH/PFTBT-OH annealed at 155 oC, (c) 
P3HT-UPy/PFTBT-UPy annealed at 100 oC and (d) P3HT-UPy/PFTBT-UPy annealed at 
155 oC. 

Morphology. The AFM images for the morphologies of three different 

combinations of BHJ OPVs are shown in Figure 6.8 (P3HT/PCBM and PFTBT/PCBM) 

and Figure 6.9 (P3HT/PFTBT). In general, both polymers/PCBM systems present 

improved miscibility of polymers and PCBM with using the UPy-terminated polymers. 

Both P3HT-UPy/PCBM (Figure 6.8(b)) and PFTBT-UPy/PCBM (Figure 6.8(d)) have 

relatively smaller PCBM aggregated domains in comparison with P3HT/PCBM (Figure 
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6.8(a)) and PFTBT/PCBM (Figure 6.8(c)) in that the high molecular weight polymers are 

expected to reduce the diffusion of PCBM.44 Previous researches have emphasized the 

importance of high molecular weight to the performance of OPVs especially in P3HT due 

to more � stackings.45,46 The improved efficiency in P3HT-UPy/PCBM also attributes to 

long-range order of P3HT due to hydrogen bonding association at the P3HT end groups 

(see embedded images of Figure 6.8(a) and 6.8(b)). Moreover, the molecular weight 

dependent performance on the non-crystalline PFTBT was also studied and shown to 

have enhanced efficiency with increasing molecular weight.36 This inconsistency of our 

results from PFTBT/PCBM system is perhaps due to the entanglement of high molecular 

weight of PFTBT-UPy chains because the polymer has UPy functional groups on both 

end groups.35  

AFM was also performed to elucidate the morphological difference in non-UPy 

and UPy-modified P3HT/PFTBT blend devices as well as the effects of annealing 

temperatures in polymer blends. As shown in Figure 6.9(a) and 6.9(b), 155 oC annealed 

film is less uniform in comparison with 100 oC annealed film for non-UPy modified 

P3HT/PFTBT blend devices may be mainly driven by macro-phase separation. This 

reduces amount of interfaces between polymers and hinder the charge transport within 

the active layer. Therefore, decreased Voc and Jsc are found in 155 oC annealed non-UPy 

modified polymer blend device. Although the hydrogen bonding interaction improves the 

miscibility of polymer blends, this may not be favorable to charge transport due to 

reduced bi-continuous pathways when we compare devices of non-UPy modified and 

UPy-modified polymer blend devices under 100 oC annealing temperature (see Figure 

6.9(a) and 6.9(c)). However 155 oC annealed UPy modified polymer blend device not 

only remains miscibility of two polymers but also improves long range order of structures 

resulted from higher annealing temperature as shown in Figure 6.9(d). The combination 
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of miscibility and improved long range order of structures give better performance of 155 
oC annealed UPy modified polymer blend device.  

 

Figure 6.10 – Equivalent circuit elements for donor/acceptor BHJ OPVs. Rs is the 
resistance loss from the ITO and PEDOT:PSS which is about 90 � in our device system. 
R1 is the bulk resistance of the film. R2 is the recombination resistance at the donor-
acceptor interface. C1 is the geometrical capacitance in the film. CPE is the chemical 
capacitance at the donor-acceptor interface. 

Impedance analysis. Impedance spectroscopy is commonly used for electrical 

devices and applied to study dye-sensitized solar cells by modeling with equivalent 

circuit elements to understand the internal interface and device components.47-52 

Impedance analysis has also been applied to analyze BHJ OPVs53,54 and been used to 

extract by using a simplified equivalent circuit model (see Figure 6.10) as presented 

previously to correlate impedance behavior of P3HT/PCBM devices with active layer 

composition and processing history.55,56 We apply this model to estimate the bulk 

resistance (R1) of the active layer by analyzing the high frequency arc and the 

recombination resistance (R2) at the donor-acceptor interface by analyzing the low 

frequency arc from the Cole-Cole plots (see Figure 6.11 and 6.12) for all devices. The 

short circuit current condition is our particular interest because the bimolecular 

recombination dominates the mechanism of OPVs.55,57 We like to find the R1 and R2 

Rs

R1

C1

R2

CPE



� �
�

175�
�

parameters to reveal how the hydrogen bonding intrinsically influences device 

characteristics in addition to morphologies.  

 

Figure 6.11 – Impedance spectroscopy for (a) P3HT/PCBM and (b) PFTBT/PCBM made 
from OH- and UPy-terminated polymers under dark and illumination conditions. 

 

Figure 6.12 – Impedance spectroscopy for (a) P3HT-OH/PFTBT-OH and (b) P3HT-
UPy/PFTBT-UPy under 100 oC and 155 oC annealing conditions and dark and 
illumination conditions. 
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Figure 6.13 – R1 and R2, that are extracted from Cole-Cole plots for (a) polymer/PCBM 
and (b) P3HT/PFTBT devices under illumination condition at 0 V bias. 

As shown in Figure 6.13(a), both R1 and R2 are lower in P3HT-UPy/PCBM 

device than that in P3HT-OH/PCBM device under illumination condition. These suggest 

that the charge transport across the active layer is enhanced and the charge recombination 

at the donor-acceptor interface is reduced due to less accumulation of trapped 

charges.56,58,59 The results match the facts induced from all improved device 

characteristics in P3HT-UPy/PCBM device and morphologies and the argument that 

higher degree of polymer crystallinity helps charge pair separation by increasing the 

probability of escape from the donor-acceptor interface.57 However, for PFTBT/PCBM 

system, the R1 increases but R2 decreases within hydrogen bonding mediated devices. 

However, the entanglement of non-crystalline PFTBT slows the charge transport and 

cause charge accumulation at the PFTBT-PCBM interface which causes more charge 

recombination happening at donor-acceptor interfaces. The results from the two 
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polymer/PCBM systems with using hydrogen bonding to tune the morphologies in 

devices show that faster charge transport plays an important role in efficient charge 

separation at the donor-acceptor interface.  

Impedance analysis was also performed on the P3HT/PFTBT devices for better 

understandings on their device characteristics as shown in Figure 6.13(b). In the system 

of P3HT-OH/PFTBT-OH, R1 for 155 oC annealed film is about quadruple of R1 for 100 
oC annealed film that could attribute to macro-phase separation in polymer blends. 

Interestingly, the R2 for 155 oC annealed film under illumination is also higher than R2 

for 100 oC annealed film. This may be because of the larger domains at higher annealing 

temperature so that the charge can be quickly removed from interface.60 On the other 

hand, P3HT-UPy/PFTBT-UPy system, R1 for 155 oC annealed film is smaller than R1 for 

100 oC annealed film and R2 for 155 oC annealed film is higher than R2 for 100 oC 

annealed film under illumination. These agree the findings from morphologies that the 

uniform with long range order of P3HT which improves charge transport (lower R1 bulk 

resistance) and prevents charge accumulation (higher R2 recombination resistance) at 

interface.  

To cross compare these two polymer blends, the addition of hydrogen bonding 

group indeed increases the bulk resistances 100 oC and 155 oC annealed devices. Previous 

research reports that the series resistance including active layer resistances, electrode 

resistances and contact resistance has pronounced effect on fill factor and limited effect 

on Jsc.61 The series resistance can be narrowed down to the active layer resistances in our 

case because all configurations in the studied devices are almost identical. Hence, this 

enlarged bulk resistance may be the suitable reason why worse fill factor in UPy-

modified polymer blend devices as the result of enhanced miscibility from the hydrogen 
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bonding interaction. Therefore, there are no significant improvements on polymer blend 

OPV devices with using hydrogen bonding modified polymers. 

6.4. Conclusions 

We use a quadruple hydrogen bonding group, UPy-terminated P3HT and PFTBT 

to give an unconventional way to tune the nanostructures in polymer/PCBM and 

polymer/polymer blend OPV devices. We studied device morphologies as well as 

impedance analysis to understand how morphology influences device characteristics. In 

conclusion, superior charge transport across the active layer plays a critical role in 

efficient charge separation at the donor-acceptor interfaces in all three cases. Hydrogen 

bonding interaction was shown to be an effective way to suppress macro-phase separation 

in polymer/polymer blends but give limited improvement for device performance because 

the improved miscibility indeed enhances the Voc but surrenders the fill factor due to 

enlarged bulk resistance. 
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Chapter 7 

Proposed Future Works 

In addition to the above synthetic works and device works in this thesis research, 

this chapter gives several other preliminary studies in donor-acceptor polymer interface 

engineering for OPV device studies that may enable better understanding on key factors 

toward superior OPVs. Here, we particularly concentrate on the molecular linker of all-

conjugated block copolymers to understand how the linking group influences the charge 

separation and recombination. This chapter also includes several notes for OPV device 

fabrication. 

7.1. Introduction  

All-conjugated block copolymers are promising materials for use in solution 

processed organic photovoltaics (OPVs).1,2 These materials can produce OPV active 

layers with well-defined donor and acceptor domains through block copolymer self-

assembly, of interest both for the development of high-efficiency OPVs and for achieving 

a better fundamental understanding of the photoconversion process in organic donor-
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acceptor heterojunctions. Recent work reported all-conjugated block copolymers with 3% 

power conversion efficiencies, demonstrating their feasibility and potential for use in 

OPVs.3 However, a clear understanding of the molecular characteristics that govern their 

performance in photovoltaic devices is lacking. 

 

Figure 7.1 – Structure of all-conjugated block copolymers. The primary difference in the 
two conjugated block copolymers is the chemistry of the covalent linking group. 

Here, we study the role of the linking group between polymer donor and acceptor 

blocks in fully conjugated block copolymer systems as shown in Figure 7.1. We analyze 

conjugated block copolymer systems which differ primarily in the chemistry of the 

linking group between donor and acceptor polymer blocks. A combination of OPV 

device studies, grazing incidence X-ray analysis, and transient absorbance spectroscopy 

is used to understand the potential role on photovoltaic performance and charge 

separation and recombination. Our results show a clear effect of the linking group on 

photovoltaic device performance, and we show that charge separation can be suppressed 

due to the formation of low-energy charge-transfer states at the donor-acceptor interface, 

depending on the chemistry of the linking group. Our results further show that charge 

recombination is ultrafast even in high-performance block copolymer OPVs, and 
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therefore optimization of the linking group may significantly improve the performance of 

block copolymer OPVs. 

7.2. Identical nanostructures and crystallinity between P3HT-

PTBTF and P3HT-F-PTBTF  

The morphology and crystallinity of the block copolymer films was analyzed by 

differential scanning calorimetry (DSC) measurements (Figure 7.2) and grazing incidence 

X-ray scattering (GIXS) (Figure 7.3). DSC measurements reveal P3HT crystallinity in 

both samples, with a crystal melting temperatures of approximately 220 and 215 °C for 

P3HT-F-PTBTF and P3HT-PTBTF, respectively. This difference in crystal melting 

temperatures is attributed to a higher P3HT content in this sample. GIXS measurements 

provide information on the orientation of crystallites in the block copolymer films, in 

particular the orientation of the face-to-face �-� stacking of P3HT crystallites. Solution 

processed P3HT films and P3HT/PCBM blends typically exhibit an in-plane �-� stacking 

direction.4-5 A notable feature of this block copolymer system noted in a prior publication 

is the out-of-plane �-� stacking direction in solution-processed OPV device.3 It was 

hypothesized that the out-of-plane stacking may provide improved charge transport to 

electrodes. As shown in Figure 7.3, both block copolymer films exhibit peaks 

characteristic of 2-dimensional P3HT crystals. The (010) peak corresponds to the �-� 

stacking direction in P3HT and is out-of-plane (qz) in both films, while (100), (200), and 

(300) peaks correspond to stacking through alkyl side-chains and are oriented along the 

in-plane (qx) direction. Thus, GIXS patterns indicate an out-of-plane �-� stacking 

direction for both samples processed under conditions identical to those for devices. 

Based on these results, we conclude that crystallinity or film morphology cannot account 
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for the difference in photovoltaic performance observed for the two block copolymer 

samples.  

 

Figure 7.2 – Differential scanning calorimetry (DSC) of all-conjugated block copolymers. 
Second heating cycle is shown for both samples. 

 

Figure 7.3 – Grazing-incidence wide-angle X-ray analysis of P3HT-PTBTF and P3HT-
F-PTBTF films. 
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7.3. Different behaviors in device characteristics 

We investigated the photovoltaic properties of the all-conjugated block 

copolymers in solar cell structures of ITO/PEDOT:PSS/block copolymer/Ca/Al that were 

fabricated and tested at Penn State University. The active layers were comprised of pure 

block copolymer, which were spin cast from either chloroform or a mixture of 

chloroform and chloronaphthalene (95:5 v/v) at 5 mg/ml concentration, and further 

annealed at 165 oC for 15 minutes. Current-voltage (I-V) curves of the OPVs solar cells 

illuminated at AM 1.5 at 100mW/cm2 are shown in Figure 7.4 and device characteristics 

are summarized in Table 7.1. P3HT-F-PTBTF block copolymer OPVs have a larger 

short-circuit current (JSC) by an order of magnitude, and the fill factor (FF) and open-

circuit voltage (VOC) are greater for P3HT-F-PTBTF OPV devices. The overall power 

conversion efficiency is roughly 40 times greater for P3HT-F-PTBTF devices compared 

with P3HT-PTBTF. 
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Figure7.4 – I-V curves of OPV solar cells of P3HT-F-PTBTF (red) and P3HT-PTBTF 
(black) illuminated at AM 1.5 at 100 mW/cm2. 
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Active Layer 
Efficiency 

(%) 
Short-circuit 

current 
(mA/cm2) 

Open-circuit 
voltage (V) 

Fill Factor

P3HT-F-PTBTF 
(CHCl3) 

2.01 4.69 1.15 0.378 

P3HT-F-PTBTF 
(CHCl3:CN) 2.24 4.73 1.11 0.424 

P3HT-PTBTF 
(CHCl3) 

0.052 0.355 0.58 0.267 

P3HT-PTBTF 
(CHCl3:CN) 0.021 0.195 0.39 0.278 

Table 7.1 – Device characteristics of block copolymer OPVs, averaged over 6 devices. 

Given the similarities in the composition and structure of the two block 

copolymers the large difference in the photovoltaic performance of the materials is 

surprising. A number of factors can contribute to power conversion efficiencies, 

including absorbance, composition, processing history, active layer morphology, charge 

mobilities, and donor-acceptor interface properties. We can exclude composition and 

processing history as predominant factors since both systems contain the same polymeric 

donor and acceptor blocks with similar compositions, and the devices were processed 

using the same procedures. 
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7.4. Techniques to understand the differences in device 

characteristics  

The steady-state photoluminescence (PL) and absorbance of block copolymers 

and P3HT and PTBTF homopolymers are also shown in Figure 7.5. P3HT-F-TBTF 

exhibits PL spectra that are roughly a combination of the parent P3HT and PTBTF 

homopolymers. By comparison, P3HT-PTBTF exhibits excitation spectra that are red-

shifted relative to P3HT-F-PTBTF and both homopolymers. This redshift indicates the 

formation of an excited state in P3HT-PTBTF not present in the block copolymer with 

the F linker or in the homopolymers. We note that the photoluminescence of P3HT-

PTBTF is similar to that of a model block copolymer systems studied by Johnson et al., 

in which a P3HT oligomer was terminated by a single TBTF monomer.4 We attribute the 

redshift in the PL of P3HT-PTBTF to the formation of a low energy charge-transfer state 

at the donor-acceptor interface in P3HT-PTBTF not present in P3HT-F-PTBTF. 
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Figure 7.5 – Steady state absportion and photoluminescence spectra of a) block 
copolymers and b) homopolymers. All materials were spin cast from chloroform and 
further annealed at device conditions. 

To gain direct information on the formation and recombination of charge 

separated states, ultrafast transient absorption (TA) measurements were carried out on 

homopolymer and block copolymer films. Analysis of the TA signal can provide direct 

evidence for the generation of charge separated states and an estimate of their lifetimes. 

Prior studies have demonstrated that charge separated states (polarons) in regioregular 
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P3HT exhibit a strong absorption band in the mid-IR range (	 = 650 – 1200 nm).6-9 Thus, 

populations and lifetimes of charge-separated states in P3HT can be determined through 

analysis of the photoinduced absorption signal (PIA) at wavelengths of 650 – 1200 nm. 

Prior work has also revealed two time scales for charge separation in polymer-fullerene6-

8,10 and polymer-polymer blends.9 The first timescale is ultrafast and occurs on < 0.1 ps 

timescales and corresponds to excitons generated near the donor acceptor interface. A 

second, slower process is observed and is associated with excitons that diffuse to the 

donor-acceptor interface before charge separation. In polymer-polymer blends, in 

contrast to typical rates for recombination in polymer-fullerene blends, sub-nanosecond 

charge recombination has been observed.11  

TA measurements over timescales of 0.1 – 1000 ps were carried out on P3HT and 

PTBTF homopolymer films (see Figure 7.6 top), P3HT-F-PTBTF and P3HT-PTBTF 

films (see Figures 7.6 bottom). P3HT and PTBTF homopolymer films exhibit primarily 

positive differential transmission, reflective of ground state bleach or stimulated 

excitation in the pristine films. Some PIA is observed at longer wavelengths in PTBTF, 

characteristic of some charge separation commonly observed in donor-acceptor 

conjugated polymers.9 P3HT-F-PTBTF exhibits a broad PIA from 650 – 800 nm from 

0.1 – 1000 ps. The observed PIA signal exhibits similar features to that of a similar 

polymer photovoltaic blends, P3HT and F8TBT12, and other P3HT bulk heterojunction 

OPV systems. This PIA is indicative of the creation of charge-separated states in P3HT-

F-PTBTF over timescales of 0.1 – 1000 ps. Similar to polymer-fullerene and polymer 

polymer blends, charge separation is observed to occur rapidly, within 0.1 ps, and 

additional charges are created over time due to diffusions of excitons to the donor-

acceptor interface. The maximum in the PIA intensity occurs at roughly 30 ps.  
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Figure 7.6 – TA measurements of homopolymer (top) and block copolymer (bottom) 
films excited at 500 nm. Films were annealed at device conditions. 

In the case of P3HT-PFTBT (Figure 7.6 bottom right) in contrast to a broad PIA 

signal, positive differential transmission is observed from 600 – 700 nm at short times 

(0.1 – 10 ps). This corresponds to stimulated emission in these samples, consistent with 

the red-shifted PL observed in P3HT-PFTBT films. Stimulated emission is predominant 

at short times, and at longer times (> 100 ps) the stimulated emission decays to reveal a 



� �
�

194�
�

broad PIA signal corresponding to charge-separated states. This demonstrates that charge 

separation is suppressed in P3HT-PTBTF due to the formation of the low-energy charge 

transfer state at the donor-acceptor interface in P3HT-PTBTF. This result is consistent 

with the device measurements and shows that the chemistry of the linking group is 

important to photovoltaic charge generation in block copolymer OPVs. These results are 

also consistent with the model BCP systems recently reported by Johnson et al.4 

7.5. Increase length of molecular linker at interface may further 

improve OPV performance 

With clear evidence on the positive influence of fluorene molecule linker at the 

interface of donor and acceptor polymers, a few extra linking units may further foster 

effective charge separation. In contrast to the synthetic method for preparation of P3HT–

b–PF in earlier chapters that usually gives more than 10 fluorene units, we attempt to 

have shorter PF linker in that larger PF block can be an insulating block and prevent 

charge transport between donor and acceptor polymers. The proposed synthetic methods 

are shown in Figure 7.7. The earlier synthesis for P3HT84–b–PF13 in Chapter 3 has 

shown that a dilute reaction concentration in Suzuki reaction can lead to relative short PF 

block. Therefore, P3HT–b–PF–b–PFTBT triblock copolymer is expected to be prepared 

by following an addition Suzuki polycondensation reaction.  
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Figure 7.7 – Proposed reaction route for P3HT–b–PF–b–PFTBT triblock copolymer. 

7.6. Notes for OPV fabrication 

This section provides several notes for steps during OPV fabrication based on my 

earlier experiences.  

The first step in OPV fabrication is cleaning ITO substrates. I’ve used glass 

detergents followed by sonication within DI water, acetone, and isopropyl alcohol. Then, 

the substrates are treated with UV-ozone to turn the surface into hydrophilic. Also I’ve 

used rinsing substrates with isopropyl alcohol followed by ozone-plasma treatment for 

surface modification. Both methods are good for OPV fabrication. The second method is 

time-saving. 

The second step is PEDOT:PSS film coating. Thermal annealing is required after 

film casting in order to fully fry the films. My recipe is 120 oC for 10 minutes. 

P3HT–b–PF –b–PFTBT
Suzuki reaction
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The third step is to coat active layer. There are a few key notices for solution 

preparations. The insoluble polymers, especially in the case of PFTBT, are detrimental to 

devices while defects can form on the spots for following aluminum deposition. Filtration 

is not recommended because some polymer aggregates may be filtered off and leads to 

poor devices. Solution preparation with heat can improve solubility of polymers. For 

example, I stirred the chloroform solution at 100 oC. Extra attention is necessary when 

opening caps. Polymer solutions may flush out of vials due to vapor pressures within 

vials. It is then better to slightly release the pressure before fully open the caps. If the 

solvent is chlorobenzene or dichlorobenzene, the films after spinning coating are usually 

not dry enough. It is better to wait several minutes until solvents fully evaporate before 

loading samples onto masks for aluminum deposition.  

The fourth step is aluminum electrode deposition for 100 nm thickness. Slow 

deposition rate (<1 Å per second) in first 10 nm is important in order to give uniform 

contact at active layer-electrode interface.  

Post annealing on devices is critical to further improve device performance due to 

enhanced crystallinity of polymers.   

7.7. Conclusions 

These preliminary results demonstrate that covalently linking donor and acceptor 

polymers can be both beneficial and detrimental to photovoltaic performance. First, the 

covalent linkage precludes large-scale phase separation, commonly observed in polymer-

blend photovoltaic systems.13 Large-scale phase separation is detrimental to photovoltaic 

performance due to the short lifetime of photoexcited states, and therefore eliminating 

phase separation should improve photovoltaic performance. On the other hand, most 
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block copolymer OPVs underperform relative to polymer-polymer blends. we 

demonstrate that the linking group can suppress charge recombination, resulting in very 

poor photovoltaic devices (<0.1 % PCE). Furthermore, even for the optimal linking group 

chemistry studied in this report our measurements indicate faster charge recombination 

compared with polymer-fullerene and polymer-polymer bulk heterojunction systems.  

