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ABSTRACT 

The purpose of this work is to provide well-defined P3HT rod-coil block copolymer 

systems that can form self-assembled structures and be used as templates for the preparation of 

P3HT hybrid nanocomposites.  To this end, a new P3HT macroRAFT agent was designed such 

that the P3HT was incorporated into the R group rather than the Z group which, in addition to 

providing a useful end group functionality, allows for a true ‘grafting from’ approach when 

preparing rod-coil block copolymers.   The prepared P3HT macroRAFT agent is extensively 

characterized by proton nuclear magnetic resonance (
1
H NMR) spectroscopy, gel permeation 

chromatography (GPC) and matrix-assisted laser desorption/ionization time of flight (MALDI-

TOF) with a focus on an understanding of the limitations of each technique for molecular weight 

characterization and gaining insight into the efficiency of end-group reactions as both of these 

factors affect the composition of the subsequently prepared block copolymers.  The RAFT 

polymerization kinetics of the coil blocks, namely poly(styrene) and poly(tert-butylacrylate) 

were followed in order to demonstrate the effectiveness of the P3HT macroRAFT agent and gain 

insight into the polymer composition. Direct quantification of the RAFT polymerization is 

necessary to obtain reproducible block copolymers with predictable molecular weights and 

narrow molecular weight distributions and yet an in-depth analysis of the RAFT polymerization 

kinetics is lacking in prior reports.   Again, comprehensive characterization of the block 

copolymers is used to present a more realistic representation of the block copolymer sample. It is 

purposed that 
1
H NMR provides the most accurate molecular weight and composition data, 

although there is a slight overestimation due to inefficient end-capping reactions.  However, by 

combining MALDI-TOF end-group analysis with 
1
H NMR data, some understanding of the 

amount of overestimation is achieved.  This is particularly important as inefficient end group 

reactions result in P3HT homopolymer in the final sample.  Therefore accurate characterization 

requires molecular weight determination of the block copolymer and quantification of the sample 

composition.   

Also presented in this work is the synthesis of amphiphilic rod-coil block copolymers of 

P3HT with poly(4-vinyl pyridine) (4VP) and poly(acrylic acid) (AA).  Here, P3HT-b-PAA is 

prepared by the direct synthesis of acrylic acid with the macroRAFT agent using a binary solvent 

system of trichlorobenzene and dioxane to maintain polymer solubility throughout the 
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polymerization.  The micelle formation of the resulting block copolymer is detailed as the 

transparent micelle solution of P3HT-b-PAA exhibits the optical behavior of solid-state P3HT.   

Finally, the preparation of various nanocomposites from the synthesized P3HT 

homopolymer and block copolymers is presented.  In the first method, the RAFT end group of 

the P3HT macroRAFT agent and the P3HT block copolymers is reduced to a thiol to allow for 

attachment to Au nanoparticles.  While Au nanoparticles are not useful for photovoltaic 

applications, the surface modification demonstrates the utility of the P3HT macroRAFT agent, 

which is used to modify the surface with P3HT homopolymer and P3HT block copolymers.  The 

second method to prepare P3HT hybrid nanocomposites is in-situ growth of CdS in P3HT-b-

P4VP.  With analysis by dynamic light scattering (DLS), Fourier-transform infrared (FT-IR) 

spectroscopy and transmission electron microscopy (TEM), it is concluded that a majority of the 

CdS growth in the P3HT-b-P4VP was confined to the P4VP block.   
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CHAPTER 1 

INTRODUCTION 

 

Thin film organic photovoltaics are attractive due to higher adsorption coefficients, more 

desirable mechanical properties and less expensive processing.  Though the efficiency of these 

devices is lower than other photovoltaic technologies, it is anticipated that the cost per energy 

output will be lower due to significant cost savings in production.  However, in order for organic 

photovoltaics to be a viable commercial technology, the efficiency of the active layer must be 

improved.   

Organic photovoltaics, which are made up of donor and acceptor components, have 

shown limited efficiency due to poor charge separation and extensive charge recombination. The 

absorption of a photon and subsequent excitation results in an exciton, which dissociates at the 

donor/acceptor interface.  Efficient charge separation is dependent on a large interfacial area with 

intimate contact between the donor and the acceptor.  Understanding this process is paramount to 

improving device efficiency but difficult to ascertain due to the inherent random nature of the 

bulk heterojunction (BHJ) active layer, in which the acceptor is blended into the donor matrix.  

While BHJs provide a large interfacial area between the donor and acceptor, clear pathways for 

charge transport are difficult to maintain, which leads to recombination.   

The incorporation of semiconducting nanoparticles into the active layer to act as the 

acceptor material is referred to as hybrid photovoltaics and has been proposed to enhance the 

performance of organic photovoltaics.  Inorganic nanoparticles offer tunable shapes, such as 

nanorods, that could provide directional transport and high dielectric constants that facilitate 

charge separation.  While tunable shapes may provide clearer pathways for charge transport, 

inadequate contact between the donor polymer and inorganic acceptor further limits charge 

separation as inorganic nanoparticles phase separate into macrodomains due to incompatibility 

with the polymer matrix.  Surface functionalization of the nanoparticles can improve contact and 

miscibility but must be optimized for each system.  To date, most of the systems used for hybrid 

photovoltaics have still utilized a BHJ active layer in which the nanoparticle is randomly cast 

into a polymer matrix.  While tuning the shape of the nanoparticle does provide some improved 

performance, the desirable advantages of tunable shapes have not been fully realized due to lack 

of long range order.   
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It has been proposed that the phase separation of block copolymers can be utilized to 

provide the necessary film architectures as they self-assemble into a variety of well-defined 

nanostructures with long range order.  As the phase behavior of rod-coil block copolymers is not 

as well understood as their coil-coil counterparts, moving forward, well-defined polymer systems 

are essential to the ability to take full advantage of the self-assembly of rod-coil block 

copolymers and amphiphilic rod-coil block copolymers to provide ordered film architectures.  

The introduction of nanoparticles into the polymer matrix adds a degree of complexity which 

further highlights the need for well-defined systems.  This must begin with smart material 

synthesis and comprehensive characterization to ascertain a more realistic representation of the 

polymer/nanoparticle composition such that enhanced understanding of the many factors 

effecting device performance can be achieved.    

With these ideals in mind, the purpose of this work is to prepare poly(3-hexylthiophene) 

(P3HT) rod-coil block copolymers by utilizing a combination of controlled polymerization 

techniques.  While prior work has described the controlled polymerization of P3HT and a variety 

of polymerization methods have been utilized to prepare P3HT rod-coil block copolymers, little 

attention has been paid to the polymerization of the coil block.  This work, in which the coil 

block is synthesized using reversible addition-fragmentation chain transfer (RAFT) 

polymerization, focuses on the kinetics of the RAFT polymerization when using the P3HT 

macroRAFT agent.  Additionally, a close investigation into the limitations of commonly used 

characterization techniques was conducted to provide a more realistic representation of the 

composition of the block copolymer samples.  Further, the synthesized block copolymers were 

utilized to prepare hybrid nanocomposites via two differing strategies.  The first involved a 

ligand exchange procedure to prepare surface-modified nanocrystals and the second explored the 

in-situ nanocrystal growth exclusively in one block of the P3HT block copolymer.   

In Chapter 2, the relevant background needed to understand the motivation for this work 

is presented.  A description is given of the principles that govern hybrid photovoltaic device 

performance, the commonly used materials for hybrid devices, and the material considerations 

necessary to move forward, all with a focus on the active layer of the devices.  This is followed 

by a general discussion of block copolymer phase behavior which leads into a description of the 

two polymerization techniques relevant to this work – the chain-growth polymerization of P3HT 

polymerization and RAFT polymerization.  The final sections of the background are dedicated to 
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the methods for preparing polymer/nanocrystal nanocomposites.  This includes surface 

modification of nanocrystals with a focus on the use of conjugated polymer and the incorporation 

of nanocrystals into polymer matrices.   

The synthesis the P3HT macroRAFT agent and the subsequent RAFT polymerizations to 

prepare P3HT block copolymers are detailed in Chapter 3.  A detailed look at the RAFT 

polymerization through the study of the polymerization kinetics is presented.  Moreover, the 

challenges with accurate characterization of the synthesized block copolymers are addressed 

such that a better understanding of the composition of the prepared samples could be obtained.  

Chapter 4 is dedicated to utilizing the same P3HT macroRAFT agent to prepare P3HT 

amphiphilic block copolymers including P3HT-b-poly(4-vinylpyridine) (P4VP) and the direct 

synthesis of P3HT-b-poly(acrylic acid). 

The preparation of various nanocomposites utilizing the synthesized P3HT and P3HT 

block copolymers is detailed in Chapter 5.  Using the same set of polymers, nanocomposites 

were prepared by two different methods.  First, the surface of Au nanocrystals, used a model 

system, was modified with P3HT and P3HT block copolymers.  Secondly, CdS nanocrystals 

were grown in-situ using P3HT-b-P4VP to stabilize the nanocrystal growth.  The data presented 

indicates the growth of the CdS nanocrystals in the P4VP domain of the P3HT-b-P4VP. 
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CHAPTER 2 

RESEARCH BACKGROUND 

 

2.1 Thin Film Photovoltaics 

There has been a global push to develop more sustainable sources of energy to reduce the 

emission from burning fossil fuels and alleviate the stress put on fossil fuel resources due to 

increasing demand of expanding economies on a depleting resource.  Solar energy is one 

renewable technology that has garnered attention as it is suitable for on- and off-grid 

applications, requires little maintenance, produces no emissions during operation and takes 

advantage of a renewable fuel, the sun.  Traditional silicon solar cells are the most mature solar 

technology and dominate the current solar cell market.  However, large scale implementation has 

been limited because traditional silicon solar cells are currently not cost competitive with coal 

due to the high cost of manufacturing.  Several emerging technologies are being developed to 

broaden the solar cell market, among which are organic photovoltaics (OPV). 

OPV is attractive due to higher absorption coefficients, more desirable mechanical 

properties and less expensive processing.  Even though OPV have lower efficiencies than 

inorganic solar technologies, it is anticipated that the dramatic reduction in manufacturing costs 

will result in an overall less expensive technology.  Higher absorption coefficients allow for 

thinner active layers providing maximum absorption thus using less material and reducing cost.  

The flexibility of the thin active layers allows for a wider variety of substrates to be used which 

can provide further cost reduction and increase applicability to niche markets.  The most 

dramatic cost reduction results from the solubility of the organic materials which allows for the 

utilization of high-throughput manufacturing techniques such as roll-to-roll or ink jet printing.  

However, improvements in device efficiency and stability are essential in order to realize an 

inexpensive, commercially viable OPV technology.  Much work has focused on stability
1
 and 

device structure, which are strongly interrelated.
2, 3

  Both are of paramount importance for the 

applicability of OPV devices, but are beyond the scope of the present discussion.  The current 

discussion focuses on the organic-based active layer and strategies to improve charge generation 

and charge extraction to maximize OPV device efficiency.   
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2.1.1 Operating Principles of OPV Active Layer 

 

Figure 2.1:  Structure and materials of Tang’s bi-layer photovoltaic device.
4
 

OPV, which have an active layer made up of donor and acceptor components, have 

shown limited efficiency due to poor charge separation and extensive charge recombination.   

One of the first OPV devices, with an efficiency of about 1%, was reported by Tang, who 

constructed a bilayer solar cell by vapor deposition of a perylene derivative (PV) on top of 

copper phthalocyanine (CuPc) in between two electrodes as shown in Figure 2.1.
4
  The 

efficiency was limited because absorption of light, in either layer, resulted in an exciton, a 

Coulombically bound electron/hole pair, which had to diffuse to the CuPc/PV interface to 

dissociate into free charge carriers.
4
   

 

 

Figure 2.2:  Operating principles of organic photovoltaic devices made of donor (D) and 

acceptor (A) components.   
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In order to improve the efficiency of the active layer, it is important to understand the 

operating principles of OPV as illustrated in Figure 2.2. The principles of operation of an OPV 

device can be summarized by four steps:  (i) The absorption of a photon causes an excitation 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) of the donor component resulting in an exciton which (ii) must diffuse to the 

donor/acceptor interface.  (iii) At the interface, the exciton dissociates into free charge carriers by 

the transfer of the electron to the LUMO of the acceptor component.  (iv) Finally, the free 

charges are transported to the appropriate electrode generating photocurrent.  After excitation (i), 

two major processes that are essential for optimal device performance must occur – charge 

transfer, steps (ii) and (iii) and charge transport (iv).  While there are many factors that affect 

these processes, the major considerations are the chosen materials and the active layer 

morphology.   

The efficiency of an OPV device is determined by the energy output divided by the 

energy input per unit area (A) as given in Equation 1.  In testing a device, the power of the sun 

(Psun) is simulated with standard conditions known as air mass (AM) 1.5.  To increase device 

efficiency, the cell’s output, the maximum power point Pm, must be increased.  Pm is determined 

by three parameters of the current-voltage curve of the device – the open-circuit voltage (Voc), 

the short-circuit current density (Jsc), and the fill factor (FF).  Therefore, maximizing each of 

these parameters is essential for improved device efficiency.  The Voc is dictated by the 

donor/acceptor band offset and thus is affected by material choice.  The Jsc is related to the 

generation and collection of free charge carriers and thus indicates the efficiency of exciton 

dissociation and charge mobility.  The FF indicates the efficiency of charge collection.  