Thus, covalently linking donor and acceptor polymers can be detrimental to 

performance in at least two ways: through the formation of charge-transfer states that do 

not produce free charges, or through significantly increasing the rate for charge 

recombination. In order to address this and improve the photovoltaic performance of 

block copolymer OPVs, electronic coupling between donor and acceptor polymers should 

be decreased. Prior studies with donor-acceptor dyads14 and with polymer-polymer blend 

systems13 suggest that this can be accomplished by, for example, increasing the 

separation between donor and acceptor blocks.  
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Lamellar and liquid crystal ordering in solvent-
annealed all-conjugated block copolymers†

Yen-Hao Lin,a Kevin G. Yager,b Bridget Stewarta and Rafael Verduzco*a

All-conjugated block copolymers are an emerging class of polymeric materials promising for organic

electronic applications, but further progress requires a better understanding of their microstructure

including crystallinity and self-assembly through micro-phase segregation. Here, we demonstrate

remarkable changes in the thin film structure of a model series of all-conjugated block copolymers with

varying processing conditions. Under thermal annealing, poly(3-hexylthiophene)-b-poly(90,90-
dioctylfluorene) (P3HT-b-PF) all-conjugated block copolymers exhibit crystalline features of P3HT or PF,

depending on the block ratio, and poor p–p stacking. Under chloroform solvent annealing, the block

copolymers exhibit lamellar ordering, as evidenced by multiple reflections in grazing incidence wide-

and small-angle X-ray scattering (GIWAXS and GISAXS), including an in-plane reflection indicative of

order along the p–p stacking direction for both P3HT and PF blocks. The lamellae have a characteristic

domain size of 4.2 nm, and this domain size is found to be independent of block copolymer molecular

weight and block ratio. This suggests that lamellar self-assembly arises due to a combination of polymer

block segregation and p–p stacking of both P3HT and PF polymer blocks. Strategies for predicting the

microstructure of all-conjugated block copolymers must take into account intermolecular p–p stacking

and liquid crystalline interactions not typically found in flexible coil block copolymers.

Introduction

All-conjugated block copolymers are an emerging class of
materials comprised of two or more covalently linked conju-
gated polymer chains. This class of block copolymers is of
interest for organic electronic applications because they
combine the optoelectronic properties of semiconductive poly-
mers with structure control through micro-phase segregation1,2

and crystallization.3,4 As an example, recent work demonstrated
signicant performance enhancement in block copolymer
organic photovoltaics (OPVs) compared with polymer–polymer
blends.5 However, further progress in the development of all-
conjugated block copolymers requires a better understanding
of the microstructure of all-conjugated block copolymers and
how their crystallinity, micro-phase segregation, and domain
orientation can be controlled by applying different processing
strategies.

Comprehensive theoretical and experimental studies of rod–
coil diblock copolymers (containing one conjugated polymer
block and one exible coil polymer block) have revealed an

interplay between relative block size, polymer crystallinity,
liquid crystal ordering, and micro-phase segregation.6–11 Pro-
cessing conditions have been demonstrated to give some
control over the microstructure of rod–coil block copolymers,
including aligned domains through the application of a
magnetic eld12–15 or the formation of micellar assemblies using
a selective solvent.16 This work has led to the development of a
quantitative model to describe the phase behavior of rod–coil
block copolymers, including self-assembly and liquid crystal
ordering.17 Comparable predictive models are unavailable for
all-conjugated block copolymers due in part to limited experi-
mental studies on structure–processing relationships. Previous
work with P3HT-based all-conjugated block copolymers
have found that P3HT crystallization dominates the lm
morphology, suppressing micro-phase segregation and crystal-
lization of the second polymer block.18,19 Evidence for micro-
phase segregation in rod–rod all-conjugated block copolymer
has been inconclusive, potentially due to polymer crystalliza-
tion, slow dynamics, stiff polymer backbones, and/or low
enthalpic driving force for micro-phase segregation.20 Improved
control over the microstructure of all-conjugated block copoly-
mers and a broader understanding of structure–processing–
property relationships could benet their development for and
use in organic electronic devices and applications.

Here, we report remarkable changes in the thin lm
structure of a model series of all-conjugated block copolymers
under different annealing conditions. Thermally annealed
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poly(3-hexylthiophene)-b-poly(90,90-dioctyluorene) (P3HT-b-PF)
(Scheme 1) all-conjugated block copolymers exhibit crystalline
features characteristic of P3HT or PF, but poor order along the
p–p stacking direction. The same block copolymers, under
solvent annealing, self-assemble into a lamellar phase, as evi-
denced by multiple reections in grazing incidence wide- and
small-angle X-ray scattering (GIWAXS and GISAXS). The degree of
face-to-face p–p stacking substantially increases in solvent-
annealed compared with unannealed lms. We present a detailed
analysis of the structure of P3HT-b-PF block copolymer lms and
the self-assembled lamellar phase, including paracrystallinity
measurement, spectroscopic properties, and phase behaviour
with temperature. These results indicate that all-conjugated block
copolymers have a rich, processing-dependent microstructure
determined by a combination ofp–p stacking, crystallization, and
micro-phase segregation of the polymer blocks.

Experimental section
Synthesis of P3HT-b-PF

P3HT-b-PF block copolymers were synthesized as reported
previously.21 Characteristics of P3HT-b-PF block copolymers
reported in this study are listed in Table 1. 1H NMR spectra are
provided in the ESI Fig. S1.†

Sample preparation and processing

Sample lms were prepared by drop casting from 0.05 wt%
chloroform solutions onto silicon substrates and quartz
substrates. Evaporation of chloroform under ambient condi-
tions gives lms with a thickness of approximately 350 nm as
measured by X-ray reectivity. Samples were solvent annealed in
a closed chamber saturated with chloroform at ambient
temperature and pressure for 5 days. Samples were dried under
vacuum for at least 12 hours prior to measurement.

Grazing incident small- and wide-angle X-ray scattering
(GIWAXS and GISAXS)

Grazing incidence small- and wide-angle X-ray scattering
measurements were carried out on the X9 beamline at the
National Synchrotron Light Source, Brookhaven National
Laboratory. The undulator beamline was operated at an energy
of 14 keV; two-dimensional images were collected using CCD
area detectors. The beam size was 100 mm (h) � 50 mm (v).
Sample detector distance was 370 mm for the wide-angle
detector and 3091 mm for the small-angle detector. Sample
measurements were carried out under vacuum which was in the
range of 2–3 � 10�6 bar, with a temperature-controlled sample
stage interfaced with a Lakeshore 340 unit. Where indicated,
measurements were performed on sector 8-ID-E at Advanced
Photon Source, Argonne National Laboratory. Details for these
measurements are provided in the ESI.†

Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were per-
formed using a TA Instrument DSC Q10 with a ramp rate of 5 �C
min�1 under N2. Samples were placed in hermetic pans from
Thermal Support, Inc. Solvent annealed samples were solvent
annealed as described above for one month and dried under
vacuum before measurement. All samples were subjected to at
least two heating and cooling cycles between 10 �C to 250 �C.

Ultraviolet-visible absorbance spectroscopy (UV-VIS)

UV-VIS measurements were carried out with a Shimadzu UV-
3101PC spectrophotometer with scan range of 200–900 nm. All
lms were cast on quartz substrates.

Polarized optical microscopy

Optical microscopy images of polymer lms were acquired
using an Axioplan 2 imaging microscope in reective mode.
Films were the same as lms for GIXS measurements. Images
were processed using Axio Vision version 4.8.

Results and discussions

P3HT-b-PF is an all-conjugated block copolymer comprised of
two semi-crystalline conjugated polymer blocks (crystal melting
temperatures 220 �C and 150 �C for P3HT and PF, respectively).
Prior work with P3HT-b-PF thin lms has found a morphology
dominated primarily by crystallization of the P3HT or PF block

Scheme 1 Chemical structure of poly(3-hexylthiophene)-b-poly-
(90,90-dioctylfluorene) (P3HT-b-PF).

Table 1 Characteristics of all-conjugated P3HT-b-PF block copolymers

Polymers P3HTa Mw (PDI) BCPa Mw (PDI) DP ratiosb (P3HT wt%)

P3HT36-b-PF100 6.1 (1.16) 48.4 (1.86) 36 : 100 (13%)
P3HT81-b-PF105 13.5 (1.32) 60.6 (1.87) 81 : 105 (25%)
P3HT84-b-PF80 14.1 (1.10) 42.5 (1.58) 84 : 80 (33%)
P3HT84-b-PF13 14.1 (1.10) 22.8 (1.39) 84 : 13 (74%)

a Mw (kg mol�1) and PDI for P3HT and block copolymers determined by comparison to a set of monodisperse polystyrene standards. Head-to-tail
regioregularity of P3HT is greater than 93% for all samples as determined from 1H NMR. b DP ratios and P3HT content were determined by 1H NMR
via comparison of the integrated intensity of P3HT aromatic peak (6.9 ppm) and uorene alkyl peaks (2.2 ppm).
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but no evidence for liquid crystal ordering or micro-phase
segregation.19,21–23 We hypothesized that long-term solvent
annealing in a good solvent for both blocks would increase
chain mobility, yielding improved crystallinity, new phases and/
or micro-phase segregation. Similar strategies applied to ex-
ible coil block copolymers can result in improved long-range
ordering of block copolymer domains and, in some cases, new
phases through micro-phase segregation.24

As detailed by prior work, the microstructure of P3HT and PF
homopolymers is inuenced by processing. Regioregular P3HT
organizes into lamellar crystalline domains with face-to-face
p–p stacking between chains and lamellar stacking through the
hexyl side-chains.25 In solution processed thin lms, the
preferred orientation of P3HT crystallites can be dictated to
some extent by varying processing conditions.26 PF exhibits
crystalline, liquid crystalline, or amorphous phases depending
on its processing history.27–29

To investigate the role of processing and annealing condi-
tions, the microstructure of a series of P3HT-b-PF lms with
varying P3HT contents aer solvent and/or thermal annealing
were analyzed by grazing-incidence X-ray scattering, micros-
copy, UV-VIS absorbance measurements, and differential
scanning calorimetry (DSC). P3HT-b-PF all-conjugated block
copolymers with varying block ratios were synthesized via a
combination of Grignard metathesis and Suzuki–Miyaura
polycondensation. The P3HT-b-PF block copolymers studied
have varying compositions ranging from 13 wt% of P3HT to
74 wt% of P3HT, as shown in Table 1. Samples lms were drop
cast from chloroform and analyzed by grazing-incidence wide-
and small-angle scattering (GIWAXS and GISAXS) without
annealing (as-cast), aer thermal annealing, and with long-time
solvent annealing (5 days at room temperature, CHCl3).

Grazing incidence X-ray scattering (GIXS) analysis of P3HT-b-
PF under varying processing conditions

Small- and wide-angle X-ray scattering (GISAXS and GIWAXS)
measurements provide information on both the in-plane (qxy,
direction parallel to substrate) and out-of-plane (qz, direction
perpendicular to the substrate) structure of the lms. Peaks or
reections in the spectra indicate periodicities in the lm
microstructure, which may arise due to crystallinity or self-
assembly processes. More information on the application of
GIWAXS and GISAXS to study block copolymer lms is provided
by Ree et al.30

GIWAXS measurements of P3HT-b-PF lms are shown in
Fig. 1 and ESI S2 and S3.† As-cast P3HT-b-PF lms are amor-
phous and exhibit a weak in-plane reection at q � 1.45 Å�1 (see
ESI Fig. S2 and S3†). This in-plane reection matches the p–p

stacking reection observed in PF homopolymer lms,31 and we
therefore conclude this reection indicates some p–p stacking
of the PF polymer block in as-cast lms. P3HT84-b-PF13 addi-
tionally exhibits weak scattering peaks characteristic of P3HT
crystallites: an in-plane p–p stacking (010) peak at q � 1.65 Å�1

and out-of-plane (100), (200), and (300) peaks.4,25,32

Aer thermal annealing at 220 �C – beyond the crystal
melting temperatures for both blocks – and cooling to 100 �C,

the lms exhibit characteristics of pure P3HT or PF crystallites,
or both, depending on the block ratio (Fig. 1a). Thermally
annealed P3HT36-b-PF100 lms exhibit characteristics of PF a-
phase crystals33 while thermally annealed P3HT84-b-PF13 lms
show (100), (200), and (300) P3HT crystal reections. Block
copolymers with intermediate P3HT compositions, P3HT81-b-
PF105 and P3HT84-b-PF80, show primarily reections consis-
tent with PF a-phase and some crystallization of the P3HT
block. In contrast to thermally annealed P3HT homopolymer
lms, reections corresponding to p–p stacking (q � 1.45 Å�1

and 1.65 Å�1 for PF and P3HT, respectively) are absent for all
thermally annealed block copolymer lms.

Block copolymer lms subjected to 5 days of solvent
annealing in a good solvent for both blocks (chloroform) exhibit
multiple out-of-plane reections indicative of long-range,
lamellar ordering (Fig. 1b, 2 and 3). A primary GISAXS reection
is observed at �0.15 Å�1, which corresponds to a spacing
between lamellae of approximately 4.2 nm (Fig. 2). As shown in
Fig. 3, the observed peaks are separated by integral multiples of
q. These reections reveal long-range lamellar ordering in
solvent annealed P3HT-b-PF lms not present in solvent or
thermally annealed pristine P3HT or PF lms. By contrast,
solvent annealed P3HT homopolymer exhibits a (100) crystal
peak while solvent-annealed PF lms exhibit a metastable
liquid crystal b mesophase34 (see ESI Fig. S4, S5, and S6†).

Solvent-annealed block copolymer lms also display strong
in-plane reections at q � 1.45 Å�1 and q � 1.65 Å�1 (see ESI
Fig. S7†). These reections are characteristic of face-to-face p–p
stacking for PF and P3HT, respectively. Other crystal reections
characteristic of PF or P3HT homopolymers are absent in
solvent annealed lms, except for P3HT84-b-PF13. A peak cor-
responding to the (100) P3HT crystal spacing (q � 0.39 Å�1) is
clearly evident in solvent-annealed P3HT84-b-PF13 (see linecut
in Fig. 3). A quantitative analysis of crystalline disorder through
measurements of a paracrystallinity parameter is provided
below.

On heating the solvent-annealed lms from room tempera-
ture to 150 �C, lamellar GISAXS and GIWAXS reections
disappear and P3HT-b-PF lms, with the exception of P3HT84-
b-PF13, show only diffuse scattering, with no sharp reections
or peaks. This is indicative of an amorphous or liquid crystal
nematic phase (Fig. 1c). Note that 150 �C is below the crystal
melting temperatures for both P3HT and PF blocks.

The presence of nematic liquid crystal ordering is conrmed
by inspection of the lms by polarized optical microscopy
(POM), which reveals a birefringent Schlieren texture charac-
teristic of a nematic phase for P3HT36-b-PF100, P3HT81-b-
PF105, and P3HT84-b-PF80 (Fig. 4a–c). The block copolymer
with the highest P3HT content, P3HT84-b-PF13, (comprised of
85 wt% P3HT) does not exhibit a nematic phase. Instead, as
shown in Fig. 1c, some P3HT crystallization is evident. POM
analysis of all solvent-annealed and solvent plus thermal-
annealed block copolymer lms are provided in the ESI Fig. S8.†

P3HT-b-PF lms, with the exception of P3HT84-b-PF13, thus
form a nematic phase aer solvent annealing followed by
heating to 150 �C and slowly cooling to room temperature. PF
homopolymers exhibit a nematic phase only at temperatures
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higher than the crystal melting temperature35 or at room
temperature aer rapid quenching.28,36 The enhanced stability
of the nematic phase in block copolymers may be due to poor
chain mobility resulting from the rigidity of polymer chains or
close p–p stacking in the self-assembled lamellar phase.37 The
results also suggest that the lamellae of P3HT-b-PF is meta-
stable and can be affected by elevated temperature as well as the
crystallization of P3HT as shown in P3HT84-b-PF13.

P3HT-b-PF lms thus exhibit remarkable changes depending
on the processing history. Thermally annealed lms show
characteristics of P3HT or PF crystallites, but with poor order
along the p–p stacking direction. Solvent-annealed lms
exhibit a self-assembled lamellar phase along with ordering
along the p–p stacking direction. Solvent-annealed lms
subsequently heated to 150 �C transition to a nematic liquid
crystal phase, which is stable on cooling back down to room

temperature. This phase behaviour is distinct from that of P3HT
or PF homopolymers. Below, we provide a proposed structure of
the lamellar phase, detail the optical and thermal properties of
the materials, and quantify disorder in solvent-annealed lms
through quantitative analysis of peak spacings and widths.

Schematic for lamellar assembly in solvent-annealed lms

A schematic for the lm microstructure consistent with the
features of GISAXS and GIWAXS is shown in Fig. 5. P3HT and PF
lamellar domains are oriented parallel to the substrate, and the
primary lamellar peak reection (qz � 0.15 Å�1) (Fig. 2 and inset
Fig. 3) corresponds to a domain spacing of 4.2 nm. Peaks at q �
1.45 Å�1 and q � 1.65 Å�1 correspond to face-to-face (p–p)
packing for PF and P3HT, respectively, and indicate p–p

stacking along the in-plane direction, as shown schematically in

Fig. 1 GIWAXS measurements for P3HT36-b-PF100, P3HT81-b-PF105, P3HT84-b-PF80, P3HT84-b-PF13 with varying processing histories, as
indicated. (a) and (b) were acquired at room temperature and (c) was acquired at 150 �C. All samples were measured at an incident angle of 0.25�

and 30 seconds exposure time.
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Fig. 5. The orientation of the face-to-face p–p stacking is
perpendicular to the lamellar domains but free to rotate 180
degrees within the plane parallel to the substrate. For clarity,
only one possible orientation is shown in the schematic.

The size of the lamellar domains formed aer solvent
annealing is invariant with block copolymer molecular weight
and composition. All solvent-annealed block copolymers exhibit
lamellar ordering with a characteristic domain spacing of
4.2 nm. The underlying mechanism for the formation of
lamellar domains cannot be attributed to conventional micro-
phase segregation as in coil–coil block copolymers, in which the
domain spacing is dependent on the block copolymer molec-
ular weight.38 Instead, we propose that self-assembled lamellae
arise due to a combination of polymer block segregation and
p–p interactions of both P3HT and PF polymer blocks. The
lamellae are expected to consist of both ordered and amor-
phous regions, consistent with the structure of P3HT and other
semicrystalline, conjugated polymers.39 Prior work has shown

that P3HT polymer chains can be folded in amorphous regions
and between crystalline domains, even with very sharp turns
and folds of the P3HT backbone.40 This allows for a single chain
to occupy both ordered and amorphous domains and pass in
and out of relatively small domains. As a result, the lamellar
domain size (4.2 nm) is determined primarily by p–p stacking
associations and is relatively unaffected by block copolymer
molecular weight and composition.

An alternative possibility for the structure of solvent-
annealed block copolymer lms is shown schematically in the
ESI Fig. S9.† In this proposed schematic, polymer backbones

Fig. 2 GISAXSmeasurements for solvent-annealed P3HT36-b-PF100,
P3HT81-b-PF105, P3HT84-b-PF80, P3HT84-b-PF13. Samples were
analyzed at room temperature.

Fig. 3 Linecuts of GISAXS (imbedded figure) and GIWAXS measure-
ments along qxy � 0 Å�1 for solvent annealed samples.

Fig. 4 Polarized optical microscopy images of P3HT-b-PF block
copolymer thin films subjected to solvent-annealing followed by
thermal annealing at 150 �C. Images were acquired at room
temperature.

This journal is © The Royal Society of Chemistry 2014 Soft Matter
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are oriented in-plane rather than out-of-plane. As a result, the
domain spacing is determined by the fully extended length of
the alkyl side-chains. While this structure is consistent with the
features observed by GISAXS and GIWAXS, we believe this type
of ordering is unlikely due to the relatively large spacing
between polymers, 4.2 nm. This would require stretching of the
P3HT and PF alkyl side-chains. Additionally, the hypothetical
ordering is not volume conserving due to the large space
(4.2 nm) between polymer chains and close p–p stacking. As a
result, the structure in Fig. 5 is the more likely possibility, but
we acknowledge the potential for an alternative conguration
shown in ESI Fig. S9.†

Optical and thermal properties of P3HT-b-PF lms

UV-VIS absorbance analysis of block copolymer lms can
provide information about ordering and crystallinity, particu-
larly along the p–p stacking direction. UV-VIS analysis has
previously been used to study conformational changes in PF34,36

and P3HT.41–43 High-temperature thermally annealed block
copolymer lms, which exhibit a morphology dominated by
crystallinity of either P3HT or PF (Fig. 1a), show only broad
absorbance peaks at l � 390 and 500 nm, indicative of poor p–p
stacking (Fig. 6a). Similar broad peaks by UV-VIS are observed in
the PF crystalline a-phase34 and nematic phases.34

Aer solvent annealing, UV-VIS measurements reveal peaks
at l � 522, 560 and 603 nm in the absorption spectra, reecting
P3HT p–p stacking in all solvent annealed lms. Regioregular
P3HT homopolymer, ordered in the p–p stacking direction,
exhibits similar peaks by UV-VIS analysis.41–43 UV-VIS analysis
also reveals peaks at l � 400 and 435 nm in the absorption
spectra for lamellar block copolymer lms, similar to what is
seen for the PF b phase.31 This suggests that face-to-face p–p of
PF and P3HT polymer blocks is enhanced in solvent-annealed
lms, compared with thermally annealed lms.

Aer heating to 150 �C resulting in nematic liquid crystal
ordering, sharp absorbance features characteristic of p–p

stacking disappear. Nematic block copolymer lms show only
broad peaks in the absorption spectra at l � 390 and 500 nm,
similar to thermally annealed block copolymer lms and

corresponding to poor face-to-face ordering of PF and P3HT
blocks. The observed transformations in the UV-VIS spectra are
thus consistent with GIWAXS measurements that indicate poor
p–p stacking in crystalline and nematic block copolymer lms
and enhanced p–p stacking in the lamellar block copolymer
phase.

Differential scanning calorimetry (DSC) reveals differences in
the crystal melting temperatures for samples with different pro-
cessing histories. With the exception of P3HT84-b-PF13, DSC
measurements detect a phase transition at 145 �C in solvent-
annealed block copolymer on the rst heating cycle (Fig. 7a). This
transition temperature is consistent with the transition to the
nematic liquid crystal phase observed by GIWAXS.

For thermally annealed samples, melting transitions at
roughly 157 �C and 215 �C are detected. These temperatures
correspond approximately to the crystal melting temperatures
of PF and P3HT, respectively.