However, it should be noted that this is a simplified view of these parameters, as the FF is 

interrelated with both Jsc and Voc. 

     (2.1)  

In the first step (i), the generation of an exciton requires that at least one of the 

components has absorption within the solar spectrum.  Typically photoexcitation occurs in the 

donor component, though both materials can be photoactive such as in Tang’s bilayer device.
4
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Figure 2.3: Some common conjugated polymers used for OPV.  From left to right (top row) 

Poly(3-hexylthiophene) (P3HT); Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene] (MDMO-PPV); Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV); Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-

b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT); (middle row) Poly[(4,40-bis(2-

lethylhexyl)dithieno-[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] 

(PSBTBT); Poly(2,3-didecyl-quinoxaline-5,8-diyl-alt-Noctyldithieno[3,2-b:2′,3′-d]pyrrole) 

(PDTPQx or P1); poly(2,6-( N -(1-octylnonyl)dithieno[3,2-b:20,30-d]pyrrole)-alt-4,7-(2,1,3-

benzothiadiazole)) (PDTPBT or P2); (bottom row) Poly(2,7-(9,9-dioctyl-fluorene)-alt-5,5-(4’,7’-

di-2-thienyl-2’,1’,3’-benzothiadiazole)) (P3); Poly[(2,7-silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-

benzothiadiazole)] (PSiF-DBT or P4). 

OPV can be comprised of small molecules or polymers.  While small molecule devices 

are promising,
5
 the materials are typically insoluble and thus cannot take advantage of any low-

cost solution processing techniques.  Conjugated polymers, on the other hand, can be modified to 

provide solubility and thus ease of processing.  Polymer photovoltaics refer to OPV devices in 

which the polymer serves as the donor component and some common polymers are shown in 

Figure 2.3.  The acceptor component of a polymer solar device can be another polymer, a 

fullerene derivative, or an inorganic material.  While each of these systems have unique 

advantages and challenges, it is important to note that, all are governed by the same operating 



8 
 

principles.  Polymer/polymer solar cells have been limited to efficiencies of less than 2%
6
 

because of geminate pair recombination.
7, 8

  The use of fullerene derivatives as the acceptor 

makes up the majority of the reported polymer devices.  Though the use of inorganic 

nanoparticles as acceptors has lagged a bit, they are being revisited applying lessons learned 

from fullerene devices.  Both types of devices will be described later in further detail. 

2.1.2 Morphology of OPV Active Layer 

Once the exciton is generated it must travel to the donor/acceptor interface for 

dissociation into free charge carriers.  The distance that an exciton can travel within its lifetime is 

approximately 5-15 nm, depending on the material.
9-14

  Tang’s bilayer device had limited 

efficiency because only excitons near the interface of the two layers were able to dissociate while 

any exciton generated more than 15 nm from the interface was lost to thermal decay.
4
  For 

improved efficiency, an active layer with intimate mixing between the donor and the acceptor, 

providing a large interfacial area and small individual domains (ideally 20-30 nm), is essential to 

maximize the generation of free charge carriers.  This is achieved with a bulk heterojunction 

(BHJ) (Figure 2.4) where the donor and acceptor components are intimately mixed.  Once the 

exciton reaches the interface, the donor and acceptor must have intimate contact to facilitate 

charge transfer and the band offset between the donor and the acceptor must be tailored such that 

charge transfer is energetically favorable.  That is, in order for dissociation to occur at the 

donor/acceptor interface the band offset, the difference between the LUMO of the donor and the 

LUMO of the acceptor, must be larger than the exciton binding energy, which is typically 0.4 – 

0.5 eV. 
15, 16

  The band offset, though necessary for exciton dissociation, is a net energy loss such 

that the effective band gap (Eg
eff

), which relates to the Voc of the device, is the difference 

between the HOMO of the donor and the LUMO of the acceptor (Figure 2.2).  Exciton 

dissociation occurs rapidly because the acceptor component has a higher electron affinity than 

that of the donor.  The active layer is designed with these criteria in mind to maximize 

disassociation of excitons into free charge carriers and minimize energy loss.     

While BHJs do provide the necessary high interfacial area required for efficient charge 

transfer, the inherently random nature makes it difficult to maintain clear pathways for the 

generated charges to reach the appropriate electrode, which negatively impacts both the Jsc and 

the FF.  In order for the charges to be collected, the generated charges must travel through the 

active layer to the electrodes without undergoing bimolecular recombination with other charges. 
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Figure 2.4:  Scheme of a BHJ active layer in which the acceptor (blue) is blended into the donor 

polymer phase (grey). 

 

While exciton dissociation to free charge carriers is favored with smaller individual 

domain sizes, charge transport is favored by larger domain sizes. Larger domains allow for the 

generated charges to move through the active layer more efficiently by reducing the need for 

electron hopping between individual acceptor domains and minimizing the opportunity for 

recombination.  Therefore, the domain size and resulting interfacial area must be balanced for 

these conflicting requirements.   Since the BHJ is random by nature, control over the film 

morphology is challenging.  The morphology is heavily influenced by processing conditions 

which must be optimized for each system.  Further, direct analysis of the film morphology is 

challenging and researchers often rely on indirect techniques such as surface roughness and 

device performance.
17, 18

  In order to understand how different processing conditions affect the 

outcome of device performance, a lot of work has focused on a BHJ model system consisting of 

poly(3-hexyl thiophene) (P3HT) and fullerene derivatives.   

 

 

Figure 2.5:  Fullerene derivatives commonly used as acceptors in BHJ organic devices. 
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P3HT is a popular polymer because of its high hole mobility.  Further, it is relatively easy 

to prepare, soluble and high conjugation lengths can be achieve through crystal packing.  

Fullerene has a high electron affinity compared to P3HT and good electron mobility.  However, 

fullerene is insoluble and must be derivatized to enhance solubility in solvent and the polymer 

matrix.  The most commonly used fullerene derivative is [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM),
19

 as seen in Figure 2.5.  Typically, P3HT/PCBM BHJ devices achieve efficiencies 

between 2-4%,
20

 which resulted from extensive morphological studies optimizing casting 

techniques, regioregularity of P3HT, molecular weight of P3HT, P3HT:PCBM blend ratio, 

choice of solvent, annealing and using additives.
21

  Changes in the device structure have 

improved the efficiency beyond 5%.
21-23

  The use of other fullerene derivatives, such as indene-

C60 bisadduct (ICBA) (Figure 2.5), achieved 6.5% efficiency.
24

  The major factor limiting the 

device efficiency of P3HT/PCBM OPV is low absorption due to a poor spectral match between 

P3HT and the solar spectrum.  P3HT has a band gap of 1.9-2.0 eV and thus only absorbs 

wavelengths less than 650 nm.  Therefore, low band gap polymers have been developed for a 

more favorable solar overlap (Figure 2.3).
25

  However, unfavorable band alignment of low band 

gap polymers and fullerene derivatives creates difficulty in accessing the promise of new 

materials.  While the LUMO of C60 can be slightly adjusted with various derivatives,
24

 the best 

devices of newly synthesized polymers have been achieved by using C70 derivatives, typically 

between 5-7%.
21

 However, C70 derivatives are an order of magnitude more expensive to produce 

than C60 materials.  Further, fullerene absorbs essentially no radiation from the solar spectrum.  

Therefore, lower cost and improved performance may be achieved by looking at other acceptor 

materials.   

2.1.3 Hybrid Photovoltaics 

The use of inorganic nanocrystals as acceptor, referred to as hybrid photovoltaics, offer 

advantages such as tunable band structures, tunable shapes and sizes, high dielectric constants 

and solution processing.
26

  Further, unlike fullerene, some low band gap inorganic nanoparticles 

can contribute to the photocurrent.  Inorganic nanocrystals that have been used as acceptors in 

hybrid PV devices include CdSe,
18, 27-44

 CdS,
45-47

 CdTe,
17, 48, 49

 PbS,
50-52

 PbSe
53

, Si
54

, ZnO
55, 56

, 

and TiO2.
57, 58

  A small selection of reported hybrid devices can be found in Table 2.1.  By tuning 

the shape and the size of the nanocrystals, the band gap can be adjusted.  The ability to tune the 

composition and size of the nanocrystals provides access to a wide variety of band structures 
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such that optimal band alignment with conducting polymers can be achieved.  This allows for the 

opportunity of new low band gap polymers to be fully utilized and the band alignment of the 

nanoparticle can be tailored to the polymer rather than the traditional route of tailoring the 

polymer to match PCBM.  Figure 2.6 demonstrates this diversity with the band gaps of some 

common semiconducting nanoparticles compared to some common donor polymers.
59

  It is 

important to note that the band gap for each is dependent on nanocrystal size and thus can be 

slightly adjusted.  However, the band alignment becomes another parameter that must be 

optimized and, as previously discussed, the inherent random nature of the BHJ active layer 

makes it difficult to assess new materials because of the inability to fully understand, and thus 

optimize, the charge transfer processes.  The lessons learned from devices with fullerene 

derivative acceptors can be applied to hybrid devices but, with the added advantages of using 

inorganic nanocrystals as an acceptor, there are also unique challenges that must be addressed.  

For example, the surface chemistry of the nanocrystals is a major consideration, as it has a 

dramatic effect on morphology, charge transfer and charge transport. 

  

 

Figure 2.6:  Energy level of some common semiconducting nanocrystals and polymer.  Taken 

from 
26
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Table 2.1: A selection of hybrid solar cells compared to the best performing fullerene cells.  

Polymer Acceptor
a
 Ligand Acceptor 

wt% 
 (%) Reference Year 

 

P3HT IC60BA  50 6.48 
24

 2010 

PCDTBT PC70BM  80 6.9
b
 

60
 2012 

P3 PC60BM  60 6.4 
61

 2012 

MEH-PPV CdSe QDs pyridine 90  
27

 1996 

P3HT CdSe NRs pyridine  1.8 
29

 2002 

MDMO-PPV CdSe TPs pyridine 86 1.8 
32

 2003 

MDMO-PPV CdSe TPs pyridine 86 2.4 
31

 2005 

MEH-PPV CdSe QDs pyridine 86 0.85 
33

 2006 

P3HT CdSe QDs butylamine 89 1.8 
34

 2009 

P3HT CdSe QDs hexanoic acid 87 2.0 
35

 2010 

P3HT CdSe QDs tert-butylthiol 89 1.9 
36

 2012 

PCPDTBT CdSe QDs hexanoic acid  87 2.65 
37

 2011 

P3HT CdSe QDs hexanoic acid 87 2.09 
37

 2011 

PCPDTBT CdSe QDs pyridine 90 3.5
c
 

38
 2012 

P3HT CdSe NRs pyridine 92 2.6 
39

 2006 

P3HT CdSe NRs pyridine; benzene 

dithiol 

 2.65 
40

 2010 

PCPDTBT CdSe NRs pyridine 90 3.4 
41

 2012 

PCPDTBT CdSe NRs:QDs 

(2:1) 

pyridine 90 3.6 
42

 2012 

PCPDTBT CdSe TPs pyridine 90 3.1 
44

 2009 

P3 CdSe TPs pyridine 90 2.4 
43

 2006 

MEH-PPV CdTe NRs pyridine 90 0.4 
48

 2004 

P7 CdTe TPs pyridine, dithiol 80 3.2 
49

 2011 

MEH-PPV PbS QDs In-situ 50-60 0.7 
50

 2005 

P1 PbS QDs butylamine 90 0.55 
51

 2010 

PDTPBT PbS QDs ethanedithiol 90 3.8 
52

 2011 

P3HT PbSe QDs oleic acid 80 0.14 
53

 2006 

P3HT Si NDs  50 1.47 
54

 2010 

P4 CuInS2 QDs in-situ 90 2.8 
62

 2011 

P3HT GaAs NWs  50 1.95 
63

 2010 

MEH-PPV CdS TPs pyridine 86 1.17 
45

 2007 

P3HT CdS NRs in-situ  2.9 
46

 2009 

P3HT NWs CdS QDs butylamine; 

ethanedithiol 

80 4.1 
47

 2011 

MDMO-PPV ZnO QDs  67 1.6 
55

 2004 

P3HT ZnO QDs in-situ 50 2.0 
56

 2009 

P3HT TiO2 QDs  60 0.42 
57

 2004 

P3HT TiO2 NRs w/ N3 dye 50 2.2 
58

 2009 

a)  acceptor types where QD = quantum dots, NR = nanorods, TP = tetrapods; b) with TiOx layer 

between the active layer and the cathode as an optical spacer and hole blocking layer; c) with 

ZnO layer between active layer and cathode 
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2.1.4 Nanocrystal Surface Effects 

One benefit to the use of nanocrystals is that they can be synthesized in solution in the 

presence of stabilizing organic ligands, making them solution-processable.  As the size of the 

nanocrystal decreases, the number of surface atoms relative to the total number of atoms in the 

nanocrystal increases, affecting the optical and electrical properties. The atoms on the surface are 

incompletely bonded, disrupting crystalline periodicity and leaving dangling orbitals, which can 

serve as traps.  If the surface is covered with organic ligands, the surface is passivated by 

bonding with ligands, minimizing defects and the surface energy is also balanced, which helps 

prevent aggregation.  However, these ligands act as an insulating layer around the nanocrystals 

prohibiting intimate contact between the polymer and the nanocrystals and thus influencing 

charge transfer.  As such, the first hybrid photovoltaic device in 1996, CdSe nanodots in MEH-