Fig. 5 Representative GISAXS and GIWAXS reflections and schematic
for lamellar ordering in solvent-annealed P3HT-b-PF all-conjugated
block copolymers.

Fig. 6 UV-VIS spectra for P3HT-b-PF block copolymers after: (a)
high-temperature thermal annealing, (b) long-term solvent annealing,
and (c) long-term solvent annealing followed by 150 �C thermal
annealing. All spectra were acquired at room temperature.

Soft Matter This journal is © The Royal Society of Chemistry 2014

Soft Matter Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
1 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

on
 2

5/
04

/2
01

4 
00

:5
8:

42
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online



DSC measurements thus indicate that the self-assembled
lamellar phase melts near 150 �C, while thermally annealed
samples exhibit crystal melting temperatures comparable to the
constituent homopolymers. Similar results for thermally
annealed lms have been previously reported for P3HT-b-PF4,21

and other all-conjugated block copolymers.3,18,44–46 For P3HT84-
b-PF13, only one thermal transition near 220 �C (near the crystal
melting temperature of P3HT) is detected by DSC on both rst
and second heating cycles, suggesting that PF crystallization is
suppressed in this sample due to the much higher content of
P3HT in the block copolymer.

Paracrystallinity disorder analysis on
lamellar ordering

Peak width analysis can provide information on disorder within
crystalline or semicrystalline regions. Disorder is quantied
through calculation of a paracrystallinity disorder parameter
g,47 calculated using the center (q0) and breadth (Dq) of a peak,
as shown in eqn (1).39,48 A larger value of g indicates greater
disorder. Here, we present an analysis of g for block copolymer

lms under different processing histories and for P3HT and PF
homopolymer lms. The paracrystallinity disorder parameter
was measured for the out-of-plane primary lamellar spacing
(Fig. 2) in GISAXS and the in-plane p–p stacking reection
(Fig. 5) in GIWAXS in solvent-annealed lms.

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq=2pq0

p
(1)

As shown in Table 2, the paracrystallinity disorder parameter
g measured for P3HT p–p stacking in thermally-annealed lms
is in agreement with literature values (g � 6–8% 39). The
disorder for p–p stacking of the P3HT block is slightly higher
for solvent-annealed P3HT-b-PF compared with thermally
annealed P3HT homopolymer. This is expected due to
connectivity to a PF block which can increase disorder in the
P3HT p–p stacking.

The paracrystallinity disorder parameter has similar values,
roughly 8–10%, for PF p–p stacking and for ordering of the self-
assembled lamellae. We also note that PF is more ordered along
p–p direction in solvent-annealed BCPs compared with solvent
annealed PF homopolymer b phase (g � 17.84%).

Quantitative paracrystallinity disorder analysis thus indi-
cates that ordering along the p–p stacking direction is
substantially improved for solvent-annealed lms compared
with thermally-annealed block copolymers.

Conclusions

A combination of analytical techniques—GIXS, UV-VIS, POM
and DSC—reveal novel lamellar ordering in all-conjugated
P3HT-b-PF block copolymers aer long-term solvent annealing.
We observe enhanced p–p stacking in the lamella compared
with either the crystal or nematic phases. These results
demonstrate that all-conjugated block copolymers exhibit a
rich, processing-dependent microstructure, and a quantitative
description will have to account for various intermolecular

Fig. 7 DSC analysis of P3HT-b-PF block copolymers after (a) long-
term solvent annealing and (b) thermal annealing above 220 �C.

Table 2 Paracrystallinity disorder (g) analysis on solvent annealed films

Spacingsa Samples g (%)

p–p stacking, P3HT P3HT36-b-PF100 9.68
P3HT81-b-PF105 7.58
P3HT84-b-PF80 9.54
P3HT84-b-PF13 8.42
Solvent ann. P3HTb 8.82
Thermal ann. P3HTb 8.19

p–p stacking, PF P3HT36-b-PF100 8.23
P3HT81-b-PF105 5.18
P3HT84-b-PF80 8.81
P3HT84-b-PF13 7.59
Solvent ann. PF 17.84

Primary lamellar reection P3HT36-b-PF100 9.38
P3HT81-b-PF105 9.05
P3HT84-b-PF80 9.44
P3HT84-b-PF13 8.89

a p–p stacking of P3HT and PF was analyzed on GIWAXS patterns
whereas 1st lamellar ordering was analyzed on GISAXS patterns.
b Commercially available P3HT homopolymer has Mw � 60 kg mol�1.
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interactions including p–p stacking, steric repulsions of the
alkyl side-chains, and chain rigidity. The presence of a liquid
crystal phase with enhanced p–p stacking may lead to block
copolymer lms with superior optoelectronic properties or the
use of new processing strategies, such as the application of
magnetic elds,13–15 to achieve improved alignment. The results
reported for rod–rod all-conjugated block copolymers contrast
with previous studies of coil–coil and rod–coil diblock copoly-
mers. In the case of rod–coil block copolymers, self-assembly
can be described through a mean eld theory that includes
Flory–Huggins interactions and Maier–Saupe parameter to
account for liquid crystal ordering.17 Here, we observe a quali-
tatively different self-assembly process driven by both p–p

stacking interactions and polymer block segregation.
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Synthesis and crystallinity of all-conjugated poly(3-
hexylthiophene) block copolymers†

Yen-Hao Lin, Kendall A. Smith, Chloe N. Kempf and Rafael Verduzco*

A simplified approach towards the synthesis of high molecular

weight (Mw > 50 kgmol�1) poly(3-hexylthiophene) (P3HT)-based all-

conjugated block copolymers is demonstrated and applied to

prepare a series of all-conjugated block copolymers. Grazing-inci-

dence X-ray scattering measurements show that P3HT crystallization

is suppressed in all-conjugated block copolymers with low (<25wt%)

P3HT content.

Block copolymers comprised of two-conjugated polymer blocks,
known as all-conjugated block copolymers,1 can potentially improve
the performance of organic electronic devices, including bulk het-
erojunction organic photovoltaics (OPVs) and white-light emitting
diodes.2,3 All-conjugated block copolymers may provide broad
absorbance, efficient charge separation, white-light emission, and
both hole and electron transport. Additionally, these materials are
expected to self-assemble into regular nanostructures due to a
reduced entropy of mixing and a balance between nanoscale phase
separation, chain stretching, and interfacial energies, and if prop-
erly designed may lead to optimal nanostructures for OPV devices.

However, studies on all-conjugated block copolymers are
limited, due in large part to synthetic challenges.1,4–15 Recent work
has demonstrated the preparation of block copolythiophenes using
Grignard metathesis polymerization (GRIM)8,9,16–26 resulting in
block copolymers with two p-type blocks and similar optoelectronic
properties. Most approaches for making donor–acceptor all-
conjugated block copolymers, which incorporate both n- and
p-type polymer blocks, take advantage of distinct polymerization
reactions for each polymer block, including GRIM, Suzuki–
Miyaura, and Stille polymerization reactions.5,6,15,27 A drawback of
these methods is that they typically result in relatively low molec-
ular weight block copolymers with signicant amounts of

homopolymer impurities that can only be removed using tedious
column purication techniques.6,15,26

In this work, we report an improved route to the synthesis of
all-conjugated block copolymers via GRIM and Suzuki–Miyaura
polycondensation. We show that the use of a LiCl additive during
GRIM allows for the preparation of high molecular weight block
copolymers with little or no homopolymer impurities. This
improved synthetic method is applied to the preparation of three
different P3HT block copolymers. The molecular weights, poly-
dispersities, and block ratios are measured using a combination
of size-exclusion chromatography with refractive index (SEC-RI)
and UV-VIS absorbance (SEC-UVVIS) detection and nuclear
magnetic resonance spectroscopy (NMR) (provided in ESI†). The
morphology and thermal properties of the materials are charac-
terized using X-ray diffraction (XRD), grazing-incidence wide-
angle X-ray scattering (GIWAXS), and differential scanning calo-
rimetry (DSC). In contrast to previous work with P3HT-based
block copolymers, we observe suppression of P3HT crystallinity in
high molecular weight all-conjugated block copolymers, but at
more balanced block ratios crystallization of both blocks is ach-
ieved. This work provides an improved synthetic method for
preparing high-molecular weight all-conjugated block copoly-
mers and the rst examples of all-conjugated block copolymers
with crystallinity determined by polymer block ratios.

Our synthetic strategy involves a combination of GRIM and
Suzuki–Miyaura polymerizations. GRIM is rst carried out to
synthesize a Br end-functionalized P3HT (P3HT-Br) macroreagent,
and P3HT-Br is subsequently utilized in a Suzuki–Miyaura poly-
merization reaction to make all-conjugated P3HT block copolymers
(Scheme 1). A high degree of end functionalization of the P3HT-Br
macroreagent is required to avoid residual P3HT homopolymer
impurities, and this was accomplished using LiCl as an additive for
the preparation of bromo-chloromagnesio-hexylthiophene mono-
mer. LiCl has been shown to be an effective additive for accelerating
Grignard formation and producing P3HTwith a high degree of end-
group functionality.28–30 P3HT-Br was prepared using standard
methods by the addition of Ni(dppp)Cl2 catalyst to the monomer
solution to initiate GRIM.31 Three different sizes of P3HT were

Department of Chemical and Biomolecular Engineering, MS-362, Rice University, 6100

Main Street, Houston, Texas 77005, USA. E-mail: rafaelv@rice.edu

† Electronic supplementary information (ESI) available: Experimental methods,
1H NMR spectra of all block polymers, UV-VIS spectra, SEC-UVVIS data, DSC,
XRD, and temperature-dependent GIWAXS measurements. See DOI:
10.1039/c2py20830j

Cite this: Polym. Chem., 2013, 4, 229

Received 7th October 2012
Accepted 19th October 2012

DOI: 10.1039/c2py20830j

www.rsc.org/polymers

This journal is ª The Royal Society of Chemistry 2013 Polym. Chem., 2013, 4, 229–232 | 229

Polymer
Chemistry

COMMUNICATION

D
ow

nl
oa

de
d 

on
 1

3 
D

ec
em

be
r 2

01
2

Pu
bl

is
he

d 
on

 2
2 

O
ct

ob
er

 2
01

2 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

2P
Y

20
83

0J



synthesized with relatively low PDI and regioregularity higher than
93%. Next, P3HT-Br was reacted in a Suzuki–Miyaura poly-
condensation reaction to prepare three different types block
copolymers, each with a P3HT block and a second conjugated
polymer block: poly(90,90-dioctyl uorene) (PF), poly(90,90-
dioctyl uorene-alt-benzothiadiazole) (PFBT), and poly(2,7-(90,90-
dioctyl-uorene)-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)
(PFTBT). PF, PFBT, and PFTBT have been previously studied for
use in bulk-heterojunction OPVs and OLEDs,32–34 and PFTBT may
be particularly promising for use in block copolymer OPVs
because it exhibits a broad absorbance and a low-lying HOMO
level.35,36 A high and low molecular weight P3HT-Br macrore-
agent was used for each type of block copolymer, resulting in a
total of six different block copolymers, as shown in Table 1. The
formation of triblock copolymers is unlikely due to a low

content of P3HT-Br macroreagent used in the Suzuki–Miyaura
polycondensation step (roughly 1mole% relative tomonomers).

A comparison of the characteristics of nal block copolymer
products produced (Fig. 1 and Table 1) with previous reports using
similarmethods6,15 indicates that the use of an LiCl additive enables
the preparation ofmuch cleaner and highermolecular weight block
copolymers. With the exception of P3HT81-b-PFTBT12, a clear shi
in the molecular weight distribution of the nal products is
observed relative to the starting P3HT homopolymers. For
comparison, our previous attempts atmaking similar all-conjugated
block copolymers using similar methods (but without the LiCl
additive) resulted in only modest shis in the molecular weight
distribution along with homopolymer impurities.15 Other reports
using similar synthetic methods report the presence of signicant
homopolymer impurities or relatively lowmolecular weights for the
second polymer block.6,26 The clear shi in the molecular weight
distributions of the block copolymer products shown in Fig. 1
indicates that little or no residual P3HT homopolymer remains, and
all-conjugated block copolymers with a mass-averaged molecular
weight Mw as high as 168 kg mol�1 (relative to polystyrene) are
produced. Number-averaged molecular weights for each block
estimated by SEC-RI are in relatively good agreement with 1H NMR
estimates of P3HT content of thenal block copolymers (see Table 1
and ESI, Fig. S1–S3†). In the case of P3HT81-b-PFTBT12, the
synthesis failed to produce signicant amounts of block copolymer
due to poor solubility of the PFTBT block and the resulting block

Scheme 1 Preparation of all-conjugated P3HT block copolymers via Grignard
metathesis polymerization with LiCl additive followed by Suzuki–Miyaura poly-
condensation. Conditions for Suzuki–Miyaura: Pd(PPh3)4, toluene, water, 90 �C.
An equimolar ratio of 90 ,90-dioctylfluorene-20 ,70-diboronic acid ester and corre-
sponding dibromo monomer is used, as described in the ESI.†

Table 1 Characteristics of all-conjugated P3HT block copolymers

Polymers
P3HTa

Mw (PDI)
BCPa

Mw (PDI)
DP ratiosb

(P3HT wt%)

P3HT36-b-PF100 6.1 (1.16) 48.4 (1.86) 36 : 100 (13%)
P3HT81-b-PF105 13.5 (1.32) 60.6 (1.87) 81 : 105 (25%)
P3HT51-b-PFBT66 8.5 (1.19) 168 (3.61) 51 : 66 (20%)
P3HT81-b-PFBT90 13.5 (1.32) 81.5 (2.24) 81 : 90 (22%)
P3HT51-b-PFTBT17 8.5 (1.19) 19.7 (1.49) 51 : 17 (42%)
P3HT81-b-PFTBT12 13.5 (1.32) N/Ac 81 : 12 (62%)

a Mw (kg mol�1) and PDI for P3HT and block copolymers determined by
comparison to a set of monodisperse polystyrene standards. Head-to-
tail regioregularity of P3HT is greater than 93% for all samples as
determined from 1H NMR. b DP ratios and P3HT content were
determined by 1H NMR via comparison of the integrated intensity of
P3HT aromatic peak (6.9 ppm) and uorene alkyl peaks (2.2 ppm).
c P3HT81-b-PFTBT12 contains primarily homopolymer impurities, and
therefore an estimate for block copolymer molecular weight is not
provided.

Fig. 1 SEC-RI analysis of block copolymers and corresponding P3HT-Br macro-
reagents. Intensities are normalized for clarity.
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copolymer. However, the use of a lower molecular weight P3HT
macroreagent in the polycondensation reaction of PFTBT resulted
in product with majority block copolymer in P3HT51-b-PFTBT17.

Analysis of the nal product using SEC with UV-VIS absorbance
detection (SEC-UVVIS) provides additional information on homo-
polymer impurities (see ESI, Fig. S4 and S5†). By using two different
wavelengths for analysis, the molecular weight distributions for
each polymer block can be obtained (see ESI† for details of this
analysis). For all BCP samples except for P3HT81-b-PFTBT12, SEC-
UVVIS analysis indicates clean block copolymer product – a clear
shi in the SEC-UVVIS traces corresponding to P3HT is observed as
well a good match between SEC-UVVIS traces at both wavelengths.
The purity of the nal product is better for block copolymers with
shorter P3HT blocks; both P3HT36-b-PF100 and P3HT51-b-PFBT66
exhibit excellent overlap between SEC-UVVIS traces corresponding
to both polymer blocks, while some high molecular weight P3HT
homopolymer may be present in P3HT81-b-PF105 and P3HT81-b-
PFBT90. In the case of P3HT51-b-PFTBT17, some high molecular
weight PFTBT homopolymer is present, but the product is primarily
block copolymer. Deconvolution of the SEC-RI trace gives an esti-
mate of approximately 15% for PFTBT homopolymer impurities in
the nal P3HT51-b-PFTBT17 product.

Altogether, SEC-RI and SEC-UVVIS indicate the formation of
clean all-conjugated block copolymer products. The synthetic
method enables the preparation of all-conjugated block copolymers
with high molecular weights (Mw up to 168 kg mol�1) and with
varying molecular weight of the P3HT block. Importantly, the
synthetic method is straightforward to implement, scalable, and
provides the nal product in good overall yield.

Prior studies on P3HT block copolymers have found that P3HT
crystallization can dominate the morphology, suppressing micro-
phase segregation and crystallization of the second block.18,37–39

Here, we are able to test whether this holds true in large (Mw > 50
kgmol�1) all-conjugated block copolymers with a semi-crystalline
polymer block attached to a minority P3HT block. For all block
copolymers, DSC indicates that the crystallization of P3HT is
suppressed or shied to lower temperatures, and as expected the
effect is more pronounced in block copolymers with lower P3HT
block ratios (Fig. S6†). For block copolymers with larger P3HT
blocks, P3HT81-b-PF105 and P3HT81-b-PFBT90, a crystallization
transition is observed at approximately 214 �C, a roughly 10 �C
decrease in the crystallization temperature relative to the corre-
sponding P3HT-Br macroreagent. P3HT crystallization is not
observed for P3HT51-b-PFBT66 while the decrease in the crys-
tallization temperature is approximately 15 and 20 �C for
P3HT36-b-PF100 and P3HT51-b-PFTBT17, respectively. P3HT81-
b-PFTBT12 exhibits a transition near 224 �C matching that of the
corresponding P3HT-Br homopolymer, as expected due to the
presence of P3HT homopolymer impurities. In the case of
P3HT36-b-PF100, as discussed below, GIWAXS analysis indicates
that the observed transition at 153 �C corresponds primarily to
crystallization of the PF block. Only P3HT81-b-PF105 exhibits two
transitions; one at 214 �C corresponding to P3HT crystallization
and a second near 150 �C, corresponding to PF crystallization.

XRD (Fig. S7†) and GIWAXS (Fig. 2 and Fig. S8†) analysis
conrms the low content of P3HT crystallinity in the block
copolymer samples. P3HT-b-PFBT and P3HT-b-PFTBT block

copolymers show only broad scattering peaks, while P3HT-b-PF
block copolymers exhibit crystalline peaks corresponding
primarily to PF crystallites. Highly oriented crystallites are
observed in P3HT36-b-PF100 lms with features characteristic of
the PF phase,40 conrming that the DSC transition near 150 �C
reects PF crystallization. In the case of P3HT81-b-PF105, both
P3HT and PF crystallinities are observed, but P3HT crystallite
peaks are less pronounced. Quantitative analysis of the GIWAXS
pattern for P3HT81-b-PF105 shows scattering peaks at qz ¼ 0.38,
0.75, and 1.12 Å�1 corresponding to the (100), (200), and (300)
reections for P3HT crystallites and a scattering peak at qz ¼
0.50 Å�1 corresponding to PF crystallites (see ESI, Fig. S8b†). This
is consistent with DSC measurements that show both a PF and a
P3HT crystallization transition for P3HT81-b-PF105, the latter
which is shied to lower temperatures relative to the corre-
sponding P3HT-Br macroreagent. Altogether, DSC, XRD, and
GIWAXS results show that P3HT crystallization is reduced or
suppressed in high molecular weight all-conjugated P3HT block
copolymers, and at more balanced block ratios both blocks can
crystallize.

In conclusion, we demonstrate a straightforward, versatile,
and scalable synthetic route to prepare block copolymers
comprised of a poly(alkyl thiophene) block and second polymer
block made via Suzuki–Miyaura polycondensation, and block
copolymers with Mw > 50 kg mol�1 are achieved. Analysis of
different all-conjugated block copolymers indicates that P3HT
crystallinity is reduced or completely suppressed in all-conju-
gated P3HT block copolymers. These results indicate that proper
balance of block ratios is important for the development of all-
conjugated block copolymers for use in OPVs.