PPV, had an efficiency of only 0.2%.
27

  Although morphology effects could have contributed to 

the poor performance, it was postulated that the 1.1 nm thick ligand, trioctylphosphine oxide 

(TOPO), had a detrimental effect on charge transfer as no photoluminescence (PL) quenching 

was observed indicating inefficient charge transfer.
27

  By replacing the TOPO with pyridine, the 

PL quenching efficiency reached 90%.
64

  Though no devices were reported, it is clear that the 

surface treatment had a positive effect on charge transfer.  At the time, it was found that ligand 

exchange of TOPO with pyridine was not complete
65, 66

 and only 60% exchange efficiency was 

observed.
66

 Further, the exchange efficiency would change with size and shape of the 

nanocrystals.
67

 Over time, improved methods have been developed and pyridine exchange has 

become standard for most hybrid devices.
45

 It is important to quantify the extent of ligand 

exchange because, while incomplete exchange may still allow for improved PL quenching, the 

remaining long chain ligands may also affect charge mobility and morphology.   

A variety of surface treatments have been investigated to exchange long chain ligands 

that hinder charge transfer with smaller ones.  Pyridine treatment of nanocrystals prior to device 

fabrication showed complete PL quenching and device improvements.
18, 29, 32

  Other ligands have 

also been investigated, though typically the surface is first treated with pyridine and then 

exposed to another surface treatment.  Olson et al treated the surface with various amines, using 

P3HT/CdSe blends, and compared to pyridine treatment.
34

  It was found that butylamine gave the 

best performance, even better than pyridine treated nanocrystals.  Thiols have also been used for 

ligand exchange.
36, 40, 49, 52, 68

  Thiols provide a stronger binding energy which improved the 
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ligand exchange efficiency and thus charge transfer.  Cao’s group showed enhanced PL 

quenching and improved PV performance by treating TiO2 with thiophenol, compared to other 

ligand treatments.
68

  Further improvements were seen by performing a ligand exchange using 1,2 

ethanedithiol (EDT) after film formation.  Using a chemical vapor annealing processing with 

EDT, Wu and co-workers achieved a record efficiency for CdTe nanocrystal hybrid devices 

(3.2%).
40

 Enhanced performance was also achieved with PbS hybrid devices by dipping spin-

coated films into EDT in acetonitrile.
51, 52

  It was also found that due to the strong binding of 

thiols, the LUMO and HOMO levels of the nanocrystals changed slightly with ligand 

treatment.
69

  The exchange ligands that are used are typically low boiling such that when the cast 

film is annealed the ligand is removed.  This allows for increased contact between the polymer 

and the nanocrystal.  Though it is clear that the ligand has a dramatic effect on charge transfer, 

the surface of the nanocrystal also affects the morphology making it difficult to attribute 

improvements entirely to better contact between the donor and the acceptor at the interface.   

While most of the ligand exchange work focused on creating more intimate contact 

between the donor and the acceptor to facilitate charge transfer, it is also important for charge 

transport of electrons through the nanocrystal domains.   It is assumed that as an electron travels 

through the nanocrystal domain, the mechanism is near that of conduction in the bulk, as this 

principle was demonstrated in silicon nanowires.
70

  In a BHJ, not all nanocrystal domains are 

intimately connected, so the electron must hop from domain to domain.  This electron hopping 

mechanism is much less efficient as the probability of recombination with a hole traveling 

through the polymer domains is increased.  The presence of long chain ligands inhibit electron 

transfer between nanocrystals and nanocrystal domains in the same way they inhibit charge 

transfer from the polymer to the nanocrystal.  Therefore, efficient ligand exchange from long 

chain organic molecules to small molecules is essential for optimized charge transport.  For 

example, the best hybrid device reported, 4.1%, was P3HT with CdS quantum dots using a EDT 

vapor annealing treatment.
47

  In addition to achieving more intimate contact between the polymer 

and the nanocrystals, much higher transport was observed.  In fact, the conductivity of neat 

nanoparticle films (no polymer matrix) increased by 5 orders of magnitude with surface ligand 

treatments.
71

 

As previously discussed, morphology must be optimized to balance charge transfer and 

charge transport.  For example, when comparing ligands, the morphology, inferred by surface 
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roughness measurements, was related to the performance.
34

  In general, as the surface roughness 

decreased, indicating a decrease in domain size, the device performance increased.  However, 

films of CdSe nanocrystals with a pyridine surface demonstrated the least amount of surface 

roughness, yet the device was outperformed by nanocrystals with a butylamine surface.  This 

discrepancy was attributed to the phases being too homogenous in the case of the pyridine coated 

nanocrystals, resulting in inefficient charge transport.
34

  Further, some acid wash
35, 37

 and 

annealing treatments
40

 improved performance by increased aggregation of quantum dots and thus 

creating clear pathways for the charges to travel through the active layer.  Aggregation improves 

the performance of hybrid devices that incorporate quantum dots by reducing the amount of 

hopping electrons must endure when traveling through the nanocrystal domain. When the 

quantum dots are blended into the polymer matrix until near homogeneity, the electron must hop 

between each nanoparticle, which is a less efficient transport mechanism.  However, when the 

nanoparticles aggregate, the path for the electron is more defined and requires less hopping 

between domains.   

2.1.5 Nanoparticle Shape 

 

Figure 2.7: Scheme demonstrating the electron path through various nanocrystal shapes.  Taken 

from 
26

 

Another method to minimize electron hopping is to replace quantum dots with nanorods, 

which can provide a more defined pathway for electrons.  The use of nanorods in hybrid devices 

would result in an average path of an electron to consist of a more favored ratio of transport 

through particles vs hopping between particles (Figure 2.7).  Therefore, devices with CdSe 

nanorods
39, 40

 outperformed devices with quantum dots.
34-36

 However, the directional charge 

transport provided by nanorods is not fully utilized.  When spun cast into the polymer matrix, 

nanorods lie within the plane of the active layer, parallel to the substrate, while optimal 

orientation would be that the nanorods are perpendicular to the substrate, in the direction of the 

traveling charges.  Tetrapods, which have four limbs connected to a central core, provide a 3-

dimensional shape ensuring an increased amount of vertical alignment and thus nearly doubled 
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the external quantum efficiency (EQE), the ratio of collected electrons to incident photons per 

wavelength, when compared to nanorods using the same processing conditions (Figure 2.7). 
32, 49

  

While tetrapods consistently resulted in the most efficient devices, 3.1% for CdSe
44

 and 3.2% for 

CdTe
49

, progress has been made with improving charge transport with quantum dots and 

nanorods.  As previously discussed, an acid wash treatment of CdSe QDs caused nanocrystal 

aggregation resulting in enhanced charge transport and thus device performance (2.65% with 

PCPDTBT).
37

  By increasing the CdSe quantum dot size (from 5 to 7 nm), the efficiency 

approached that of tetrapods by exceeding 3%.
72

  Further, using a combination of CdSe nanorods 

to quantum dots, an efficiency of 3.5%, similar to tetrapods, was achieved.
42, 72

  It was proposed 

that improved efficiency was achieved either by the quantum dots reducing the horizontal 

aggregation of the nanorods
72

 or that the quantum dots filled in the gaps between nanorods.
42

   

2.1.5 Morphology Dependence on Processing Conditions 

While changing the size and the shape of the nanocrystals can improve the charge 

transport, these systems still rely on optimizing the random morphology of a BHJ active layer.  