Fig. 2 GIWAXS measurement for P3HT-Br, P3HT36-b-PF100, P3HT81-b-PF105,
and P3HT51-b-PFBT66. All samples were thermally annealed at 230 �C and
measured at 80 �C. Samples were measured at an incident angle of 0.25� and 20
seconds exposure time. All images plotted using the same color scale for the
scattered intensity.
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ABSTRACT: Organic electronic materials have the potential to impact
almost every aspect of modern life including how we access information,
light our homes, and power personal electronics. Nevertheless, weak
intermolecular interactions and disorder at junctions of different organic
materials limit the performance and stability of organic interfaces and
hence the applicability of organic semiconductors to electronic devices.
Here, we demonstrate control of donor−acceptor heterojunctions through
microphase-separated conjugated block copolymers. When utilized as the
active layer of photovoltaic cells, block copolymer-based devices
demonstrate efficient photoconversion well beyond devices composed of
homopolymer blends. The 3% block copolymer device efficiencies are achieved without the use of a fullerene acceptor. X-ray
scattering results reveal that the remarkable performance of block copolymer solar cells is due to self-assembly into mesoscale
lamellar morphologies with primarily face-on crystallite orientations. Conjugated block copolymers thus provide a pathway to
enhance performance in excitonic solar cells through control of donor−acceptor interfaces.
KEYWORDS: Self-assembly, organic solar cells, all-conjugated block copolymers, RSOXS, GIWAXS

Excitonic photovoltaics are a class of devices where donor−
acceptor interfaces are critical for photogeneration of

charges and efficient device performance.1−4 In contrast to
many inorganic semiconductors where optical excitations
generate delocalized free charge carriers, current generation in
organic photovoltaics depends on dissociation of tightly bound
charge transfer states near donor−acceptor interfaces. For
instance, a recent model by Giebink et al. suggests that tuning
the electronic coupling at donor/acceptor interfaces is crucial
to minimizing the recombination rate of charge transfer states
while maintaining yields of exciton dissociation near unity.5 It
follows that tuning the chemical structure and local order at
organic heterojunctions is a requirement to access the full
potential of organic solar cell materials. Unfortunately, organic
solar cells rely on kinetically trapped, partially phase-separated
structures of donor/acceptor mixtures to create a high surface
area for exciton dissociation and networks of bicontinuous
phases for charge extraction.6−12 As a consequence, molecular
control of the interface in state-of-the-art organic photovoltaics
is nearly impossible.
Microphase-separated block copolymers comprised of

electron donor and electron acceptor polymers can address
many of the current challenges in morphology and interfacial
structure control for photovoltaics. The equilibrium self-

assembly of block copolymers into mesoscale (5−500 nm)
well-ordered morphologies where interfaces are governed by
moieties near the junction between blocks13,14 is ideal for the
active layer of organic solar cells. While several examples of
block copolymers with donor and acceptor blocks have been
reported, the majority contain a nonconjugated insulating
backbone in at least one polymer block and consequently do
not directly control donor/acceptor interfaces.15−20 Recent
work has demonstrated significant progress in the design,
synthesis, and characterization of fully conjugated block
copolymers,21−23 but it remains a challenge to achieve efficient
charge photogeneration in photovoltaic device architectures.
We demonstrate that poly(3-hexylthiophene)−block−poly-

((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-
benzothiadiazole]-2′,2″-diyl) (P3HT-b-PFTBT) block copoly-
mers can be utilized as the active layer for efficient photovoltaic
device operation. These block copolymers self-assemble to
form in-plane lamellar morphologies with alternating electron
donor and acceptor domains and a dominant face-on
orientation in the crystalline P3HT block. Even without the
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use of fullerene, we obtain efficiencies near 3%, remarkable
open-circuit voltages of 1.2 V, and short-circuit currents above
5 mA/cm2 from block copolymer devices. These results
demonstrate that conjugated block copolymers are a viable
strategy for morphology and interfacial control for high
performance organic solar cells.
The structure of P3HT, PFTBT, and P3HT-b-PFTBT are

shown in Figure 1a. P3HT-b-PFTBT is roughly symmetric in
composition with 56 wt % P3HT and a total weight-averaged
molecular weight of 29 kg/mol. The energy levels of PFTBT as
an electron acceptor are well aligned with those of P3HT as an
electron donor, such that the difference between the lowest
unoccupied molecular orbital of PFTBT (∼ 3.5 eV)24 and the
highest occupied molecular orbital of P3HT (∼ 4.9 eV)25 can
yield open-circuit voltages above 1 V. High open-circuit
voltages have indeed been demonstrated for solar cells where
the active layer is comprised of blends of P3HT and other
dioctylfluorene bisthienyl-benzothiadiazole alternating copoly-
mers,25 ternary blends composed of similar conjugated block
copolymers as P3HT-b-PFTBT with donor and acceptor
homopolymers,26 or polymer blends with fluorene benzothia-
diazole alternating copolymers as acceptor molecules.27−29

Solar cell devices with P3HT/PFTBT blends as active layers
are compared with devices comprised of P3HT-b-PFTBT block
copolymers in Figure 1b. All devices have an active layer
thickness of 60−70 nm and were thermally annealed after
deposition of the cathode (Al). As shown in Table 1, devices
made from P3HT/PFTBT blends exhibit a maximum power
conversion efficiency of 1.0%, which is comparable to the
performance reported previously for devices that utilize blends
of P3HT and PFTBT-based polymers as the active layer.25

Solar cells made from P3HT/PFTBT blends are optimized at
1:2 weight ratios of P3HT/PFTBT after annealing at 100 °C
for 20 min. Longer annealing times or higher annealing
temperatures lead to a drop in performance, potentially due to
macroscopic phase separation.
If the active layer is comprised of P3HT-b-PFTBT block

copolymers, devices yield average efficiencies of 1.5% under
annealing conditions optimal for polymer blend devices (100
°C for 20 min) and higher efficiencies of around 1.7% with an
extended annealing time of 90 min at 100 °C (Table 1).
Optimal performance, however, is achieved at higher annealing
temperatures. After annealing for 10 min at 165 °C, average
power conversion efficiencies of 2.7 ± 0.4% with short-circuit
currents (Jsc) of 5.0 ± 0.3 mA/cm2, open-circuit voltages (Voc)
of 1.14 ± 0.08 V and fill factors of 0.45 ± 0.02 were measured
for devices under simulated solar conditions made from block
copolymers. The nearly 3-fold increase in device performance
with respect to optimized devices comprised of polymer blends
is due to enhancements of the short-circuit currents and fill
factors. Nevertheless, fill factors in all of our devices do not
exceed 0.5, a result of the inflection point near open-circuit
conditions visible in the current−voltage characteristics shown
in Figure 1. We attribute the presence of an inflection point to
problems in charge extraction due to either an imbalance in
charge transport or accumulation of charge at an interface.30,31

As shown in Table 2, the best overall efficiency among our
devices was recorded at 3.1% with an open-circuit voltage of
1.23 V. This device performance is remarkable for solar cells
based on donor−acceptor block copolymers15−17,32,33 and for
nonfullerene solution-processed organic solar cells.34−37

The absorption spectrum of pristine P3HT-b-PFTBT films
and external quantum efficiency (EQE) of P3HT-b-PFTBT

devices annealed at 165 °C are shown in Figure 1c. The
absorption profiles of P3HT-b-PFTBT films preserve the
features of the constituent homopolymers and a similar optical
bandgap (∼2 eV) as P3HT is deduced from the absorption
edge (see Figure S1 in the Supporting Information). Optimized

Figure 1. Photovoltaic device performances of block copolymer
P3HT-b-PFTBT and polymer blend P3HT/PFTBT solar cells at
different annealing temperatures. (a) Chemical structures of P3HT-b-
PFTBT, PFTBT, and P3HT. (b) Current−voltage characteristics of
P3HT/PFTBT (1:2 by mass) and P3HT-b-PFTBT photovoltaic
devices annealed at 100 °C for 20 min and 165 °C for 10 min,
respectively. P3HT/PFTBT solar cells are optimized at 100 °C for 20
min, while P3HT-b-PFTBT devices are optimized at 165 °C for 10
min. Devices were measured under simulated AM 1.5G irradiation
with intensity of 97 mW/cm2. (c) UV−visible absorption spectrum of
a P3HT-b-PFTBT film and EQE characteristics of a P3HT-b-PFTBT
solar cell annealed at optimized conditions (165 °C for 10 min).
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block copolymer devices display relatively high photoconver-
sion efficiencies over a broad range of wavelengths (namely
350−610 nm) with EQE values of 20−35%, which are
significant for thin-film photovoltaics based on only polymeric
materials. Interestingly, an EQE value of 31% was recorded at
400 nm where the exciton generation is mostly attributed to the
optical absorption of PFTBT, suggesting efficient exciton
dissociation from photoexcitations in the acceptor domains.
Integrating the EQE results predicts a Jsc of 4.7 mA/cm

2 with
an AM 1.5G reference spectrum. This is consistent with a
measured Jsc of 5.0 mA/cm

2 under AM 1.5G simulated solar
conditions for the same device (∼5% error). We attribute the
small discrepancy to degradation in air, as EQE measurements
took place in ambient. Indeed, devices that have undergone
EQE measurements exhibit reduced Jsc’s (<4 mA/cm

2) when
tested under 1 sun conditions in a N2 atmosphere.
Resonant soft X-ray scattering (RSOXS) and grazing-

incidence X-ray scattering measurements were carried out to
elucidate the basis for the enhanced performance of block
copolymer devices compared to devices made from polymer
blends. RSOXS is a powerful tool for characterizing the phase
separation in polymer thin films with limited phase contrast or
in complicated multiphase systems.38−41 Differences in the core
electronic transitions of organic materials in the soft X-ray
regime greatly enhance scattered intensities over hard X-ray
scattering, enabling transmission X-ray scattering experiments
of thin polymer films. As shown in Figure S2 of the Supporting
Information, the X-ray absorptions of P3HT and PFTBT differ
at 285.4 eV, which enables RSOXS experiments.
Figure 2 presents RSOXS intensities as a function of

scattering vector, q (q = 4π sin(θ/2)/λ, λ is the X-ray
wavelength and θ is the scattering angle), taken at 285.4 eV X-
ray energy for P3HT/PFTBT polymer blend and P3HT-b-

PFTBT block copolymer thin films annealed at 100 and 165
°C, respectively. The film annealing conditions match the
optimum for the active layer of devices. Scattering data from
polymer blends show little structure. Scattering profiles from
P3HT-b-PFTBT block copolymer films are distinct from
scattering data from polymer blends (Figure 2 and Figure S3
of the Supporting Information) or polymer/fullerene mix-
tures.10,42 A primary scattering peak at q* = 0.035 Å−1 and a
weak second-order peak at 2q* = 0.070 Å−1 are evident in data
from thin films of block copolymers annealed at 165 °C. The
positions of the scattering peaks at q* and 2q* are a signature
of self-assembly into block copolymer lamellar micro-
domains43,44 with a domain spacing of approximately 18 nm.
The individual domain sizes are therefore roughly 9 nm,
comparable to the exciton diffusion length in organic
semiconductors (∼10 nm).45
RSOXS experiments in the transmission geometry exclusively

explore the in-plane film structure and consequently demon-
strate the presence of P3HT-b-PFTBT lamellae oriented
perpendicular to the substrate, as shown in the inset of Figure
2. Grazing incidence small-angle X-ray scattering (GISAXS)
measurements shown in Figure S4 of the Supporting
Information similarly suggest in-plane microdomains with

Table 1. Device Characteristicsa of P3HT/PFTBT Blend
and P3HT-b-PFTBT Block Copolymer Solar Cells at
Different Annealing Conditions

efficiency
(%)

short-circuit
current

(mA/cm2)
open-circuit
voltage (V) fill factor

100 °C 20 min
polymer blend

1.0 ± 0.1 2.6 ± 0.3 1.22 ± 0.02 0.33 ± 0.02

165 °C 10 min
polymer blend

0.5 ± 0.1 1.0 ± 0.1 1.16 ± 0.03 0.42 ± 0.02

100 °C 20 min
block
copolymer

1.5 ± 0.1 3.7 ± 0.2 1.13 ± 0.04 0.35 ± 0.01

100 °C 90 min
block
copolymer

1.7 ± 0.1 4.1 ± 0.1 1.14 ± 0.02 0.35 ± 0.01

165 °C 10 min
block
copolymer

2.7 ± 0.4 5.0 ± 0.3 1.14 ± 0.08 0.45 ± 0.02

aUnder simulated AM 1.5G irradiation with intensity of 97 mW/cm2.

Table 2. Device Characteristicsa of P3HT/PFTBT Polymer
Blend and P3HT-b-PFTBT Block Copolymer Solar Cells
with Highest Efficiencies

efficiency
(%)

short-circuit
current (mA/cm2)

open-circuit
voltage (V)

fill
factor

best device, block
copolymer

3.1 5.2 1.23 0.47

best device, blend 1.1 2.9 1.22 0.30
aUnder simulated AM 1.5G irradiation with intensity of 97 mW/cm2.

Figure 2. Comparison of the morphology in the active layers of
optimized P3HT-b-PFTBT and P3HT/PFTBT photovoltaic devices
using RSOXS. RSOXS data were acquired at the carbon absorption
edge (285.4 eV) of a P3HT-b-PFTBT film annealed at 165 °C and a
P3HT/PFTBT (1:2 by mass) blend annealed at 100 °C. RSOXS
intensities are offset for clarity. Scattering data are presented as a
Kratky plot of I(q)q2 vs q, where I(q) is the scattering intensity and q is
the scattering vector. In optimized P3HT-b-PFTBT samples, a well-
defined primary peak, q* (∼0.035 Å−1), and second-order reflection,
2q*, are identified. Schematic illustration of the lamellar morphology is
shown in the inset with the average domain spacing indicated as d.
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roughly 16 nm spacing (q* = 0.04 Å−1), in reasonable
agreement with the length scales extracted from RSOXS data.
Consequently, RSOXS and GISAXS data demonstrate a thin-
film lamellar morphology that not only establishes an
equilibrium microstructure amenable for exciton dissociation
but also provides pathways for electron and hole transport to
the corresponding electrodes. We note that the appearance of a
lamellar microstructure in P3HT-b-PFTBT films only occurs at
165 °C and not 100 °C (see Figure S3 of the Supporting
Information), and device efficiencies exhibit a roughly 2-fold
increase when films are annealed at 165 °C versus 100 °C
(Table 1). Thus, we attribute the significant improvement in
photovoltaic device performance to the self-assembly of block
copolymers into well-defined mesostructures in the active layer.
We examined the molecular order in block copolymer thin

films using conventional X-ray diffraction (XRD) and grazing-
incidence wide-angle X-ray scattering (GIWAXS). Measure-
ments were performed on P3HT-b-PFTBT films deposited on
top of PEDOT:PSS-coated Si substrates and processed in an
analogous manner to optimized devices (165 °C annealing for
10 min). XRD results show that PFTBT is amorphous while
P3HT forms crystalline structures in both blend and block
copolymer films with the same (100) spacing as that in pristine
P3HT films (Figure 3a). Complementary 2D GIWAXS
measurements provide the preferred orientation of these
crystallites through analysis of both the in-plane (along qy)
and out-of-plane (along qz) scattering data. As shown in Figure
3b, the (100), (200), and (300) reflections of P3HT (q ∼ 0.4,
0.8, and 1.2 Å−1, respectively), corresponding to spacing
between the polymer backbone through the alkyl side-chains,
are strongly in-plane with the substrate (along qy). The (010)
peak (q ∼ 1.65 Å−1), which corresponds to π−π stacking
between chains, is only evident in the out-of-plane direction
(along qz). This indicates that P3HT assumes a predominantly
face-on orientation with π-stacking primarily out-of-plane with
the substrate. Face-on P3HT crystallites likely enhance the hole
extraction efficacy because the fast charge transport direction is
along the π−π stacking direction.46 The orientation of P3HT
crystals in P3HT-b-PFTBT block copolymer films differs
qualitatively from previously reported studies on P3HT
crystallization in homopolymers,47 polymer/fullerene mix-
tures,48,49 or polymer/polymer blends50 where edge-on
orientations are strongly preferred. To first order, there is no
reason for the lamellar block copolymer morphology to
constrain the P3HT block into either a face-on or edge-on
orientation. Instead, we hypothesize that interactions between
PFTBT and the substrate lead to preferred face-on orientations
for the PFTBT block at the substrate interface. Consequently,
the connectivity between blocks nucleates crystals with face-on
orientations within the P3HT domains.
The combination of our device results and structural

characterization on multiple length scales demonstrates the
unique strengths of block copolymer architectures for efficient
organic photovoltaics. In addition to controlling the mesoscale
structure, conjugated block copolymers provide control of the
donor−acceptor interface and of crystallite orientations.
Covalent bonding across the donor−acceptor interface has
the potential to control charge separation and charge
recombination rates,51,52 opening the possibility of achieving
the near unit efficiencies for charge separation from charge
transfer states observed in photosynthetic systems.53 In our
studies, the device performance increases when the active layer
is composed of block copolymers instead of polymer blends

even when the morphology is roughly invariant between the
two systems; for example, after annealing at 100 °C the device
efficiencies improve by 50% when block copolymers are used as
active layers even though the RSOXS data and mesoscale
structures are similar for block copolymer and blend films
(Table 1 and Figure S3 of the Supporting Information). A
possible explanation for the difference in the device perform-
ance between blend and block copolymer devices is that the
connectivity between blocks provides donor/acceptor inter-
faces within length scales of the order of chain dimensions (ca.
10 nm) and consequently promotes charge separation. The size

Figure 3.Molecular organization in P3HT-b-PFTBT thin films. (a) X-
ray diffraction (XRD) patterns of neat P3HT, neat PFTBT, P3HT/
PFTBT blend, and P3HT-b-PFTBT block copolymer films annealed
at 165 °C. (b) Two-dimensional GIWAXS pattern for thin films of
P3HT-b-PFTBT annealed at optimized conditions (165 °C) for device
performance. The (100), (200), and (300) diffraction peaks of
regioregular P3HT are strongly biased in the in-plane direction (qy)
and the (010) peak is apparent in the out-of-plane direction (qz),
suggesting face-on crystallites.
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of domains, however, in P3HT/PFTBT blends at optimum
conditions is near 10−20 nm, as evident from the inflection
point in the scattering data from blends shown in Figure 2 or
RSOXS data in ref 54. Another possible explanation, changes in
charge extraction efficacy, is ruled out given that the current at
reverse bias scales with the short-circuit current in Figure 1b.42

Thus, we hypothesize that conjugation across the donor−
acceptor interface is responsible for enhancing device perform-
ance in block copolymer devices even when the microstructure
of the active layer is similar to blends, suggesting that covalent
control of donor−acceptor interfaces is a route for controlling
interfacial molecular order, exciton dissociation and charge
recombination to enhance excitonic solar cell performance.
Establishing exceptional performance in P3HT-b-PFTBT

solar cells provides a clear pathway for enhancing efficiencies in
fully conjugated block copolymers devices. The choice of
P3HT and PFTBT as constituent blocks is motivated by
previous work on optimizing polymer blends composed of
P3HT and PFTBT derivatives for the active layer of solar
cells.25,55−58 As a consequence, combinations of polymer blocks
with complementary absorbance could lead to significant
enhancements in short-circuit currents beyond P3HT-b-
PFTBT because the absorption spectra of P3HT and PFTBT
overlap significantly (Figure S1 of the Supporting Information).
Broad-band light absorption can be achieved in combination
with open-circuit voltages beyond 1 V with careful design of the
HOMO/LUMO levels of the constituent blocks, as demon-
strated with P3HT-b-PFTBT. Previous work has also
demonstrated the presence of exciplex or bound charge transfer
states at polymer−polymer interfaces that are unlikely to
contribute to the photocurrent at room temperature.59−61

These strongly bound states are localized, in many cases
intermolecularly to the benzothiadiazole group in the acceptor
polymer.62,63 Nevertheless, recent photophysical studies of
conjugated donor−acceptor molecules have shown that the
presence of localized charge transfer states and consequently
the degree of recombination depend strongly on the linking
chemistry.64 As such, fully conjugated block copolymers
provide a path to achieve unprecedented combinations of
light absorption, high photovoltages, and control of electronic
coupling at donor−acceptor interfaces in single-component
active layers of organic solar cells.
Materials and Methods. Regioregular P3HT (96% H-T

regioregular, Mn = 26 kg/mol, polydispersity = 2.0) was
purchased from Merck. All other reagents and solvents were
purchased from Sigma-Aldrich and used as received. P3HT-b-
PFTBT block copolymers were synthesized using a procedure
similar to that previously described23 and the synthesis is briefly
discussed in the Supporting Information (Section 4, Synthesis
of Block Copolymers).
Photovoltaic devices were prepared with the conventional

architecture of ITO/PEDOT/:PSS (65 nm)/active layer (60−
70 nm)/Al (75 nm). ITO-coated glass substrates (20 ohm/sq,
Xin Yan Technology, Hong Kong) were cleaned by soap,
followed by 20 min of sonication in acetone, then isopropanol,
and finally 15 min of ultraviolet light ozonation. Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate), PEDOT:PSS
(Clevios P, Heraeus), was spin-coated on top of ITO at 4000
rpm for 2 min yielding a thickness of about 65 nm. The
PEDOT:PSS/ITO substrates were dried for 10 min at 165 °C
in air and then transferred to a nitrogen-filled glovebox.
Solutions of P3HT/PFTBT mixtures (15 mg/mL, weight ratio
1:2) and P3HT-b-PFTBT (5 mg/mL) were made with

anhydrous chloroform (≥ 99%, amylenes as stabilizer, Sigma-
Aldrich) and stirred at 95 °C for about 20−22 h in a tightly
sealed container prior to casting in a N2 glovebox. The active
layers of P3HT/PFTBT and P3HT-b-PFTBT devices were cast
onto PEDOT:PSS layers from prepared hot solutions (95 °C)
at various spin speeds for 1 min to maintain thicknesses around
60−70 nm. The film thicknesses were determined on a
TENCOR P-10 surface profiler. Samples were then transferred
immediately onto a calibrated digital hot plate at 100 or 165 °C
and dried for 5 min. The devices were completed by vacuum
thermal evaporation of 75 nm aluminum at 10−6 Torr on top of
the active layer through a shadow mask. The device area is 16.2
mm2. Integrated solar cells were further annealed at 100 or 165
°C for various annealing times.
Photovoltaic measurements were performed in a N2

atmosphere under simulated AM 1.5G illumination (97 mW/
cm2) from a xenon lamp solar simulator (Newport Model
SP92250A-1000). The illumination intensity was calibrated
using an optical power meter and NREL certified Si reference
photocell (Newport). A Keithley 2636A Sourcemeter was used
to measure the current−voltage characteristics of solar cells.
External quantum efficiencies (EQE) were measured in air. The
photocurrents as a function of wavelength were recorded by a
multifunction optical power meter (Model 70310) using 300 W
xenon lamp and Cornerstone monochromator (Newport
Model 74100) illumination. The absorption spectra of films
were measured using an ultraviolet/visible/near-infrared
spectrophotometer (Beckman DU Series 500).
Samples for RSOXS, XRD, GISAXS, and GIWAXS measure-

ments were prepared on PEDOT:PSS/Si substrates in the same
manner as for device fabrication. For RSOXS experiments, as-
cast films were floated-off in deionized water and picked up
with 5 mm × 5 mm silicon frames supporting a 1 mm × 1 mm,
100 nm thick Si3N4 window. Samples were then dried for 24 h
at room temperature under vacuum and subsequently annealed
on a hot plate in the N2 glovebox. RSOXS measurements were
carried out at beamline 11.0.1.2 at the Advanced Light Source,
Lawrence Berkeley National Laboratory.65 Scattering was
performed in the transmission geometry in vacuum at the
carbon absorption edge X-ray energies (285.4 eV) with linearly
polarized X-rays. Data were corrected for dark currents and
azimuthally integrated.
XRD experiments were conducted at the Materials

Characterization Lab of the Pennsylvania State University on
a Rigaku DMAX Rapid Microdiffractometer. The X-ray
wavelength, λ, was 1.54 Å. Rocking curves were obtained by
rocking the sample (±0.5°) around the Bragg angle and images
were collected with a curved image plate detector. Data were
azimuthally integrated. GISAXS and GIWAXS measurements
were carried out at Beamline 8-ID-E of the Advanced Photon
Source, Argonne National Laboratory (λ = 1.6868 Å).66

Scattering data were acquired at an incident angle of 0.2°.
Data were corrected for X-ray polarization, detector sensitivity,
and geometrical solid-angle.
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ABSTRACT: While the performance of polymer−polymer bulk
heterojunction organic photovoltaics (OPVs) is poor compared with
polymer−fullerene OPVs, reducing or eliminating micrometer-scale
phase separation in all-polymer OPVs may dramatically improve
performance. Herein, we demonstrate that 2-ureido-4[1H]-pyrimidi-
none (UPy) quadruple hydrogen bonding interactions can be used to
prevent micrometer-scale phase separation at temperatures and
processing conditions typically used to prepare bulk heterojunction
OPVs. UPy-terminated polymers are synthesized by coupling hydroxyl
or primary amine terminated polymers to a reactive isocyanate−UPy group in a one-step reaction. Polymer blend films are
subsequently prepared by solution blending, casting onto a surface, and thermal and/or solvent annealing. Film microstructure
including the presence of phase-separated domains and polymer crystallinity is analyzed by optical microscopy, atomic force
microscopy (AFM), and grazing-incidence wide-angle X-ray scattering (GIWAXS). In contrast to unmodified polymer blends,
blends of UPy-terminated polymers do not exhibit micrometer-scale phase separation after extended thermal annealing. AFM
reveals the presence of crystalline nanofibers and, in some cases, 100−300 nm phase-separated domains in UPy-mediated
polymer blends. Fluorescence measurements indicate that UPy modification increases fluorescence quenching in solutions of
donor and acceptor polymers, due to hydrogen-bonding associations which reduce the average distance for energy and/or
electron transfer. These results show that UPy-mediated interactions can suppress micrometer-scale phase separation in bulk
heterojunction polymer blends at temperatures and processing conditions typically used to prepare bulk-heterojunction OPVs.
As a result, UPy functionalization may be a powerful route for improving the performance of all-polymer OPVs.

■ INTRODUCTION

The nanoscale structure of the active layer plays a key role in
determining the efficiency of photon-to-electricity conversion
in bulk heterojunction (BHJ) organic photovoltaics (OPVs),
which are typically comprised of a blend of p-type (hole-
conductive) and n-type (electron-conductive) organic semi-
conductors. While some degree of phase separation is desired
for creating continuous charge transport pathways, micrometer-
scale phase separated domains are unfavorable due to reduced
interfacial area and decreased charge separation efficiencies.1−4

This presents significant challenges for all-polymer OPVs,
which are made up of a blend of a p-type and n-type conjugated
polymers; micrometer-scale phase separation is commonly
observed due to the reduced entropy of mixing for polymer
blends.5−8 While the best performance in all-polymer OPVs
(∼2%)9−13 is significantly lower compared with state-of-the art
polymer-fullerene BHJs, reducing or eliminating large-scale
phase separation in all-polymer OPVs may dramatically
improve performance. Advantages of all-polymer OPVs over
polymer-fullerene OPVs include a typically higher Voc, broader
absorbance, and tunability of the absorption profile due to the
presence of two polymeric semiconductors in the active layer.

All-conjugated block copolymers with p- and n-type blocks
represent a promising approach to improving the performance
of all-polymer OPVs. Phase separation can be avoided and
block copolymer self-assembly may lead to ideal structures for
charge dissociation and transport.14,15 However, studies on
donor−acceptor all-conjugated block copolymers are limited,
due in large part to synthetic challenges,16−28 and noncovalent
interactions may provide a more accessible approach to
construct materials that exhibit the desirable properties of all-
conjugated block copolymers.29−31 Noncovalent associations
such as hydrogen bonds,32,33 ionic bonds,34,35 and metal−
ligand coordination36 give rise to persistent intermolecular
associations between monomeric or polymeric units resulting in
supramolecular polymers. These associations potentially
provide a straightforward method to reduce phase separation
in all-polymer OPVs, resulting in improved performance and
model materials for understanding the structure of conjugated
polymer blends.
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The ureidopyrimidone (UPy) group forms self-complemen-
tary quadrupole hydrogen bonding interactions with high
dimerization constants (up to 107 M−1 in nonpolar solvents
such as chloroform).37−39 Supramolecular polymers based on
UPy interactions have been widely studied, and recent work
with coil-like (nonconjugated) polymers has shown that
hydrogen bonding interactions can reduce phase separation in
polymer blends.32,38,40−42 The UPy group is also effective in
mediating the microstructure and optoelectronic properties of
organic semiconductors. For example, UPy hydrogen bonding
interactions can enhance energy transfer between electron
donor and acceptor molecules43 and improve interfacial contact
and ionic conductivity when incorporated in the polymer
electrolyte of a dye-sensitized solar cell.44 Also, white-light
emitting diodes have been demonstrated using UPy-mediated
supramolecular interactions between semiconductive
oligomers.45

Herein, we present a study of the structure, optoelectronic
properties, and crystallization of blends of polymers modified
with UPy groups. Conjugated and nonconjugated polymers are
functionalized with UPy in a one-step coupling reaction and
solution blended to form supramolecular conjugated block
copolymers. A practical advantage of UPy interactions
compared with all-conjugated block copolymers is a greatly
simplified synthetic route and straightforward preparation
through solution blending. The structure of blend films is
analyzed under a variety of annealing conditions using a
combination of polarized optical microscopy (POM), atomic
force microscopy (AFM), and grazing-incidence wide-angle X-
ray scattering (GIWAXS). We find that UPy quadruple
hydrogen bonding interactions can prevent micrometer-scale
phase separation in polymer blend thin films and increase
fluorescence quenching in solution due to a reduced average
distance between donor and acceptor polymers.

■ EXPERIMENTAL SECTION
Materials. Methyl isocytosine (MIC) was purchased from Sigma-

Aldrich and dried under vacuum at 100 °C overnight before use.
Styrene (purchased from Sigma-Aldrich) was purified by passing
through an Al2O3 column. Poly(ethylene glycol) methyl ether (PEG−
OH, 5000 g/mol) was purchased from Sigma-Aldrich. 2-(6-
Isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone
(UPy-isocyanate),38 2,5-dibromo-3-hexylthiophene,46 9′,9′-dioctylfluo-
ren-2′,7′-diboronic pinacol ester, and 7′-bromo-9′,9′-dioctylfluoren-2′-
yl-4,4,5,5-tetramethyl[1,3,2]dioxaborolane47 were synthesized as pre-
viously described. Tetrahydrofuran (THF) and chloroform (CHCl3)
were dried over molecular sieves (4 Å). All other reagents were
purchased from Sigma-Aldrich and used as received. Silicon wafers
were purchased from El-Cat, washed by sonication in DI water and
isopropyl alcohol, and dried under a stream of compressed air before
use.
Aniline-End Functionalized Poly(3-hexylthiophene), P3HT−

NH2. P3HT−NH2 was prepared using a procedure adapted from a
previous report.35 In a 50 mL flask purged with nitrogen gas, 2,5-
dibromo-3-hexylthiophene (1.9 g, 5.82 mmol) was dissolved in
anhydrous THF (5 mL), and the solution was stirred under nitrogen
at 0 °C for 15 min. A solution of isopropyl magnesium chloride and
LiCl (1.3 M) in THF (4.48 mL, 5.82 mmol) was added, and the
mixture was stirred for 2 h. Then, 25 mL of THF was then added
before adding Ni(dppp)Cl2 (105.15 mg, 0.194 mmol), and the mixture
was stirred for 15 min. The reaction was quenched by adding a 1 M
THF solution of 3-[bis(trimethylsilyl)amino] phenylmagnesium
chloride (6 mL, 6 mmol) and stirring for 15 min. Then 5 M HCl
(8 mL, 40 mmol) was added, and the solution was stirred for another
15 min. The final mixture was collected by precipitation in cold
methanol and water and then by washing with CHCl3 in a Soxhlet

apparatus. The CHCl3 solution was stirred with 2 M Na2CO3 solution
to neutralize the aniline end group. The resulting product was
precipitated in cold methanol and dried at 50 °C under vacuum. Yield:
0.86 g (88%). Mw (GPC): 4986 g/mol, dn/dc = 0.250, polydispersity
(PDI) = 1.17, Degree of polymerization (DP) (NMR) = 30. 1H NMR
(400 MHz, CDCl3), δ (ppm): 6.95 (30H; Aryl-H), 3.75 (2H; NH2),
2.82 (60H; C−CH2−C5H11), 1.70 (60H; CH2−CH2−C4H9), 1.35
(180H; CH2−C3H6−CH3), 0.92 (90H; CH2−CH3).

Hydroxyl-End Functionalized Poly(9,9-dioctylfluorenyl-2,7-
diyl), PFO−OH. 7′-Bromo-9′,9′-dioctylfluoren-2′-yl-4,4,5,5-
tetramethyl[1,3,2]dioxaborolane (1 g, 1 .68 mmol), 4-
(Hydroxymethyl)phenylboronic acid pinacol ester (19.6 mg, 0.08
mmol), Tetrakis(triphenylphosphine)palladium(0) (75 mg, 0.065
mmol), and Aliquat 336 (3 drops) were added to a Schlenk tube
loaded with nitrogen-purged toluene (25 mL) and 2 M Na2CO3
aqueous solution (10 mL). The reaction was stirred in 90 °C oil bath
for 1 day. 4-(Hydroxymethyl)phenylboronic acid pinacol ester (157
mg, 0.67 mmol) was added to the reaction tube and the solution was
stirred for 1 day at 90 °C. Bromobenzene (large excess) was added to
the reaction and stirred for an additional day before collecting the
product by precipitation in methanol. The polymer was subsequently
washed with copious amounts of methanol and acetone and dried
under vacuum. Yield: 520 mg (84%).Mw (GPC): 5860 g/mol, dn/dc =
0.234, PDI = 1.31, DP (NMR) = 13. 1H NMR (400 MHz, CDCl3), δ
(ppm): 7.5−7.8 (87H; −Ph), 4.78 (2H; Ar−CH2−OH), 2.1 (52H;
CH2−C7H15), 1.13 (260H; CH2−C5H10−CH3), 0.80 (78H; C7H14−
CH3).

Hydroxyl-End Functionalized Poly(9,9-dioctylfluorenyl-2,7-
diyl)-co-(2,3,5-benzothiadiazole), PFBT−OH. 9′,9′-Dioctylfluor-
ene-2′,7′-diboronic pinacol ester (812 mg, 1.265 mmol), 4,7-
dibromobenzo[1,2,5]thiadiazole (370 mg, 1.265 mmol), 4-
(hydroxymethyl)phenylboronic acid pinacol ester (14.8 mg, 0.063
mmol), tetrakis(triphenylphosphine)palladium(0) (75 mg, 0.065
mmol), and Aliquat 336 (3 drops) were added to a Schlenk tube
loaded with nitrogen-purged toluene (25 mL) and 2 M Na2CO3
aqueous solution (10 mL). The reaction was stirred in 90 °C oil bath
for 1 day. 4-(Hydroxymethyl)phenylboronic acid pinacol ester (118
mg) was added to the reaction tube, and the solution was stirred for 1
day at 90 °C. 4-bromobenzyl alcohol (283 mg) was added to the
reaction, and the solution was stirred for 1 day at 90 °C. The polymer
was recovered by precipitation in methanol, washed with copious
amounts of methanol and acetone, and dried under vacuum. Yield: 620
mg (81%). Mw (GPC): 15320 g/mol, dn/dc = 0.263, PDI = 1.37, DP
(NMR) = 22. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.3−8.2 (184H;
−Ph), 4.78 (4H; Ar−CH2−OH), 2.1 (88H; CH2−C7H15), 1.13
(440H; CH2−C5H10−CH3), 0.80 (132H; C7H14−CH3).

Hydroxyl-End Functionalized Polystyrene, PS−OH. Bromine-
terminated polystyrene (PS-Br) was first synthesized by mixing styrene
(12 g, 115.2 mmol), CuIBr (200 mg, 1.38 mmol), PMDETA (0.29
mL), and ethyl α-bromoisobutyrate (0.127 mL, 0.86 mmol) under
nitrogen and reacting at 65 °C. The polystyrene product was
precipitated in cold methanol and dried at 50 °C under vacuum. Next,
PS−Br (Mw ∼ 10 000, 1.6 g, 0.16 mmol), ethanolamine (0.5 mL), and
Et3N (1 mL) were dissolved in DMF (25 mL) and stirred at room
temperature overnight. The product was precipitated in cold methanol
and dried at 50 °C under vacuum. Yield: 5 g (50%). Mw (GPC): 9851,
dn/dc = 0.173, PDI = 1.04. DP (NMR) = 97. 1H NMR (400 MHz,
CDCl3), δ (ppm): 6.45−7.08 (490H; −Ph), 3.42 (2H; O−CH2−
CH3), 3.36 (2H; −CH2−OH), 3.10 (1H; NH−CH−Ph), 2.10 (2H;
NH−CH2−CH−OH), 1.84 (194H; CH2−CH−Ph), 1.42 (97H;
CH2−CH−Ph), 0.99(6H; C−(CH3)2), 0.83 (3H; O−CH2−CH3).

General Procedure for the Preparation of UPy-End
Functionalized Polymers. All UPy-end terminated polymers were
prepared using the same procedure, except where indicated otherwise.
In a representative procedure, P3HT−NH2 (300 mg, 0.075 mmol),
UPy−isocyanate (65.9 mg, 0.225 mmol), and 3 drops of dibutyltin
dilaurate (DBDTL) were dissolved in dry CHCl3 and stirred at 50 °C
for 24 h. Silica gel (240 mesh, 10 mg) was subsequently added, and the
solution was stirred at 60 °C for 24 h. The crude product was
precipitated in cold methanol (PEG−UPy was precipitated from cold
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diethyl ether), loaded into a Soxhlet apparatus, and washed with
CHCl3 to collect the final product, which was concentrated under
reduced pressure and dried under vacuum. Recovered yield: 261 mg,
87%. 1H NMR data for each polymer is provided in the text below and
in the Supporting Information.
UPy-Functionalized Polystyrene (PS−UPy). Yield (recovered):

90%. 1H NMR (500 MHz, CDCl3), δ (ppm): 13.15 (1H; −NH),
11.88 (1H; −NH), 10.18 (1H, −NH), 5.82 (1H; −CH), 6.45−7.08
(490H; −Ph), 3.42 (2H; O−CH2−CH3), 3.21 (2H; −CH2−O−
isocyanate−UPy), 3.10 (1H; NH−CH−Ph), 2.10 (2H; NH−CH2−
CH−OH), 1.84 (194H; CH2−CH−Ph), 1.42 (97H; CH2−CH−Ph),
0.99(6H; C−(CH3)2), 0.83 (3H; O−CH2−CH3).
UPy-Functionalized Poly(ethylene glycol) (PEG−UPy). Yield

(recovered): 92%. 1H NMR (400 MHz, CDCl3), δ (ppm): 13.15 (1H;
−NH), 11.88 (1H; −NH), 10.18 (1H, −NH), 5.82 (1H; −CH), 3.4−
3.8 (452H; O−CH2−CH2−O−), 3.35 (3H; O−CH3), 3.21 (4H; NH−
CH2), 2.20 (3H; NH−C−CH3); 1.63 (4H; −CH2−CH2−), 1.35 (4H;
NH−CH2−CH2).
UPy-Functionalized Poly(3-hexyl thiophene) (P3HT−UPy).

Yield (recovered): 87%. 1H NMR (500 MHz, CDCl3), δ (ppm): 13.15
(1H; −NH), 11.88 (1H; −NH), 10.18 (1H, −NH), 5.82 (1H; −CH),
6.95 (30H; Aryl-H), 3.75 (1H; NH−UPy), 2.82 (60H; C−CH2−
C5H11), 1.70 (60H; CH2−CH2−C4H9), 1.35 (180H; CH2−C3H6−
CH3), 0.92 (90H; CH2−CH3).
UPy-Functionalized Poly(9,9-dioctyl fluorene) (PFO−UPy).

Yield (recovered): 85%. 1H NMR (500 MHz, CDCl3), δ (ppm): 13.15
(1H; −NH), 11.88 (1H; −NH), 10.18 (1H, −NH), 5.82 (1H; −CH),
7.5−7.8 (87H; −Ph), 5.12 (2H; Ar−CH2−O−UPy), 2.1 (52H; CH2−
C7H15), 1.13 (260H; CH2−C5H10−CH3), 0.80 (78H; C7H14−CH3).
UPy-Functionalized Poly(9,9-dioctyl fluorene-alt-benzothia-

diazole) (PFBT−UPy). Yield (recovered): 87%. 1H NMR (500 MHz,
CDCl3), δ (ppm): 13.15 (2H; −NH), 11.88 (2H; −NH), 10.18 (2H,
−NH), 5.82 (2H; −CH), 7.3−8.2 (184H; −Ph), 5.12 (4H; Ar−CH2−
OH), 2.1 (88H; CH2−C7H15), 1.13 (440H; CH2−C5H10−CH3), 0.80
(132H; C7H14−CH3).
Instrumentation. Size Exclusion Chromatography (SEC).

Molecular weights and polydispersities were obtained by SEC using
an Agilent 1200 module equipped with three PSS SDV columns in
series (100, 1000, and 10000 Å pore sizes), an Agilent variable
wavelength UV/vis detector, a Wyatt Technology HELEOS II
multiangle laser light scattering (MALLS) detector (λ = 658 nm),
and a Wyatt Technology Optilab reX RI detector. This system enables
SEC with simultaneous refractive index (SEC−RI), UV/vis (SEC−
UV/vis), and MALLS detection. THF was used as the mobile phase at
a flow rate of 1 mL/min at 40 °C.
Nuclear Magnetic Resonance (NMR). 1H NMR spectroscopy

was performed on Bruker 400 MHz spectrometers for all OH- and
NH2-terminated polymers and Varian 500 MHz for all UPy-
terminated polymers. Samples were placed in 5 mm o.d. tubes with
sample concentrations of about 5 mg/mL. Solvents contain 0.05%
TMS as an internal standard.
Polarizing Optical Microscopy. Optical microscopy images of

polymer blend films were acquired using an Axioplan 2 imaging
microscope in reflective mode. Films were prepared by spin-casting 6
mg/mL solutions onto a silicon wafer cleaned by sonication in DI
water and isopropyl alcohol. Images were processed using Axio Vision
version 4.8.
Fourier Transform Infrared (FTIR). FTIR analysis was carried out

using a Thermo-Nicolet Nexus 670 instrument operated via the
OMNIC program. Samples were prepared by depositing approx-
imately 1 mg of bulk polymer on the sample holder.
Atomic Force Microscopy (AFM). AFM analysis was performed

using a Veeco Multimode 8 with NanoScope V Controller
(instruments located at the Center for Nanoscale Materials at Argonne
National Laboratory and the Center for Functional Nanomaterials at
Brookhaven National Laboratory) and a Multimode with Nanoscope
IIIA controller at Rice University. Sample topography was recorded
using Tapping and PeakForce modes. second order flattening has been
used for compensation of sample tilt and enhancement of image
contrast. Sample films were prepared by spin-casting a 6 mg/mL

solution onto a silicon substrate and thermally annealing on a
temperature controlled hot plate.

Ultraviolet−visible (UV−vis) absorbance and Luminescence
spectrometer. UV−vis absorbance measurements were carried out
with a Varian Cary 50 spectrophotometer with scan range of 190−
1100 nm, and fluorescence quenching measurements were carried out
on a Jobin-Yvon Horiba NanoLog spectrofluorimeter. Samples for
fluorescence measurements were prepared by stirring 1 mg/mL
solutions in CHCl3 overnight before diluting to a concentration of
approximately 1 μg/mL P3HT or P3HT−UPy. The actual P3HT or
P3HT−UPy concentration in the sample was estimated by measuring
the optical density at 510 nm, and normalized fluorescence data were
obtained by scaling the raw fluorescence measurement by the actual
concentration of P3HT or P3HT−UPy in solution.

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS).
Grazing incidence wide-angle X-ray scattering measurements were
carried out on Sector 8-ID-E at Advanced Photon Source, Argonne
National Laboratory.48 Beamline 8-ID-E operates at an energy of 7.35
keV and images were collected from a Pilatus 1MF camera (Dectris),
with two exposures for different vertical position of the detector. After
flatfield correction for detector nonuniformity, the images are
combined to fill in the gaps for rows at the borders between modules,
leaving dark only the columns of inactive pixels at the center. Using
the GIXSGUI package49 for Matlab (Mathworks), data are corrected
for X-ray polarization, detector sensitivity and geometrical solid-angle.
The beam size is 200 μm (h) × 20 μm (v). Sample detector distance is
204 mm. Sample measurement and thermal annealing were carried out
under vacuum which is in the range of 2−3 × 10−6 bar, with the
sample stage interfaced with a Lakeshore 340 unit.