While the ligand on the surface of the nanocrystals in a hybrid device directly affects charge 

transport and charge transfer, it also indirectly affects both processes by affecting the 

morphology. For hybrid devices, morphology is strongly dependent on processing conditions, 

such as solvent choice, 
18, 31, 33

 film thickness
56, 73

 and annealing,
40, 45, 49

 as well as on material 

considerations such as the size and shape of the nanocrystal,
74

 the polymer molecular weight
75

 

and the weight ratio of nanocrystals in the polymer matrix. 
76, 77

  Since the ligand affects the 

surface of the nanocrystal, it has a profound effect on the solubility of the nanocrystal.  Changing 

from long chain, nonpolar ligands to more polar small molecules not only affects the solubility in 

the processing solvent, but also in the nonpolar polymer matrix.  Therefore, large phase 

separated domains, on the order of several micrometers, resulted with typical solvents for spin-

casting films of conjugated polymers, like chloroform or toluene.
18

  For optimal processing, a 

binary solvent mixture, consisting of pyridine, a good solvent for the CdSe nanocrystals, and 

chloroform, a good solvent for the P3HT, allowed for some control of the phase separation 

morphology.
18

  However, the relative amount of pyridine must be optimized as too much results 

in precipitation of the polymer and too little limits the solubility of the CdSe and the optimal 

solvent ratio (between 5-10% pyridine) changes with the size and shape of the CdSe 

nanocrystal.
18, 29

  Higher boiling point solvents, such as chlorobenzene or trichlorobenzene, also 
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demonstrated improved device performance.
31, 38

 It should also be kept in mind that the 

processing conditions also affect the polymer properties, such as crystallization,
39, 40

 such that 

reported improvements may not be fully attributed to improved solubility of nanocrystals.   The 

absorption and mobility of the polymer is affected by film thickness and particle loading.
37

  

Thus, while this discussion focuses on the optimization of film morphology and properties for 

the nanocrystals, the effect of processing conditions on the polymer are also of paramount 

importance and must be considered.  Some processing conditions are beneficial to both 

components, such as thermal annealing,
39, 40

 while often the processing needs of each component 

are conflicting, such as particle loading,
37

 and must be balanced.   

 

   

Figure 2.8: The ideal active layer morphology – an ordered heterojunction. 

Better control over the film morphology of the active layer is of paramount importance 

for increasing the efficiency of OPV and hybrid photovoltaic devices.  The inherently random 

nature of BHJs requires optimized processing to minimize loss mechanisms and provide 

improved performance.  Large domains result in the loss of photo-generated excitons while; if 

domains are too small, charge recombination is the dominant loss.  Disordered and discontinuous 

pathways leads to low charge carrier mobility and also results in loss due to recombination.
78

  

Further, the random nature of the morphology makes it difficult to better understand the 

mechanisms that govern charge transfer and charge transport.  Thus, the assessment of newly 

designed materials, such as inorganic acceptors or low band gap polymers, becomes problematic 

due to the necessity of painstakingly optimizing processing conditions for each unique system.  

As a variety of factors affect film morphology, many of which are interrelated, it is difficult to 

distinguish which factors are responsible for improved performance.  An ideal active layer is 
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referred to as an ordered heterojunction (Figure 2.8) with controlled domain sizes of 

approximately 20 nm (twice the average diffusion length of an exciton) and clear paths for 

charge transport.  The ability to design film architectures with control over domains on the 

nanoscale while maintaining long range order that can also be easily fabricated, is an important 

step to improve the device performance of organic and hybrid photovoltaics and allow for 

commercial application.  

2.2 Block Copolymer Phase Separation 

It has been proposed that block copolymers can be utilized to meet this challenge.
78-81

  

Block copolymers can provide the necessary film architectures as they self-assemble into a 

variety of well-defined nanostructures with long range order.  The periodic domains created by 

phase separation are typically between 10 and 100 nm,
82, 83

 which is the same length scale 

necessary for exciton diffusion.
9-14

   

 

Figure 2.9: (a) Scheme of commonly observed structures for phase separation of coil-coil block 
copolymers and (b) the phase diagram for conformationally symmetric diblock copolymers 
where f = volume fraction, L = lamellar, H = hexagonal cylinders, Q = bicontinouous gyroid, CPS 
= close packed spheres and DIS = disorder.

84
   

Typically, two blended polymers that are immiscible with one another will undergo 

macrophase separation.  In a block copolymer the two immiscible homopolymers are covalently 

linked and thus undergo microphase separation rather than macrophase separation.  The Flory-

Huggins parameter (), which is temperature dependent, is used to describe the miscibility of 

two polymers.  When considering block copolymers, the product of the Flory-Huggins parameter 

() and the total degree of polymerization (N) is of importance.
85

  If N < 10 the thermodynamic 
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driving force to self-assemble is not large enough to overcome the entropic loss from demixing 

resulting in a disordered morphology.  However, if N > 10 microphase separation will occur.
80

  

The film structures that can be obtained from microphase separation depend on the value of N 

and on the relative volume fraction (f) of each block. 

The simplest and most studied occurrence of microphase separation is when both blocks 

are random coils, referred to as coil-coil block copolymers.  A coil block is comprised of a 

polymer with a flexible backbone such that it adopts an amorphous ‘random walk’ conformation.  

The phase behavior of coil-coil block copolymers is determined by the factors previously 

described, N and f.   Coil-coil block copolymers adopt distinct structures as demonstrated in 

Figure 2.9.  Lamellar structures are achieved at f = 0.5 and the remaining structures are predicted 

by Gaussian chain statistics.  Aside from the spheres, these geometries can provide structured 

paths for charge percolation in photovoltaic devices, provided that the domains are directionally 

oriented to favor charge transport to the electrodes.   

 

Figure 2.10:  Scheme of rod-coil self-assembled structures.
80

  (a) Nematic, (b) bilayer smectic 

A, (c) monolayer smectic A, (d) monolayer smectic C, and (e) ‘hockey pucks’. 