■ RESULTS AND DISCUSSION
Synthesis of UPy-Functionalized Polymers. Supra-

molecular block polymers can be prepared by blending UPy-
functionalized homopolymers. UPy is a self-complementary
group, and as a result the blend is expected to consist of A−A,
A−B, and B−B associations (Figure 1b). To investigate phase-
separation, crystallinity, and optoelectronic properties of
supramolecular block copolymers, both conjugated and non-
conjugated UPy-functionalized polymers were prepared.
Specifically, three conjugated polymerspoly(3-hexylthio-
phene) (P3HT), poly(9,9-dioctyl fluorene) (PFO), and
poly(9,9-dioctyl fluorene-alt-benzothiadiazole) (PFBT)and
two coil-like polymerspoly(ethylene glycol) (PEG) and
polystyrene (PS)were studied. P3HT is a widely studied p-
type polymer in bulk-heterojunction OPVs. PFO has been
utilized in both OPVs and OLEDs, and a variety of PFO
copolymers exhibit broad absorbance, low bandgap, and, in
some cases, electron transport.50 PFBT has measurable electron
mobility,42 and bulk heterojunction blends of PFBT and P3HT
exhibit a 0.13% power conversion efficiency.51 PS and PEG are
chosen as model coil-like polymers for their ease of preparation
and relevance to a number of block copolymer systems.
As shown schematically in Figure 1a, UPy-terminated

polymers can be prepared through a one-step coupling reaction
involving hydroxyl or primary amine-functionalized polymers
and isocyanate-functionalized UPy.38 As evidenced by 1H NMR
and FTIR, this enables the preparation of UPy-terminated
polymers with a high degree of functionalization due to the
reactivity of isocyanate groups toward primary hydroxyl and
amine functionalities (Figures 2 and 3). All UPy-functionalized
polymers prepared exhibited four distinct NMR peaks
corresponding to the terminal UPy group - δ (ppm) =13.15
(-NH), 11.88 (-NH), 10.18 (-NH), and 5.82 (−CH) (Figure 2a
and S5−S9). PS, PFO, and PFBT also exhibit a clear shift in the
1H NMR peak corresponding to CH2 adjacent to the terminal
hydroxyl group (Figure 2). For PS−OH, the 1H NMR peak
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corresponding to terminal CH2 shifts from δ (ppm) = 3.36 to
3.21 after the coupling reaction (Figure 2b). In the case of
PFO−OH and PFBT−OH (see Supporting Information,
Figures S2 and S3), the terminal CH2

1H NMR peak shifts
from δ (ppm) = 4.78 to 5.12 (Figure 2c).
FTIR spectroscopy (Figure 3) provides further evidence for

UPy functionalization of P3HT and PFO. MIC, a precursor to
the UPy end group, exhibits a sharp primary amine (−NH2)
peak at 3330 cm−1 and a peak at 1655 cm−1 corresponding to
the carbonyl group (CO). After reaction with hexyl
diisocyanate, the primary amine peak vanishes and a peak at
2282 cm−1 corresponding to free isocyanate (NCO)
appears. A new peak near 3235 cm−1 corresponding to a
secondary amine also appears, and split peaks at 1655 cm−1

reflect hydrogen bonding interactions between the carbonyl
group and the secondary amine functionality. P3HT-NH2
exhibits two weak signals at around 3400 and 3500 cm−1, and
after functionalization with UPy a broad peak at 3380 cm−1

appears, indicative of a secondary amine functional group.
PFO−OH has a small peak at around 3450 cm−1 corresponding
to the primary hydroxyl group, and the peak disappears after
functionalization with UPy. FTIR was less reliable for analyzing
end-group functionalization of PEG−OH, PS−OH, and
PFBT−OH (see Supporting Information, Figure S10).
Phase Behavior of Polymer Blends in Thin Films. In

order to test the effect of UPy associations on phase behavior,
blend films were cast on a surface and analyzed by optical
microscopy and AFM. Samples were thermally annealed near
but below the highest crystallization temperatures (180 and 110
°C for 5K P3HT and PFO, respectively) before analysis by
POM. These annealing conditions were chosen because a clear
difference was observed in the phase behavior of UPy and non-

UPy polymer blends. POM analysis shows that UPy-mediated
hydrogen bonding interactions suppress micrometer-scale
phase separation at these annealing conditions (Figure 4).
For example, in the case of P3HT/PS blends mixed at a 50/50
ratio by mass, clear evidence for micrometer-scale phase
separation is observed after annealing overnight at 160 °C
(Figure 4a). By contrast, no micrometer-scale phase separation
is observed for P3HT-UPy/PS-UPy blend films (Figure 4b).
Similar results are observed for PFO/PEG blend films annealed
at 100 °C (Figures 4c and 4d), P3HT/PEG blend films
annealed at 160 °C (see Supporting Information, Figure S11),
and P3HT/PFO blend annealed at 160 °C (Figures 4e and 4f).
Results for PS/PFO blend films were inconclusive since no
phase separation was observed for both PS/PFO and PS−UPy/
PFO−UPy blends (Supporting Information, Figure S12).
Altogether, these results indicate that UPy-functionalized
conjugated polymer blends have a reduced tendency for
micrometer-scale phase separation.
While a clear difference between UPy and non-UPy-

terminated polymers was observed for the specific annealing
conditions described above, higher temperature treatment
conditions were tested to explore the limit of miscibility of
UPy-terminated polymer blends. All blend films studied,
including UPy polymer blends, showed micrometer-scale
phase separation when solvent annealed at 170 °C in the
presence of dichlorobenzene (see Supporting Information,
Figure S13) or when thermally annealed (without solvent
present) at 190 °C (higher than the crystalline temperature of
the present P3HT sample) (see Supporting Information, Figure
S14). On the other hand, no phase separation was observed by

Figure 1. Schematic of (a) the synthetic scheme for preparation of
UPy-terminated polymers and (b) quadruple hydrogen bonding (HB)
associations between different UPy-terminated polymers to form
supramolecular block copolymers. Figure 2. 1H NMR data for (a) the UPy end group, (b) polystyrene

before and after coupling to UPy, and (c) poly(9,9-dioctyl fluorene)
before and after coupling to UPy.
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POM after annealing overnight at 100 °C for any polymer
blend (see Supporting Information, Figure S12, for an

example). These results indicate that thermal annealing at
190 °C or at 170 °C in the presence of dichlorobenzene is
required to induce micrometer-scale phase separation in
P3HT−UPy blends. By comparison, other studies on UPy-
functionalized molecules have shown that associations are
disrupted at a temperature of approximately 80 °C when
solvent is present,52,53 and a report on star-shaped UPy end-
functionalized polymers found associations persist only to
temperatures as high as 130 °C.54 A recent study on UPy-
functionalized nonconjugated polymers reported micrometer-
scale phase separation in polymer blend films thermally
annealed at just 100 °C.32 Thus, the results in the present
study indicate that blends consisting of one or more conjugated
polymers can increase the temperature required for phase
separation. This may be due to a combination of thermody-
namic and kinetic effects, as discussed below.
GIWAXS measurements were carried out on pristine

P3HT−UPy films, P3HT films, and P3HT blend films to
investigate crystallization in UPy-modified polymers and
polymer blends (Figures 5 and 6). In the case of P3HT−
UPy, as-cast films show little or no crystallinity, but on heating
to 80 °C characteristic P3HT-crystallite peaks appear and
persist up to temperatures of 160 °C (Figure 5). The positions
and intensity of crystalline peaks is qualitatively similar to those
of P3HT films prepared similarly and measured at an elevated
temperature (Figure 6a). Furthermore, thermally annealed (160
°C, 16 h) P3HT−UPy/PFO−UPy and P3HT−UPy/PS−UPy
blend films exhibit similar crystalline peaks (Figure 6, parts b
and c), but the intensity of the crystal peaks is significantly
weaker for blend films compared with pristine P3HT films.
These measurements indicate that crystallization is still present
but reduced in UPy-modified polymer blend films.
AFM measurements were carried out to investigate the

mesoscale structure of UPy polymer blend films.55 AFM images
show clear evidence for crystallization in pristine P3HT,
pristine PFO, and their blend films with UPy-mediated
interactions. For example, AFM topography images of
P3HT−UPy/PS−UPy blend films reveals crystalline nanowires
characteristic of P3HT with fiber dimensions approximately 10
nm in width and lengths up to 100 nm after 16 h of thermal

Figure 3. FTIR spectra for various end-functionalized polymers as well
as the reactive UPy−isocyanate group (UPy) and methyl isocytosine
(MIC).

Figure 4. Optical microscopy images of thermally annealed polymer blends: (a) 50/50 wt % P3HT/PS, (b) 50/50 wt % P3HT−UPy/PS−UPy, (c)
50/50 wt % PFO/PEG, (d) 50/50 wt % PFO−UPy/PEG−UPy, (e) 50/50 wt % P3HT/PFO, and (f) 50/50 wt % P3HT-UPy/PFO-UPy. Scale bar:
(a) 50 μm, and (b−f) 20 μm. Thermal annealing conditions: (a, b, e, and f) 160 °C, 16 h; (c and d) 100 °C, 16 h.
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annealing at 160 °C (Figure 7b). Pristine PFO films also exhibit
crystalline fibers after thermal annealing at 100 °C for 16 h
(Figure 7c), with fiber dimensions of about 50 nm in width and
lengths up to 1 μm. In the case of PFO−UPy/PEG−UPy
annealed at 100 °C for 16 h, both crystallization and
submicrometer-scale phase separation are observed, with
phase-separated domains roughly 300 nm in size (Figure

7d,e). Crystalline fibers are only present in the PFO-rich
domains and have fiber dimensions approximately 20 nm in
width and lengths up to 200 nm. Similar fibril structures with
dimensions of about 30 nm in width and 700 nm in length were
observed in P3HT−UPy/PFO−UPy blends annealed at 160
°C for 16 h with no evidence of phase separation.
Submicrometer phase separation was also observed in

Figure 5. GIWAXS patterns of a P3HT−UPy thin films cast at room temperature and thermally annealed in situ. All samples were measured at an
incident angle of 0.25° and 20 s exposure time, and all images have the same color scale.

Figure 6. GIWAXS patterns of (a) P3HT homopolymer annealed in situ at 160 °C, (b) P3HT−UPy/PS−UPy, and (c) P3HT−UPy/PFO−UPy
measured at room temperature after thermal annealing for 16 h at 160 °C. All samples were measured at an incident angle of 0.25° and 20 s exposure
time, and all images have the same color scale.

Figure 7. Atomic force microscopy height images of thermally annealed polymer films: (a) pristine P3HT−NH2, (b) 50/50 wt % P3HT−UPy/PS−
UPy, (c) PFO, (d) 50/50 wt % PFO−UPy/PEG−UPy, (f) 50/50 wt % PFO−UPy/PEG−UPy in smaller scale, and (e) 50/50 wt % P3HT−UPy/
PFO−UPy. Thermal annealing conditions: (a, b, and e) 160 °C, 16 h; (c, d, and f) 100 °C, 16 h.
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P3HT−UPy/PEG−UPy and PFO−UPy/PS−UPy blends
(Supporting Information, Figure S16). Furthermore, for
P3HT−UPy/PFO−UPy and P3HT−UPy/PS−UPy, solvent
annealing at room temperature for 4 days gives rise to
nanoscale phase-separated domains with P3HT crystallinity
(see Supporting Information, Figure S18).
Altogether, AFM and POM measurements of thermally

annealed polymer blend films indicate that UPy-mediated
interactions can suppress micrometer-scale phase separation in
conjugated polymer blend films thermally annealed at temper-
atures up to 160 °C. The reduced tendency for micrometer-
scale phase separation may be due to a combination of
thermodynamic and kinetic effects. Previous work indicates that
UPy-mediated hydrogen bonding interactions are weak above
100 °C,52,53 but crystallization in P3HT−UPy blends persists
up to 180 °C and may lead to reduced chain mobility and
slower kinetics for phase-separation. This is consistent with the
GIWAXS data that show significant crystallinity present in
P3HT−UPy at 160 °C and AFM images, which indicate that
phase separation occurs at a reduced length scale in some UPy-
terminated polymer blend films (e.g., PFO−UPy/PEG−UPy).
On the other hand, UPy-modification may also affect the
thermodynamics of polymer blends, resulting in a homoge-
neous phase for some UPy−polymer blends. This is supported
by mean-field theories for supramolecular block copolymers
that indicate complete miscibility under some conditions56,57

and may explain the absence of microphase segregated
structures in UPy polymer blends.
Fluorescence Quenching in Conjugated Polymer

Blends. Fluorescence measurements were carried out on
P3HT/PFO and P3HT/PFBT solution blends to determine if
UPy-mediated interactions between donor and acceptor
polymers affect fluorescence quenching. UPy associations are
expected to decrease the average distance between polymers
compared with unmodified polymer blends, resulting in
increased fluorescence quenching. PFBT has a more compatible
LUMO level for energy transfer with P3HT and is therefore
expected to exhibit more significant quenching compared with
PFO.28

Fluorescence quenching measurements were carried out by
selectively exciting P3HT; this is accomplished by choosing an
excitation wavelength greater than 510 nm, above which PFO
and PFBT exhibit no absorbance (Figure 8a). The measure-
ments therefore probe energy and/or electron transfer from
P3HT to PFO or PFBT, and a quantitative comparison can be
made by preparing solutions with approximately the same
P3HT content (1−5 μg/mL) and normalizing fluorescence
spectra by the overall P3HT concentration, estimated by the
measured absorbance at 510 nm.
The fluorescence spectrum (see Supporting Information,

Figure S17) of pure P3HT and P3HT-UPy solutions shows
that the terminal UPy group by itself has a negligible impact on
fluorescence quenching. Blends of unmodified polymers show
lower fluorescence compared with that of pristine P3HT or
P3HT-UPy, indicative of some energy or electron transfer from
P3HT to PFO or PFBT, and as expected quenching is more
significant for P3HT/PFBT solution blends due to better
matching of LUMO energy levels (Figure 8b). Furthermore, for
both P3HT/PFO and P3HT/PFBT, UPy-modified polymer
blends exhibited lower fluorescence compared with that of non-
UPy modified polymer blends. This indicates that UPy-
associations increase fluorescence quenching due to decreased

average distance between donor and acceptor polymers in
solution.

■ CONCLUSION
A series of conjugated and nonconjugated UPy-terminated
polymers were synthesized via a one-step reaction with UPy-
isocyanate. A combination of AFM, POM, and GIWAXS shows
that UPy-mediated quadruple hydrogen bonding interactions
can prevent micrometer-scale phase separation in conjugated
polymer blends. UPy modification increases fluorescence
quenching in solutions of donor and acceptor polymers, due
to hydrogen-bonding associations which reduce the average
distance for energy and/or electron transfer. These results show
that UPy-mediated interactions can suppress micrometer-scale
phase separation in bulk heterojunction polymer blends at
temperatures and processing conditions typically used to
prepare bulk-heterojunction OPVs. As a result, UPy function-
alization may be a promising route for improving the
performance of all-polymer OPVs.

■ ASSOCIATED CONTENT
*S Supporting Information
1H NMR spectra of polymers prepared, POM images of
polymer blend films, AFM images of polymer blend films,
fluorescence data, and GIWAXS data. This material is available
free of charge via the Internet at http://pubs.acs.org.

Figure 8. (a) UV−vis absorbance spectra of P3HT, PFO, and PFBT.
The dotted line indicates the excitation wavelength used for
fluorescence measurements; note that only P3HT exhibits significant
absorbance at 510 nm. (b) Fluorescence spectra for conjugated
polymer blends in solution under 525 nm excitation wavelength.
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���� 
��� 	�����	� 
	��������	! "�	 
��� �	���	 ��� �		�
�����#���� 
����	�� �� ��	 �����	��� ��� ��������	 �������� ��
�����������	� ����� ��
����	��! ��	 ����	� �� 
���������
$ �����%$���������
�	�	����
����&' &'$�������(���	�	�
��%)"����*� $ ��� �	��	� �� � ���	� ����	� ��� �	�	��
���
�	� �����	��� �	����+�	� ��� �����,��� ��	 �������������	 ��
���� #��� �� ��	 �	�� ��� �� ��	 ���������! "��� ������	 �	��	��
���� ���� �%)"����* ����� ��
����	�� 	�
����,��� ����
���	���� �����	��� ��� �������� �� ������������� ������
���	
�	��	������ �� #��� ��� ����	������ �� ���������! "���
��	���	� �	��������	� �����#���� ������	� �� ��	 
�	
�������
��� �������	��,����� �� �����������	� ����� ��
����	��
��� 	�
����,	� �	������� �����	��	� �� ��	 �

�������� ��
�����������	� ����� ��
����	�� ��� ����!

- ./01 )�	����� 2�	����� 3���	��
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-5 6�����������

2������	� 
����	�� ���	 �	�	��	� 	������� ���	����� ����	 ��	�� ������	��
�� ��	 ���	 4/� �	�����,	� �� ��	 5��	� ���,	 �� 2�	������ �����	� �� .///
���! 2������	� 
����	�� ��	 ����	���� �	��� ���	������	� ��� ������� 	�	�������
�

��������� ��������� ����� 	������� ����	� ��67��� ��$�� #	���	��	��
����������� ��*7"�� ��$��� 
������������ ������ ���$��� �	����� ��	 ��� 
��� 	�	����������� �	���	� ���� ��� ��	� ���	� 
��	������� �������� ��������

���	����� �����	��	� ���	� �	�	#�� ���� �� (	8������� ��� �����
��	��� ��
$���!

)���	���� 	�#��	�� ���������
���	��	� 
����	� ���� �� � �����#����
�����	��	 ��� � ����	�� ��	� �� �	�	���� 	�
����� ���$���! 2������	� 
����	�
���� ��	 ���	 �� �	
������� ��	 �� ���	 �������	� ������� ���	���	� ��

����	�� �� � ���� #�� �� �	� �����	� �����	�	��! "�	 ����	 �����
����
��	�#��	��� �� �������	� 
����	� 	����	� 9 0// �� ���� 
����������� �����	
���	�� ����! "��� �����	 ���	� �� ��������	� �	��		� ����	 ��� ������	 	�	�����	�
��� ����� �� *����	 0�! "�	 �����
���� �� � 
����� �	����� �� �� 	�	�����:���	

��� ����� �� �� 	8����� ����� ���� �	 �	
����	� ���� �������� �����	� ��
�	�	���	 � ��	��� ����	��! "��� �� �� �������� �� ��������� 
������������ ��	�	
��		 �����	� ��	 ��	��	� �
�� ����� �����
���� ����! ;	�	������ � ��	��� ����	��
�	+���	� �	
������� ��	 	8����� ���� �������� �����	� ����� ���� ����� ������ ��	
����� ���	���	 �� ��	 
����	8���	� ����	 ���$���! "�	 	8����� �� ���� 	�#��	����
�	
����	� �� ��	 ���	����	 �	��		� ����� ��� ���	
��� �	������������ ��	�	���	
�
����,��� ��	 �����	 ���	� ��������	 �� ��
������ ��� ����	���� 	�#��	�� ���

	��������	!

����� �� �������������� ������������ �� �� � ! "������ #$� ������ %�&��
�� ��'�����" �� � �%��" �� �%������("���� ��" �%������(�������� �������

��'����"�������

) ���	����� ��� ������	�	��������� ���� ���������� �� ���� �������	�

����	� ��� ����	�	�	 �� ����� �� *����	 .�! <� �	�	��� ��	 #��� �����	 ���	�
��������	 �� � �	���� �� ������� ����	+��������� 
���	��	� ��������� 
����	�
���������,����� ��� 
���	 �	
������� ���� ����� ������ #�� ������� ��� ���	�����
��� ���! ) ����	�� �� �	����� ���	 �		� ��
�	�	��	� �� ������� ��	 �	����
����	 ���	����	 ��������	 ��� ������������� �� ��	 �����	 ���	�� ��������� ��	 ��	 ��

���	����� �������	� ��
$��� ��� ��
����� �

�����	� �� 
���	����� ���$���!
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����� �� )�$�'����� ��� �$� ������ %�&�� '���$�%����� �� ��%* $�����+�������
� !� ,%���- ��" �%%(���+�����" �%��* ����%&'�� � !� ,���$�-� ,�����"���" .��$
���'������ ���' ���������� ,��- ��" ,��-� /��&���$� �0�� 1'������ /$�'���%

)�����&�-

=���� ��
����	�� ���
���	� �� �����������	� 
����	� ������ �����
�� �����������	� ����� ��
����	�� ���� ��� 
��	������� ����	�� ���� ��
��	 ����	�� �����	��	� �� ���
������ ��� ���	������� ��������	 ������� ���
����! )����������	� ����� ��
����	�� ��	 �� 	�	����� ����� �� ���	�����
���
���	� �� ��� �� ���	 �������	� 
����	� ������! 3��� ����� ��
����	��
������	 ��	 �
��	�	������� 
��
	���	� �� �	�����������	 
����	�� ����
��������	 ������� ������� ������
���	 �	��	������ ��	$��� ��� ���������,�����
��
 �0�! ���������	
��� �����������	� ����� ��
����	�� ���
���	� �� ����
���	����������	 �����
	� ��� 	�	���������������	 �����
	� 
����	� ������ ��	 ��

��������� ���	�	�� ��� ���� ��� ���! 3	�	��	� 	8��
�	� �� �����������	� �����
��
����	�� ��	 ����� �� 3��	�	 0 ��� �
 ��$	��! "�	 ������
���	 �	��	������
�� ������� ��
����	� ��
������ �	��� �� ������ ��,	� �� >�0// �� ���� �������
���
������	� �	
	����� �� ��	 �����	 �������� �� ����� �	� 	��! )� �����
�� *����	 . �����������	� ����� ��
����	�� ��� 
��	������� �	������	���	 ����
�	����	#�	� ����� ��� ���	
��� ������� ���� ��������	� ��,	 ��� ���	�������!

?	�	�� ���� ��� �	��������	� �����#���� 
����	�� �� ��	 �	���� 
�����	��� ��� �������	��,����� �� �����������	� ����� ��
����	�� ��
 		$	
�!
)����������	� ����� ��
����	�� ���	 �	�	���� �	��������	� 	�#��	���	� �	�� %
@ �� � ����� ��
����	� �	���	 ��0�! A��	�	� �����	� 
����	�� �	+���	� ������	�
�� ���� ��	 �����	��� ��� 
���	��������������	�
��
	��� �	���������
�! A	�	 �	
�	��	� ��	 �����	��� ��� �������	��,����� �� �����������	� ����� ��
����	��
���� � �
	��#� 	�
����� �� �������	� ����� ��
����	�� ���� �����
����	
���� 
�������������
�	�	� ��%)"� ��� 
�����������(���	�	� ��*� 
����	�
������! �%)"(�(�* ����� ��
����	�� �	�	 ����� ��	 #��� �����������	� �����
��
����	�� �	
���	� ���� ��� �����#���� 
����	�� ��� �		� ���	 �� ��	 �����	���
��� �������	��,����� �� ��	�	 ���	�����! �����	�� ���� �%)"(�(�* ��� 
�����	
�������	 �	����� ��� ���	� ����	�� ��� ������	���� ������� ���� ��	 
��
	���	� ��
�����������	� ����� ��
����	��! "�	 ��������	 �� �%)"(�(�* ����� ���� ���	�
�����������	� ����� ��
����	�� �	
���	� �� ����� �� 3��	�	 0!
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)�$�'� �� 2�������� �%%(���+�����" �%��* ����%&'�� ���������� �������" �� �$�
%���������� �3�( 4�(�( 45#(�(�3�( 4� ,	�-3  �6#(�(  ,��-3 ,2414-� ,��-3
 �6#(���4 $ ,��-3  �4#(�( ��# ,��-3  �6#(�( ��6# ,��- ��"    (�( �6#

,��-�

=	��� �	 �	��	� �����	��� �

�����	� ��� 
���	��������������	�
��
	���
�	���������
� �� �����������	� ����� ��
����	�� 	�
����,��� �	����� ����
�%)"(�(�* ����� ��
����	��! "�	 �����	��� �� �	����	#�	� �����������	�
����� ��
����	�� ��� �		� � �����#���� �����	��	 �� ��	 #	�� ��� ��	� ��	 
���
�	�	��� �	��� �	� �����	��� �

�����	� ���	 	�	��	� ���	� �� ��

	��������,	�
����� ��	������ ��� ��	
���	 
����	��,������! B��	��������� ��	 �������������	
�� �����������	� ����� ��
����	� #��� �� ������� �� ��	�� �

�������� ���
�������������� �	��		� ���������,����� ��� ������
���	 �	��	������ �	+���	�
�������	��,����� ����� � ����	�� �� �	����+�	�! C	 ���� ���� ������� 
���	�����
���������� �	����� �� �������� �����	� �� ��	 #�� ���
������ �� � ���	� �	��	� ��

����%����������
�	�	���(
����&' &'�������� (���	�	� ��%)"(�(�*�! C	 
�	�	��
���� ���� ��� ����
 ��� ���� ���	�� ���� ���	 �����	��,	� ��� �������	��,	�
�%)"(�(�*! C���	 �	 ����� 
�������� �� ���� ���� �%)"(�(�* ��	�	 ���	 �		�
�����#���� ������	� �� ��	 �����	��� ��� 
���	����� �� ���	� �������	� �����

����	� #��� �� ��� �	 ����� �� ���	� 
����������� ��
 �	� ��� �	�	�� �	��	��
��� �� ��$�0�!
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+5 
������ �� �	�/����� �������������� &���7 ���������

D��� �

�����	� ��� ������ ���������	
��� �����������	� �����
��
����	�� ����� �����
����	 ���� �� ��� ����
	 
����	� ������ �	�� ��
�������� 
����	��,����� �	������� ��� 	��� 
����	� ����� ��������� ;?<D 
3�,����D������ ��� 3����	 
����	��,����� �	������� ��� �
 �� 	� �� ���!
)����������	� ����� ��
����	�� ��	 �	�	����� �����	��,	� ���� ��� �	�	���
�����	��	� �	
���	� ���	��������� �� *����	 %E ��� ������� � �������	��	��
�

����� ��������� �	+�	����� 
����	��,����� �	�������F ��� ��� ������� ��	
���
���� �� ��� �������	� 
����	�� ���� ��������	� 	����������������	�! =���
�����	��	� ���	 ��������	� ��� �����������! C���	 ��	 �������	��	�� �

����� ��
�	�	����� ���	 ��������������� ��� �	������	 ��	 ���
���� �

����� ���	� �	��	�
������� ��	� ��	 ���	����� �	���� �� 	��� 
����	� ����� �	
����	��! A��	�	� ��	
���
���� �

����� �	+���	� ���� 	�������
 ������� ��� ��� �	
����	 �������	�

����	� ������! =	��� �	 �	��	� �	�	�� �

��������� ��� ������	� �� ��	�	
�����	��� �

�����	� �

��	� �� ��	 �����	��� �� �%)"(�(�* ��� ��$���!

)��	������	 �

�����	� �� ��	 ��� �	�����	� ����	 ��	 �����	� ��� ������	
��	 G����;?<DH �

����� ����� ��� �		� �

��	� ��� ��	 �����	��� �� �����
��
�������
�	�	� ��	 �� 	� ��$�� �� ��$
�� ��� �%A"(�(�* ����! "�	
��������	 �� G����;?<DH �� 
��	������� ��
���	� ������� ��	� ��	 
����	��,�����
�	������ �� ���� ������! A��	�	� G����;?<DH �� �����	� �� �	��� �� �

����������
�� ����	�	�� �����	��� �	
	�� �����! "�	 �	��	� �� �	�	��	� �� �	�	�� �	��	�� ���
���	 ����������� �� ���� �����	��� �

����� �
�$
��!

����� �� 1������$�� ��� �&��$���� �� �%%(���+�����" �%��* ����%&'��� ��� ,�-
'����( ������� ��" ,�- ����%���7�����'�%���%�� ����%����
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+5-5 �������������� &���7 ��������� 
������ ,��� � )�����������
��������

"�	 #��� 	8��
�	 �� � �������	��	�� �

����� �

��	� �� ��	 �����	��� ��
�%)"(�(�* �����������	� ����� ��
����	�� ��� �	
���	� �� ��	 3��	�� ����

����! "�	�� �����	��� �	���� ������	� ��	 �����	��� �� � 
����%��	8������
�	�	�
��%A"� �������	��	�� ������	� �� � 3�,����D������ 
�������	������� �	������
�� �����	��,	 ��	 �* �����! 3	�	��� ����	+�	�� �����	� ���	 ���	� ��������	
�� ���� �	�	��� �

����� �� �����	��,	 �����������	� ����� ��
����	�� �����
3�,����D������� �� ���	� 
�������	������� �	������� ��� ��	 �����	��� �� ��	
�	���� 
����	� ����� ��� �
 �� 	� 		 	� �� 
��! "�	 �	��������� �� ����
�	�	��� �

����� �� �	(	��	� �� ��	 ����	�� �� ����� ��
����	�� �	
���	� �����
���� ���	�	! A��	�	� � �������� �� ��	�	 �	����� �� ���� ��	� ��
������ �	����
�� �	�����	�� ��� ���	����� �	���� ����� ��
����	�� ���� �����#���� �������
�� ����
����	� ��
�����	� ���� ��� ���� �	 �	���	� ����� �	����� ������

���#������ �	����+�	� ��	 �
 	��!

)� ��
���	� �

����� ��� �����	��,��� �����������	� ����� ��
����	��
����� 3�,����D������ ��� ;?<D ���� �����	 �� �� ����
����	� �

�����	�
��� �	�	���� �	��������	� �� ��� ����
 �	��! ;?<D �� #��� �����	� ��� ��
�����	��,	 �� 	��������������,	� �%A" ��%A"�=�� ������	��	�� ��� �%A"�=�
�� ����	+�	���� �����,	� �� � 3�,����D������ 
����	��,����� �	������ �� ���	
�����������	� �%A" ����� ��
����	�� �3��	�	 .�! ) ���� �	��		 �� 	��
�����������,����� �� ��	 �%A"�=� ������	��	�� �� �	+���	� �� ����� �	������ �%A"
����
����	� ��
�����	� ��� ���� ��� �����
����	� ����� 6�2� �� �� �������	
��� ��	 
�	
������� �� ����������������	��� ��	8������
�	�	 �����	�! 6�2�
��� �		� ����� �� �	 �� 	��	����	 �������	 ��� ���	�	������ ;������� ���������
��� 
�������� �%A" ���� � ���� �	��		 �� 	�������
 ������������� �
	$
��!
�%A"�=� ��� 
�	
��	� ����� �������� �	����� �� ��	 �������� �� 5���


�2�.
�������� �� ��	 �����	� �������� �� �������	 ;?<D �

�! "��		 ����	�	�� �%A"
������	��	��� �	�	 
�	
��	� ����� ���� �

����� �� ����� �� "���	 <!

)�$�'� ��  ���������� �� �%%(���+�����"  �6# �%��* ����%&'��� ��� 8������"
'����$���� ��%&'���9����� .��$ :�/% �""����� ��%%�.�" �& )�9�*�(;�&����

 �%&���"��������� ����"������ ��� )�9�*�(;�&����<  ",  $�-�3 ��%����3 .����3

0 =/� 1� �>��'�%�� ����� �� 
?3
?("����&%@������(�?3�?("�������� ���" �����
��" ���������"��� "����'� '���'�� �� ���"� ,1"����" .��$ ���'������ ���'

��������� ,	�-� /��&���$� �0�� ��&�% )�����& �� /$�'����&�-
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5	8� �%A"�=� ��� �	���	� �� � 3�,����D������ 
�������	������� �	������
�� 
�	
��	 ���		 ����	�	�� ��
	� ����� ��
����	�� 	��� ���� � �%A" �����
��� � �	���� �������	� 
����	� �����E 
����&' &'�������� (���	�	� ��*� 

����&' &'�������� (���	�	��%���	�,�� �������,��	� ��*="� ��� 
����. 4��&' &'�
��������(���	�	���%��> >��1' 4'����.����	����.' 0' %' �	�,��������,��	� ��*"="�!
�* �*=" ��� �*"=" ���	 �		� 
�	������� �����	� ��� ��	 �� ������	�	���������
���� ��� �67�� ��00$�0�� ��� �*"=" �� 
�������� ��� ��	 �� ����� ��
����	�
���� �	����	 �� 	8������ � ����� ���������	 ��� � ��������� A�D� �	�	� ��0� 
�0��! ) ���� ��� ��� ���	����� �	���� �%A"�=� ������	��	�� ��� ��	� ��� 	���
��
	 �� ����� ��
����	� �	������� �� � ����� �� ��8 ����	�	�� ����� ��
����	�� ��
����� �� "���	 <! "�	 ��������� �� �������� ��
����	�� �� �����	�� ��	 �� � ���
����	�� �� �%A"�=� ������	��	�� ��	� �� ��	 3�,����D������ 
�������	�������
��	
 �������� 0 ���	 @ �	�����	 �� �����	���!

/�9�� 65 ������������� �� �������������� �	 / &���7 ���������

�,"�'3 "��������� :��� �������� ���� ��������� ;��<5 ���������

+.-	 "���� 
������ �� ��������5

���	
�� �����

�� �����
����

�� �����
�� ������

����� ����

�%A"0%(�(�*I4 J!0 �0!0J� 1I!1 �0!IJ� %JE0// �0%@�

�%A".>(�(�*4> 0%!> �0!%.� J/!J �0!I4� I0E0/> �.>@�

�%A"./(�(�*="I/ I!> �0!0& 0JI �%!J0� >0EJJ �./@�

�%A"..(�(�*="4I 0%!> �0!%.� I0!> �.!.1� I0E&/ �..@�

�%A"1.(�(�*"=">I I!> �0!0&� 0&!4 �0!1&� >0E04 �1.@�

�%A"J.(�(�*"="%I 0%!> �0!%.� 5:)� I0E0. �J.@�
� ;. ���:���� ��� ��< ��� �%A" ��� ����� ��
����	�� �	�	����	� �� ���
������ �� �
�	� �� �������
	��	 
�������	�	 ���������! A	���������� �	����	�������� �� �%A" �� ��	��	�
���� &%@ ��� ��� ���
�	� �� �	�	����	� ���� 0A 5D?! � �� ������ ��� �%A" ����	�� �	�	
�	�	����	� �� 0A 5D? ��� ���
������ �� ��	 ���	����	� ���	����� �� �%A" �������� 
	��
�J!& 

�� ��� (���	�	 ����� 
	��� �.!. 

��! � �%A"I0��(�*"="0. �������� 
��������
����
����	� ��
�����	� ��� ��	�	���	 �� 	������	 ��� ����� ��
����	� ���	����� �	����
�� ��� 
�����	�!

"�	 ���	����� �	���� ������������� ��� 	��� 
����	� ����� ��� ����	�
������
����
����	� ��
�����	� ��� �	 ������	� �� ��,	 	8������� �����������
�� ����
B�:�<3 �������� �372�B�:�<3� �� ��� �������� ���	�	�����! "�	 ���	�����
�	���� ������������ ��� ��	 ����� ��� ������	� �� ����� � ���	�	���� �
	��#�
�� ��	 
����	� �����! 1>/ �� ��
	��#� �� �%A"� >// �� ��
	��#� �� �%A"� 
��� >>/ �� ��
	��#� �� �*"="� �	�	 ��	� ��� �%A"(�(�* �%A"(�(�*=" ���
�%A"(�(�*"=" �	�
	����	��! �* ��� �*=" 	8����� �� �	����	���	 ���������	
�� 1>/ ��� >// �� �	�
	����	�� ����	 �%A" 	8������ �� �	����	���	 ���������	
�� >>/ ��! ) ���
������ �� ��	 �������	������� 372��	�������	 ���	8 ����	
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�372�?<� �� #��� ����� ��
����	� 
������� 
�����	� �*����	 1 ��� "���	 <� ����

�	����� �	
���� ����� ������� �	����� ��
 	�� �������	� ���� ��	 ��	 �� �� 6�2�
�������	 	����	� ��	 
�	
������� �� ���� ��	��	� ��� ����	� ���	����� �	����
����� ��
����	��! C��� ��	 	8�	
���� �� �%A"J.(�(�*"="%I � ��	�� ����� ��
��	 ���	����� �	���� ������������ �� ��	 #��� 
������� �� ���	��	� �	�����	 �� ��	
�������� �%A" ����
����	��! *�� ���
������ ��� 
�	����� ���	�
�� �� ������
������� �����������	� ����� ��
����	�� ����� ������� �	����� ���� ������� ��	
6�2� �������	� �	����	� �� ���� ���	�� ������ �� ��	 ���	����� �	���� ������������
����� ���� ����
����	� ��
�����	� �	��! ���	� �	
���� ����� ������� �����	���
�	����� �	
��� ��	 
�	�	��	 �� �����#���� ����
����	� ��
�����	� �� �	�����	��
��� ���	����� �	����� ��� ��	 �	���� 
����	� ����� �	 �	�! "�	 ��	�� ����� ��
��	 ���	����� �	���� ������������� �� ��	 ����� ��
����	� 
������� ����� ��
*����	 1 �������	� ���� �����	 �� �� �	������ �%A" ����
����	� �	����� ���
�����������	� ����� ��
����	�� ���� � �������	���	� ���	����� �	���� ;. ��
���� �� 0JI ��:��� ��	�����	 �� 
�������	�	� ��	 
�����	�! 5���	����	���	�
���	����� �	����� ��� 	��� ����� 	������	� �� 372�?< ��	 �� �	�����	�� ����
���		�	�� ���� 0A 5D? 	������	� �� �%A" ����	�� �� ��	 #��� ����� ��
����	��
�"���	 <�! <� ��	 ���	 �� �%A"J.(�(�*"="%I ��	 �����	��� ����	� �� 
�����	
�����#���� ������� �� ����� ��
����	� ��	 �� 
��� ���������� �� ��	 �*"="
����� ��� ��	 �	������� ����� ��
����	�! A��	�	� ��	 ��	 �� � ���	� ���	�����
�	���� �%A" ������	��	�� �� ��	 
�������	������� �	������ �� �*"=" �	����	�
�� 
������ ���� ������� ����� ��
����	� �� �%A"1.(�(�*"=">I!

����� �� )A/(�B ���%&��� �� �%��* ����%&'��� ��" ���������"���  �6#(4�
'������������� B���������� ��� ���'�%�9�" ��� �%����&� ,1"����" .��$ ���'������

���' ��������� ,	�-� /��&���$� �0�� ��&�% )�����& �� /$�'����&�-
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<� ������� ��	 ����������� �� ;?<D ��� 3�,����D������ 
����	��,�����
�	������� ��� 
�����	 �����������	� ����� ��
����	�� ���� ���	 �	��		 ��
�����������	 ���	����� �	���� ��� ����� ������! ;?<D ���� 6�2� �������	

�����	� 
�������
�	�	� ���� ��������	� 	�������
 ������������� ��� ���	�����
�	���� ����	 ��	 3�,����D������ �	������ ��� 
��� ������� ��	� ��	 ���	�����
�	���� �� ��	 �	���� �����! 5��	��	�	�� 
�������	������� �	������� ��� �	
+���������	�� ��������	� �� ������� �	������ ���������� ���� �� ����	�������� ��
�	��	��� ��� �	������ ���	 �� ���� �� ��	 �	������� ���	����� ��	 ������	! "�	
��������	 �� ���� �����	�� �� ���� �� ��� ��
��� ���� �	����� 
���#������ ��	
�
���� �� ������ �����������
��! ��	 �������� �� ���� �	���� �� ���� �� �����	�
�� 
����	�� ���� ��� �	 
�	
��	� �� ;?<D ��� �� 3�,����D������! "��� ��� �	
���	 ���� ���	������	� 
�������
�	�	����	� �����������	� ����� ��
����	�� ���
���	� ����
	 
����	� ������ ��	 
������	 ������� ;?<D ��	 �
�!

+5+5 
������ �� �������������� &���7 ��������� ,��� ����7 ��������
"�������

C���	 ��	 �������	��	�� �

����� ��� �	�	��� 
�������� ��������	� ��	
�	�����	 ��,	 �� 	��� 
����	� ����� ������ �	 
�	���	�� ��������	�! )� ���	������	
����	 �� �������	� ����� ��
����	�� �� �� ���
�	 ��� �������	� 
����	�� �����
���	 �		� ���	
	��	���� �����	��,	� �� �� 	�#��	�� ��	����� �	������! "���
���	� �	��	� ������� ��	� ����� �	����� ����	 	��� ����� �� �����	��,	� 
���#	� 
��� �������	��,	� 
���� �� ���
����! "�	 #��� ���������	
��� �����������	� �����
��
����	� �	
���	� �� ��	 ���	�����	 ��� 
�	
��	� �� � ���
���� �

����� �	0 
���! <� �������� �� ���	���� �����	��� ���� �� 3�� 	� ��! ����� �	��������	�
�����������	� ����� ��
����	� ���� ���� �	�� 0 @ �27�! "�	�� �����	��� ����	
���� 
�����	� �����������	� ����� ��
����	�� ���	� �� � �����������	� ����	� 
����� ��	 ������� ��
���	��,	� ����� �	���	 ��	 ���	 �� �����	 �	�����������!
A��	�	� �	� ����	+�	�� 	8��
�	� �� ���� �� �

����� ���	 �		� �	
���	�
��	 �� ��	 �����	��	 �� ��	 �����	��� ��� ���
���� �� �������	� 
����	�� ����
��������	� 	����������������!

?	�	���� ��� ����
 ���	������	� ��	 ��	 �� ��

	��<��������,	� �,��	������	
G�����H ���
���� �� 
�����	 �%)"(�(�* ����� ��
����	�� ��0�! 2���� ���
����
�	������� �� 
��������� ��

	��<� ������,	� �������������� ���	 �		� ����	�������
�

��	� �� 
����
����	��,����� ���
���� �	������� �� ���	 �������� �����
��
����	�� ��0�$��0� ��� ����� ��
�������
�	�	� ����� ��� ��� 
�	������� ���
��	 
�	
������� �� �����������	� ����� ��
����	��! "��� �����	��� ����	 ����

�����	� �����������	� ����� ��
����	�� ���	� �� � (	8���	 �����������	�
����	�!

B���� � ����� ��	������ �

����� ��� ��	 �����	��� �� �%A"����* 	����	�
����	����� ��������� �� ��	 ���	����� �	���� �� 	��� 
����	� �����! )� ����� ��
���	�	 % �%A"����* �� �����	��,	� �� ����� ���
���� �� �%A"������	 ��� �*�5%
�� "A* �� ��	 
�	�	��	 �� 2��<�=� ��� �D�7")! �	����� �� ��	 
�	
������� ��
	��������������,	� 
����	��� ������	��	��� �� ���	� �� ��� 
�	����� 
����������
��0�! )� 	8�	�� �� ��	 �* ������	��	�� �./ ��� @ ���	� �� 0A 5D? ����� ��
�	
	�� ���� �� 	�� ����
� ��� ���	� �� 	����	 ���� �	������ �� ��	 �%A"������	 ���
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�� ���
	����	 ��� ��� 	����� �� 	������	� �� �����������,�����! )��	� ��	 �	������
��� ���
�	�	 ��
������ �	�� ���� I � �� ��	������ ��	 
������ ��� ��� �������
�� ������� ������ 
�	��
����	� �� �	8��	� ��� ����	� ���� ������� �	8��	� ��
�	���	 ���	���	� �*!

)�$�'� ��  ���������� ��  �6#(�(  ��� ������(����%&9�" �9�"�(�%*&�� �%��*
�$�'����&� ,�����"���" .��$ ���'������ ���' ��������� ,�0-� /��&���$� �0��

1'������ /$�'���% )�����&�-

/�9�� 665 �	 /����� ���������� &���7 ��������� 
����� ��� ����7
�������� "�������5 
�,"�'3 ������� :��� �������� ���� ���������

;��<5 ��������� +.-	 �������� �������� 
������5

)�'�%� ;��� C  �6#
�& D;�

;. �& )A/(;1::)
,*�7'�%-

 2B

�%A"4&(�(�*.0 4& 0&!/ 0!..

�%A"J1(�(�*%J J1 04!/ 0!.4

�%A">.(�(�*1I >. 04!/ 0!>%

�%A"%.(�(�*JI %. 0I!/ 0!%I

�%A".%(�(�*44 .% 0&!/ 0!>/

"�	 ����� ��	������ �	������ ��� �����	� ��� ���� > ����	�	�� ������������
�� �%A"������	 ��� �*�5% �� ��	�� � �	��	� �� �%A"(�(�* ����� ��
����	��
�"���	 <<�! 3������ �� ��	 �������� ��� �����������	� ����� ��
����	�� ��� ������
��������� ����	 ��	 ���
������� 
����� ��� ���	����� �	���� ������������� �� ��	
#��� ����� ��
����	� 
������� ��� �	 �	�	����	� �� 0A 5D? ��� 372 ����
���� D)663 ��� B�:�<3 �	�	�����! <� ��� ���	� 372�?< �	�	��	� � ����� ��
��	 ���	����� �	���� ������������ �� ��	 
����	��� 
������ �	�����	 �� ��	 ��������
������	��	��� ��		 *����	 >� ��� 3�

������ <���������� �� ��	 �������� ������	
��0��! ) �	
�	�	������	 	8��
�	 �� 372�B�:�<3 �������� �� ����� ��� �%A"J1(
�(�*%J �� *����	 >� ��� >� ��� � ���� ����� �� ��	 ���	����� �	���� �������������
��� �� ��� �������� ���	�	����� �������	� 
��	 ����� ��
����	� 
������ ���� �����	
�� �� �	������ ����
����	�!
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����� �� )A/ ���%&��� ��  �6#	�(�( �	 ��" ���������"���  �6# ��"
  '������������� �- )A/(�B ���%&��� �$�.��� � �$��� �� �$� '�%���%��

.���$� "����������� �� �$� ���% �%��* ����%&'�� ��%����� �� �$�  �6# ��"  
'������������� �- )A/(E!7!B) ���%&��� �� ��0 �' �$�.��� � �$��� �� �$�

'�%���%�� .���$� "����������� �� �$�  �6# �%��* ��%����� �� �$� ��������  �6#
'������������ �- )A/(E!7!B) ���%&��� �� �00 �' ,��������" ��� �$� ����������
�� �$�  �6# �%��*- �$�.��� � �$��� �� �$� '�%���%�� .���$� "����������� �� �$�  
�%��* ��%����� �� ��������  (�6 '������������ ,�����"���" .��$ ���'������

���' ��������� ,�0-� /��&���$� �0�� 1'������ /$�'���% )�����&�-

"�	 
�����
�	 ��������	 �� ���� �����	��� ����	 �� ��	 ������� �� �������	��,	
���:�� 
����� ��	 �������� ���	����� ����� �	���	 ��	 ���
���� �	������ ��� �
�����	 �������� 
����	� ��� �	 ���
�	� ���� �����
�	 ����	�	�� 
������� �� ���	
� ����	�� �� ���	�����! A��	�	� ��������� ����� ��
����	� 
������� ��		 ��
����
����	� ��
�����	� �� ���#���� ����� ���� ����	 ��� �	+���	� ���� ����

����	��� ������	��	��� ���	 � ���� �	��		 �� ������	�� �������������! *�� ��	
�%A"����* �	��	� ����	 �	 �	��	� �� ��	 ����	�	����� ���������� �� 	��� 
����	�
�� 	8����� ����
����	� ��
�����	� ��� ���� �� ��� 
������	 ��� ���� �����
��
����	� ���	�����! D��	 �	�	���� ���� �

����� ��� ��
���	� ������� ��	 ��	
�� �����������,	� ���������� ��� ��	 �����	��� �� ���� 
����	� ������ �����! "�	
��	 �� �����������,	� ���������� ��
���	� ��	 	�������
 #�	���� �� ���� ������ 
�	������ ����
����	� ��
�����	� 
�	�	�� ���	� ���
���� ���0 ��� ����!