However, block copolymers where at least one block is a conjugated polymer are not as 

straightforward.  Conjugated polymers are much stiffer and more rigid due to the  

interactions and thus are referred to as rigid-rod or just rod polymers.
86

   Unlike, coil-coil block 

copolymers, the phase diagram of rod-coil block copolymers is asymmetric with the critical point 

lying in the rod-rich region as demonstrated in Figure 2.11.
86

  For a rod-coil block copolymer, 

the phase separation depends on the previously mentioned parameters, , N and f, as well as the 

Maier-Saupe constant , which is related to the  interactions of the rod block.
84

  The Maier-

Saupe constant favors liquid crystalline behavior and competes with the Flory-Huggins 

parameter for phase separation.  Thus the ratio  becomes an important parameter as this ratio 
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will indicate which interaction constant is dominant.  When > 1, liquid crystalline structures 

are observed (Figure 2.10).  However, even when  < 1, the rigid rods favor planar domains 

rather than rounded morphologies, and thus form lamellar and liquid-crystalline structures.
87, 88

  

Non-lamellar morphologies are difficult to achieve, though theoretical work has suggested that at 

high volume fractions of the coil block, the rod block can pack axially into cylinders.
89

  This 

allows the coil chains to fan out, overcoming the energy cost of creating curvature.  This concept 

was demonstrated by Dai et al who achieved hexagonal close-packed cylinders of P3HT-b-

poly(2-vinylpyridine) (P2VP) with a P3HT volume fraction of 0.25.
90

  P3HT has greater access 

to such structures because polythiophenes are considered semi-rigid as they have more degrees 

of freedom than conventional conjugated backbones due to the ability of the carbon/carbon 

single bond to rotate on the polymer backbone.
91

  At low temperatures in the solid state, P3HT is 

semi-crystalline and able to adopt a trans-planar conformation and behaves as a rigid rod.  

However, at the higher temperatures used to anneal P3HT rod-coil block copolymer films, the 

thiophene units on the polymer backbone can twist allowing for more curvature in phase 

separated domains. 

 

 

Figure 2.11:  Comparison of phase diagram from theoretical predictions to microphase-

separated morphologies observed for PPV-b-P4VP.  Image from ref 
92

 where authors used 

theoretical predictions from ref 
86

 to construct phase diagram. 
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Theoretical studies and simulations of rod-coil block copolymers have predicted 

transitions between nematic, smectic, bilayer and puck phases
89, 93

, as shown in Figure 2.11, as 

well as microphase-separated structures.
86, 94, 95

  However, there have been few systems for 

which the phase diagram is experimental determined.  One system, relevant to OPV, is rod-coil 

block copolymers of poly(alkoxyphenylene vinylene) (PPV).
87, 88, 92, 96, 97

  While Segalman and 

coworkers observed only lamellar, nematic, and isotropic phases with PPV-b-poly(isoprene) rod-

coil block copolymers,
87, 88, 96

 Sary et al reported a small window for hexagonal and spherical 

phases at high volume fractions of the coil block of PPV-b-poly(4-vinylpyridine) (P4VP)
92, 97

 as 

predicted by theoretical simulations.
86

    The challenge with defining phase structures of rod-coil 

block copolymers is in the ability to synthesize well-defined block copolymers of various 

volume fractions with narrow molecular weight distributions (MWD).  Therefore, controlled 

polymerization is necessary to synthesize each block.  Typically, conjugated polymers are 

synthesized via a step-growth mechanism, and therefore narrow molecular weight distributions 

are difficult to achieve.  However, a polymerization technique that utilizes a chain-growth 

mechanism has been developed for the synthesis of P3HT, providing access to a variety of rod-

coil block structures, which will be described in greater detail in the subsequent sections.    

2.3 Synthesis of P3HT 

The discovery of highly conductive polyacetylene (Figure 2.12) by Heeger, MacDarmid, 

and Shirakawa in the late 1970s opened the way for a new class of conducting and 

semiconducting polymers.
98

  The promise of low cost, easily processed materials applicable in a 

variety of electronic and optical applications lead to a research field that grew rapidly and 

widely.  It quickly became apparent that physical and optical properties are inherently linked to 

polymer structure and defects can have a large impact on material properties and thus device 

performance.
99

  In polyacetylene, sp
3
 hybridized carbons, which are defects in the backbone, 

break the  conjugation of the polymer backbone resulting in lower conductivities.
100

 In order to 

design better materials and achieve better devices, it is important to understand how microscopic 

and macroscopic structure effect optical and electrical properties.  The control must start with the 

polymer architecture with focus on the  conjugation. Therefore, a large body of the work has 

focused on synthetic procedures in order to provide structurally homogeneous materials without 

impurities or defects.   
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Figure 2.12: Comparison of poly(acetylene) to poly(thiophene).  Adapted from ref 
99

 

 

Scheme 2.1:  Kumada cross-coupling of 2,5-dihalothiophene to poly(thiophene). 

Of the many materials that have been considered and developed, polythiophenes are 

among the most important and widely studied.  Polythiophenes have been of interest for organic 

electronic applications since its structure is similar to that of highly conductive trans-

polyacetylene (Figure 2.12).
99

  In 1980, two groups independently reported the chemical 

preparation of poly(thiophene).
99, 101

    Both groups used a polymerization method based on 

Kumada coupling, which utilizes metal catalysts to couple Grignard reagents and aryl halides.
102

  

Briefly, 2,5-dibromothiophene was treated with Mg (1:1 ratio) and the corresponding Grignard 

reagent was cross-coupled using various transition metal catalysts, of which nickel proved the be 

the most efficient.
99, 101

  This polycondensation method, in which 2,5-dihalothophene is used to 

generate a 3thiophene Grignard reagent and then polymerized using a Ni catalyst (Scheme 2.1), 

was extensively studied by varying reaction conditions, type of metal (Mg or Zn), solvent, 

concentration of monomer, type of halogen, and catalyst ligands.
103

  However, characterization 

of the resulting oligomers and polymers was difficult because of limited solubility.  The fraction 

soluble in tetrahydrofuran (THF) (about 19% of the resulting polymer) had only 8 thiophene 

repeat units.
99

  The molecular weight cutoff for solubility in hot chloroform was reported at 3000 

g/mol, or 35 repeat units.
104

  Since the promise in these materials lies in the ease of process, 

which would greatly reduce production cost, better solubility became essential for practical 

application of polythiophenes. 
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Figure 2.13:  Dyad and triad structures for coupling 3-alkylthiophenes.  Adapted from ref 
105

 

Incorporating an alkyl chain of butyl or greater in the 3 position of the thiophene was 

shown to increase solubility without a large sacrifice on electronic properties.
106, 107

 Furthermore, 

the alkyl side chain improves the mechanical properties and environmental stability, both of 

which are necessary for practically applied materials.
106

  However, 3-alkylthiophene monomers 

are asymmetric and therefore the regiospecificity becomes a major design consideration.  There 

are three possible dyad structures that can result from the coupling of two 3-alkylthiophene 

monomers: head-to-tail (HT), head-to-head (HH), and tail-to-tail (TT).  There are also four triad 

structures as seen in Figure 2.13.
105, 108

 The four triad structures are spectroscopically different 

by 
1
H NMR, which can be used to differentiate between them and assign the extent of 

regioregularity to a given polymer.
108-110

  Poly(3-alkylthiophenes)  (P3ATs) made up of only HT 

couplings are considered to be regioregular while any significant amount of HH couplings will 

classify the polymer as regioirregular.  A regiorandom P3AT is 50% regioregular. 