"�	 ���� �	��	�	� ����	 �	��������	� ���� �	������	 �����	��� �����	��	�
	8��� �� 
�	
��	 �����������	� ����� ��
����	��! A��	�	� �����	��	� �	���� 
��������� ��	 
�	
������� �� ����� ��
����	�� ��		 �� ����
����	� ��
�����	�
��� ��	 �	�	��
�	�� �� ��������	� 
����	��,����� �	������� ����� ���� �����
��� ������� �� ��	 ���	����� �	���� ��� 
������
	����� �� 	��� 
����	� �����!
"�	 ������� �� �����	� ���	 �����	� �� �����������	� ����� ��
����	�� ����
� 
����%����������
�	�	� ����� ��� ��	 �	�� 
	��������	 �� ���� �	�	���������
���� ��� �		� �	
���	� ��� ���	������� ��
����	�� 
�����	� �������

�������	������� �	������� �����! "� ��
���	 ��	 
	��������	 �� �����������	�
����� ��
����	� ��� �����	 ���� ���� ����� �� ��	 �	�	��
�	�� �� �����	��	�
��� �����
������� ��������
�	�	 
����	� ������ ���� ����� ��
����	��!
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	5 ��������������� ?����������� ��� ��������������
&���7 ���������

3	������	���� 
���	��	� �� �����������	� ����� ��
����	�� �	����

����� ���	������! <� 
��������� �����	 ��� ����������� ��������	 
����	�� 
���������,����� ��� ���� ���������������� �	�
	�����	� ��� ��
	�	 ��	 ���������
�� ���	�	� ������� ������� ������
���	 �	��	������! �������������� �	��		�
������
���	 �	��	������ ��� 
����	� ���������,����� �� ���� #��� �	+���	� �
����������� �� �������	��,����� �	����+�	�! =	��� �	 �	��	� �����	� 	8
������

���	��������������	 �	���������
� �� �%)"(�(�* �����������	� ����� ��
����	�� 
��������� ��	�� ��������	 �� �������� �� ��	 ���� ��� �� ���� #���!

	5-5 
�������9�� �� ����������� �	�/����� �� 
�������

�%)"����* ����� ��
����	�� ���� ��	 �����
����� ����� ��� ��	
�����
����� ����� ��� �	������	���	 �� �������� �� ���� ���	��	� ��� �	����	�!
"�	 3��	�� ��� )�������� ����
� �	
���	� ��	 #��� 	8��
�	 �� ���� �� �%)"����*
����� ��
����	�� ����� �� *����	 J! "�	 �%)" ���	������ ��� ����#	�
���� � 
���
�����	 ����
 �� ���	 ��	 
�������
�	�	 ����� �����
����� ������
�����������	� ����� ��
����	�� ���� ������	 �� ��	 �������	� ���	����	! "�	
�	����	� ����� �� *����	 J ����� ���� � 6��������=����	�� �6=� �	���� ��� ���

������� �������	 ��	 ��������� �� ���	��	� ��� �	����	�! "�	 ��������	� �	���� ����
�����
�����:�����
����� ���	�������� ��� K� K ���	������� �� ��	 �����
�����
�	��	�� �* �� ���������! "��� �� ��	 #��� 	8��
�	 �	
������ ��	 �	������	���� ��
�� �����������	� ����� ��
����	�� �� ���	�! )����������	� ����� ��
����	��
���� ��	 �����
����� ����� ��� �	 ��	��� ��� ��	 �	�	��
�	�� �� ��
�������
(���	��	�� �	����� ���	�!

����� 	� ,�- 1; ��������$&3 ,�- �$��� �'��� ��  � 6#(�(  �%'� �������"
���' :���'���(4%�"���� ,:4- '��$�" �� �'D7' ��" ,�- 1; ������� '�"�
�'��� ��  � 6#(�(  �%'� "���(���� ���' '��$���%� ,�����"���" .��$

���'������ ���' ��������� ,��-� /��&���$� �00� 1'������ /$�'���% )�����&�-
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	5+5 ������������ �� /�������� /������ �	 /�����

�����	� ������������� ��� � ���	�� ��
��� �� 
��
	���	� �	�	���� �� 
	��������	
�� ���� ���� �� �����	�������	� �������� ���� ����! *�� 	8��
�	 
�	�����
���	�����	� �	
��� ���� ��	 
	��������	 �� ���� �� 	�����	� ���� ����	�����
������������� �� �%A" ���
 ��0�! "��� ��� ��	 �

�������� �� �����������	� �����
��
����	�� �� ���� ���������,����� �� ���� ������ ��� �	 
�	�	��	�! �%A"����*
�	
�	�	��� �� 	8�	��	�� ���	� ����	� ��� ���	��������� ��	 ������������� �� ����

����	� ������ �� � �������� �� ����� ����� ���	����� �	���� ��� 
���	�����
����������! =��� 
����	� ������ ��	 ����������	 ���� � ���������,����� �	�
	�����	
�� ../ L2 ��� �%A" ��� 0>/ L2 ��� �*! D��	��	� �	����	����� �%A" ������,	�
���� ���	���� ����������	 ������� ���� ���	�������	 K�K �������� �	��		� ������
��� ���	���� �������� ������� ��	 �	8�� ���	������� �����! <� �������� 
���	��	�
���� #��� ��	 
�	�	��	� ���	������� �� ��	�	 ����������	� ��� �	 ������	� �� ���	
	8�	�� �� ������� 
���	����� ���������� �����! �* 	8������ ����������	 ��+���
����������	 �� ����
���� 
���	� �	
	����� �� ��� 
���	����� ������� ����$����!

C	 	8
���	� ��	 ���	 �� 
����	� ����� ����� ���	����� �	���� ��� 
���	�����
������� ����	�� ��� ��	���� ���	����� �� � ���	� �	��	� �� �%A"����*! B��	�
��	���� ���	����� ��� ���
�	� ���� ����������	 �	����	� ����� �����	 �	
	�����
�� ��	 ������� ����� �� ��	 ����� ��
����	��! )� ����� �� *����	 4 ��� �
�	��	� �� > �%A"(�(�* ����� ��
����	�� ���	 ������� ����� ��	������ �����
��
����	�� ���� ���� �* ����	�� ���� ������������� �������	������ �� ������
���	�	� �* M 
���	 ����������	� ����	 ����� ��
����	�� ���� � ���� �%A"
����	�� ���� 	8������	�� �%A" ����������	� ���� �������� �$00� �	(	����� 
	���!
�%A">.(�(�*1I ��� �%A"%.(�(�*JI #��� ���� ���	 	���	��	 ��� ���	8���	��	
�� ���� �%A" ��� �* ����������	�! ;<3)N3 
���	��� �� ��� ���� ��� �	(	�����

	�� ��� ��� ���
�	 �� ��	 �	��	�! "�	�	 �	����� �������	 �� �	������	����
�� �%A"(�(�*� ���	� ��	���� ���	����� ��������� ��� ����	�� ���
	�����	
���������,����� �� 
�	��������! ���	� �����	� �� �%A"(�(�* ����� ��
����	��
���	 ����� ������� �	����� ����� ��������� ��� �%A"(�(�* ���� 
���	�� �	��!

����� �� 8BF1G) �������� ���  �6#(�(  �%��* ����%&'�� �%'� ����� �$��'�%%&
�����%�" �� ��0 =/ ��" '������" �� ���' ��'��������� ,�����"���" .��$
���'������ ���' ��������� ,�0-� /��&���$� �0�� 1'������ /$�'���% )�����&�-
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	5	5 !������� 
�������� �� 
�������/������ �	 /�����

"�	 ����� �	�����	� �� �	����� %!. ����	� ���� 
����	� ����� ���������,�����
��� ��	 
�	�������� �	����	 �� ��	������ ���	��	� �%A"(�(�*! "�	������
���	��	� #��� ��� ��� ���� 	���	��	 ��� ������
���	 �	��	������ ���	�
;<3)N3 ��������! ����� ���� ���� ����� ��
����	�� ��� �	��������	� ����
����	�� ���	����� ��� �	�� �� +���������	�� ����	�	�� �������������	 ��� ��
���	�
���������	 ���	���� ���	 ����! 3���	�� ��
�� ���	����� �� �� 	��	����	 �	����
��� 	���������� ������
���	 �	
������� �� ���� 
����	� ������ ������� ����	��	�
����� ��������!

<� �	�	�� ���� �	 	8
���	� ����	������	����� �� � �	��	� �� �%A"(�(�*
����� ��
����	�� �����! C	 ��
���	��,	� ���� ���� ��	������ �����	� ����������	
��������� ��� ��	 
��� 
����	� ����� �������� �� ����� �������	� 
����	��
������ #��� ����	�	� ��	 �	������	���� 
���	��! �%A"(�(�* #��� �	�	 ���	��	�
���� ���������� ��
�� �� ���� �	�
	�����	! 2��������� �� � ���� ����	�� ���
���� �%A" ��� �* ��� ��	�	���	 ��� ����	��	 
����	� ����� �������� ������
���	�����! )� ����� �� *����	 I ������ ���	�	� �	(	����� 
	��� �	�	 ���	��	�
�� �������
��� ���	����� �>9� �� ���� ;<C)N3 ��� ;<3)N3 �� ����	�����
��
���	��	� #���! "�	 #��� ���	� �	(	����� 
	�� �� ��	 ��������	 �� �� > 9 /!0> O�0

��� ����� �� 	��	��	� ;<3)N3 
���	���� ���� � " �
����� 9 1!. �� ��� ���
���
�	�! "��� �������	� ��	 ��������� �� ���	���	 ����� �� 
�����	� �� ��������	
������	! 3��
�������� ��	 �
����� �� ���	���	 �� ��� ���	��	� �� ��	 �	�����	 �����
�� 
����	� ����� ��,	� ����� ��������� ���� �����
���	 �	��	������ ���	��	�
�� ��������	 ����� ��
����	�� ���
�! <� �������� ��� ���
���	 �	(	����� 
	���
�� >& 9 0!1> O�0 ��� >& 9 0!J% O�0 ��	 ��� 
����� K�K �������� �� �* ��� �%A" 
�	�
	����	��! "�	 ���
�	 ���� 41 ��@ �� �%A" ����� ���� �%A" ����������	
���	8���� ���� �	������	���	� ���	���	! "�	 �	���� ��

���� ��� ��
���	���
���� ���	����� ���� �

	�����	 �� � ���� ����	�� ��� ���� ������ 	�����	�
�	������	���� �� �����������	� ����� ��
����	��!

����� �� 8BF1G) �������� ��" 8B)1G) �������� ,�'��""�" ������- ���
 �6#(�(  �%��* ����%&'�� �%'� ����� �H������� �$%������' ����� �����%���
�� ���' ��'��������� 1%% �� �$� 8B)1G) �������� �$�. �$� ���� ��"�� ��@������

���* �� > I 0��� J(��
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C	 �����	� 	8
���	� ���������� �� ��	 
���	����� ���������� �
	��#�����E
0� ������� ���
�	� ���� &/ L2 ������� ���������� �������� ������	� ��
���������� ���	����� ��� .� ������� ���
�	� ���� ���� �	�
	�����	 ��������
������	� �� ��	���� ���	����� �� ��	 
�	�	��	 �� ����	��! )� ����� �� *����	
& �%A"0%(�(�*I4 #�� ���� ���� ������� �������� ����� ���� �* P 
���	
���0� ��� �� �%A" �����,�����,��� ��� �%A" ����������	� ���� �� #��� ����
����	��	� �%A" ����	��! <� ��	 ���	 �� ��	������ ���	��	� ���
�	� ����� ��
*����	 0/ ��� #��� ���� 	���	� ���������,	� ����������	� �� �%A" ��� �* ��
���	8���	��	 �� ��� ����������	� �	
	����� �� ��	 ����� ������! "�	�	 �	��� ����	��
������	�
	�����	 �������� ������� �����
�� ����������	 ����	���	� �� �������� 
�	������� �� � �	�������������	 ������	�	� #�� ���
������! 2���	��	�� ��	����
���	����� ���	� #�� ������� 	�����	� #�� ������������� ���� ��	 
�	��������	 ��
�%A" �� �* �������� �	
	��	�� 
�������� �� ��	 �	�����	 ����� �����!

����� 
� 8BF1G) �������� ���  �6#(�(  �%��* ����%&'�� �%'� ���� ���'
���%��� �$%������' ��%����� ��" '������" ����� �H������� �$%������' �����

�����%��� �� ���' ��'���������

����� �0� 8BF1G) �������� ���  �6#(�(  �%��* ����%&'�� �%'� ����� �$��'�%
�����%��� �� ��� =/ �� �$� �������� �� "��$%������9��� ������

<� ������� ������� ���������������� ��� ���	����� ���������� ��� �����#����
��
���� �� ��	 ���
������ �� �����������	� ����� ��
����	� #���! 3������ ��
��������	 
����	�� ����	�� ���	����� ��� 	�����	 �	������	���� �� �����������	�
����� ��
����	�� ��	 
�	������� �� 	�����	� 
����	� ��������! A��	�	� 
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��	������ �����	� ����������	� �� �%A" ��� �* ��� �������	 	����	 ���
������	�
��� ��

�	�� �� ���
	�	 ���� �	������	���� 
���	��	�! )��� ������� ���� ���
����	��� ��� �����
� �������� ����������	 ����	���	� ���� ���� �� �������� �����!

C���	 ��	 ������� �� 
���� �����	� �� 
���	����� �	
	��	�� ��������	 ��
�����������	� =2�� ���	 �����	� �� ��	 �%A"����* ����	� �����	 ���� ����
�������	��� ����� �� ���������	
��� ����	�� �	�	���� �� ����! ���	� 
���	�����
�

�����	� ���� ���	 ��� �		� �

��	� �� �����������	� ����� ��
����	�� ������	
������	 	�	�����
������ ��	 ��	 �� �	8���	� �� 
���	��	� ������	� ��� ����	�

�������!

���������

"��� ������	 �������,	� �	�	�� 
����	�� �� ��	 �����	��� ��� 
���	������
�	
	��	�� ��������	 �� �%A"����* �����������	� ����� ��
����	��! =���
�������	��	�� �

�����	� ��� ����� ���
���� �

�����	� ���	 �		� �

��	� ��
��	 �����	��� �� �%A"����*! *����	 ����� ���� ���	�� ����� �� ��	 �

�������� ��
��	�	 �

�����	� �� ���������	
��� ����	�� ��� �� ��	 �	�	��
�	�� �� ��������	�

����	��,����� �

�����	� �

������	 �� �������	� 
����	� ����	��!

C��� �����,��� ��	 
���	�������	
	��	�� ��������	 �� �����������	� �����
��
����	�� ��� ����� ���� �%A"����* ��� �	������	���	 ���� ���	��	� ���
�	����	� �� �������� ������� �� ����������� ����� ��
����	� ����	��! <� ���� #��� 
�%A"����* 	8������ ���
	�����	 ���������,����� ���� ��	 ����� ��

�	�����
��	 ���������,����� �� ��	 �	����! "�	 ����� ����� �� ��	 
������ �������	 ��
�	�	������� ��	 ������������� �� ��	 #��� ���	����! B��	� ����	�� ���	����� �
+���������	�� ����	�	�� #�� ��������	 �� ���	��	�! �%A"����* ����� ��
����	��
�	������	���	 ���� ���	���	 ���� 1!. �� �
����� ���	
	��	�� �� ����� �����! "���
��
	 �� �	������	���� ��� ��� �		� �	
���	� �� ��� ���	� �����������	� =2�
����	� ��� �����	 ���� ���� �������	��� 	8
���	 ������� 
���	����� �

�����	�
�� ����	�	�� �����������	� ����� ��
����	� ����	��! *������ ������� �������
��� ���	����� ���������� ��� � �����#���� ��
��� �� ����������	 ���	�������!
2���������	 ���	������� �� �������,	� ���	� ������	�
	�����	 ����	�� ������� ��
����	�� ���	�����!

"�	�	 �	����� 
�����	 � �	���� �� ����������� �� �%A"����* ��� �������	

��	����� �

�����	� ��� ���	����� ��	 ��������	 �� �����������	� ����� ��
����	�
����	��! <� 
��������� ������	�� ����	�� ���	����� ��� �	�� �� +���������	��
����	�	�� ��������	� �� ���	� �����������	� ����� ��
����	� ����	�� ���
��	�
���� ��� ��	���� ���	�����! =���� ����� �� ���	�� �� ��
������ �������	 ���
��������� ������������� �� ���� ������! A��	�	� �� �� ����	�� ��� �����������	�
����� ��
����	�� ���� ��	 �� ���	 ��������������	 ������ ���� �	 ���	��	�
�� ��	���� ���:�� ����	�� ���	�����! *����	����	 ��������� �� ��	 ���	������
��������	 �� 	�����	 	�����
�� ���	������� �	��		� 
����	� ������ ��������	��,	�
�� ��	 *�����A������ Q�
����	�	�� ��� �	�� �� ���	 	8���� ������������	� �� �
������	� ����	� ��� �	������	����!

*������ �	���������
� �	��		� #�� ���
������ ��� 
����������� 
	��������	
�� ����� ��
����	� 
������������ ��	 ���� �	������� �� �	 	8
���	�! ) �	�	��
����� �	
���	� �	�� %@ �27 �� � ����� ��
����	� ��� ��� ����� ���������,�����
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�� ��	 �%A" 
����	� ����� ����� ���� �� 	��	��� ���	������� �� 
����	�
����������	� ��0�! *����	 ���� ���� =2� ���� ������ ��� �� 
�����	 �����	�
������� �� ��	 �	���������
 �	��		� #�� ���
������ ��� 	�	������� 
��
	���	� 
��������� 
����������� 
	��������	!

��7��:��������

"��� ���� ��� ��

���	� �� ��	 5������� 3��	��	 *��������� ���	�
;���� 5�! 2=7"�0.J14/% ��� ��	 )23 �	����	�� ?	�	���� *��� �;���� R
>.%1>��5<4�! ?! �	���,�� �������	��	� ��

��� ���� 6���� ��� �	���	�
��	�! ?	�	���� �����	� ��� �� 
��� �� ��	 2	��	� ��� *��������� 5������	�����
��� 5������� 3���������� 6���� 3����	 =�������	� 5������� 6��������� �����
�� ��

���	� �� ��	 B!3! �	
����	�� �� 7�	��� ��#�	 �� =���� 7�	��� 3��	��	� 
���	� 2������� 5�! �7�)2/.�&I2A0/IIJ! B�	 �� )�����	� ������ 3����	
�� )�����	 5������� 6��������� ��� ��

���	� �� ��	 B! 3! �	
����	�� ��
7�	��� ��#�	 �� 3��	��	 ��#�	 �� =���� 7�	��� 3��	��	� ���	� 2������� 5�!
�7�)2/.�/J2A00%>4!

"��������

0! 3�������� A!F 6���� 7! S!F D��������� )! ;!F 2����� 2! T!F A		�	� )!
S! K� /$�'� )���3 /$�'� /�''��� ->11 >4I$>I/!

.! ;��������� ;!F 2�� U!F "�	��� ;! D!F T���	��	� *!F 2����	�� 5!F
A		�	� )! S! D����� ->>+ ��� 144$14&!

%! ;���� D!F D���	� �! 2!F 5�����	� A!�;!F 3��	�� B!F 5	�	� �!F
=������	 2!F D		����, T! D����� +... �0� JJ0$JJ>!

1! U��� U!F A		�	� )! S! 1��%�  $&�� :���� ->>8 	� 0.1>$0.14!
>! ;�� S!F A		�	� )! S!F 6		 S! U!F T�� 2! U! )&��$� ;��� ->>* �� ..0$..%!
J! 2���	� 3! )!F )��	��
����� D!F T��� 3!F =���� �! S!F 3���� S! 2! 1��%�

 $&�� :���� ->>1 �0 ./J4$./J&!
4! 3���� S! 2!F 2���	� 3! )!F T��� 3!F )��	��
����� D! )&��$� ;��� ->>1 �� 

00&4$0.//!
I! 3���������� A!F "	���	� 5!F *��	�� ?! A! )������ ->>= ��0 0410$0411!
&! A������	� 2! D!F =����� D!F D���������� )!F D���� 5! �! K� ;�����

/$�'� +.-. �0 %0%0$%01/!
0/! S����� S!F S������, D! D��� ;����� +..	 � 0&$.1!
00! *����	��� )! /$�'� ;����� +.-. �� 4%%$4>I!
0.! ;��	� 3!F 5	��	���	� A!F 3��������� 5! 3! /$�'� ���� +..1 �0� 

0%.1$0%%I!
0%! "���
��� =! 2!F *�V��	� S! D! S! 1���.� /$�'�3 B��� A"� +..= �� >I$44!
01! A�

	 A!F 3��������� 5! 3! K� ;����� ���� +..8 �
 0&.1$0&1>!
0>! �		� S!F A		�	� )! S!F =�,�� ;! 2! 1��� /$�'� ���� +..> �� 04//$04/I!
0J! W���� N!F C	� 3!F A���������������	 5!F 2������� A! )!F 6�� W!F

U���� �! �!F ;�� W! K�  $&�� /$�'� / +.-+ ��	 0>4%0$0>41/!
04! W���� N!F W�� S!F A���������������	 5!F ?�� S!F U���� �! �!F C	� 3!F

;�� W!  �%&'�� +.-+ �� .0/&$.0./!
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0I! C	� A!F U�� N!F 6� U!F ;� A!F C� 3!F ���� T!F C	� 3!F ;�� W! K�  $&��
/$�'� / +.-+ ��	 0J.IJ$0J.&%!

0&! T�	�� *! 2!F ;	������� 3! )!F )�����
 S! K� ;����� /$�'� +..> �
 
>11.$>1>0!

./! 5�	��	� "! �!F 2���������� 2!F *��	� 3!F "����	� S!F T�	�� *! 2! )�%�
A����& ;����� )�%� /�%%� +.-. 
� 0>>%$0>40!

.0! T�	�� *! 2!F SX��	��	� D!F 5������ T!F A��	���� �!F )�����
 S!F
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