 

Table 2.2:  Comparison of poly(3-alkylthiophenes) with different alkyl groups and prepared by 

different methods.  From 
111

. 

Structure
a
 Solution max 

Rieke
b
 

Solution max 

McCullough
c
 

Solid-State max 

Rieke 

Solid-State max 

McCullough 

PBT 436 438 480 500 

PHT 436 442 480 504 

POT 436 446 480 520 

PDDT 436 450 480 526 

a) where alkyl groups are B = butyl, H = hexyl, O = octyl, and DD = dodecyl; b) prepared using 

FeCl3 which gives regiorandom P3ATs; c) prepared using method as shown in Scheme 2.2. 
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As previously discussed, the defects in the polymer structure can have a dramatic effect 

on the polymer properties and material performance.  For P3ATs, defects come in the form of 

head-to-head and tail-to-tail couplings.
105, 109, 111, 112

  Regioregular polymers were found to have 

smaller band gaps and larger conductivities compared to their regioirregular counterparts, which 

is attributed to the extended conjugation that regioregularity allows.
109

  Molecular mechanics and 

ab initio calculations demonstrated that head-to-tail couplings can access coplanarity as a low 

energy structure whereas the torsional angles of head-to-head coupling are about 40
o
 out of 

plane.
111

  In a head-to-head coupling, steric repulsion between the alkyl groups and the free 

electrons on the sulfur forces the backbone out-of-plane and breaks the  conjugation.
112

  It was 

found that butyl side chains are long enough for steric interactions to twist the thiophene rings 

out of planarity and break conjugation.
111

  Coplanarity allows for greater  overlap which 

extends conjugation lengths allowing for higher conductivity and smaller band gaps.  This was 

proven in solution and solid state electronic spectra which was showed a much higher max for 

completely regioregular P3ATs as compared to regiorandom.    Further, X-ray studies showed 

smaller interlayer distances, smaller stacking distances and more long range order for 

regioregular polymers compared to the regiorandom counterparts, resulting in a 5 fold to 10
5
 fold 

increase in conductivity.
113

  The conductivity increased with alkyl chain length because the alkyl 

side chains strongly effected the film structure, which in turn effects the resulting properties.
113

  

It should be noted that for regioirregular P3ATs, the conductivity did not change with alkyl chain 

length.
113

  Therefore, a synthetic method that produces absolute regiocontrol is essential in order 

to probe structure-property relationships.  As another example, McCullough et al probed the 

effect of alkyl chain length on optical properties such as absorption (Table 2.2).
111

   It was found 

that for perfectly regioregular P3ATs, the max increased with increasing alkyl chain length while 

for regiorandom samples, such as P3AT made by FeCl3, max remained constant.
111

  As there is 

an established link between polymer structure and device performance, control over polymer 

architecture is vital in order to better understand this relationship and create more efficient 

devices.  In the early development of P3ATs, control over polymer structure was primarily 

focused on developing synthetic techniques that result in near quantitative regioregularity.   

McCullough and Rieke developed methods based on Kumada cross-coupling reactions 

that allowed for complete regiocontrol of P3ATs.
108, 110, 111, 114

  Both methods relied on making 

asymmetric monomers that react with regiospecificity such that the head (2) and the tail (5) 
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preferentially couple.  Rieke achieved this because Zn reacts chemoselectively with 2,5-

dibromo-3-alkylthiophenes as shown in Scheme 2.2.  The zinc inserted into the 5 position with 

90% selectivity and selectivity was further improved by lowering the reaction temperature.
108, 110

  

Regioregularity of 98% was achieved using the Ni(dppe)Cl2 catalyst and various degrees of 

regioregularity (50% - 98%) were obtained by simply changing the catalyst metal center (nickel 

or palladium) and ligand.
108-110

  However, only the samples with 98% regioregularity 

demonstrated superior optical and electronic properties while all other amounts of irregularity 

(from 30% - 50%) showed very similar properties to one another.
110

  McCullough’s group 

concurrently developed a similar method to prepare regioregular P3ATs by preparing a 

regiospecific thiophene Grignard monomer and polymerizing it with a catalytic amount of 

Ni(dppp)Cl2.
111, 114

   

 

Scheme 2.2: Rieke and McCullough’s method for preparing regioregular P3ATs.  dppp = 1,3-

Bis(diphenylphosphino)propane and dppe = 1,2-Bis(diphenylphosphino)ethane. 

Other methods were also developed to prepare regioregular P3ATs including Stille 
115, 116

 

and Suzuki 
117

 cross-coupling reactions.  However, these methods and those previously described 

have significant drawbacks that may prevent the large scale production of regioregular P3ATs, 

such as requiring cryogenic temperatures, difficult to prepare starting materials, and long 

polymerization times.   
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Scheme 2.3:  GRIM method for preparation of regioregular P3ATs. 

In 1999, McCullough’s group reported a facile preparation of a regiospecific thiophene 

Grignard monomer via a Grignard metathesis reaction.
118

 (Scheme 2.3) This method takes 

advantage of the easy to synthesize and purify 2,5-dibromo-3-alkylthiophene used previously in 

the Rieke method (Scheme 2.2).
108

  The asymmetric thiophene Grignard monomer (1a and 1b) is 

generated in-situ at room temperature or elevated temperatures thus eliminating the need for 

cryogenic temperatures.  This is done by reacting 2,5-dibromo-3-alkylthiopnene (1) with one 

equivalent of a Grignard reagent, typically tert-butylmagnesium chloride.
118

   While the Grignard 

metathesis reaction proceeds with a moderate degree of regioselectivity due to the steric 

hindrance of the tert-butyl and alkyl groups, a mixture of isomers (1a:1b) result from the 

reaction.  The distribution of isomers, as determined by quenching studies, was found to be 

between 85:15 and 75:25 of the preferred 1a to 1b depending on the reaction conditions.
119

  

However, the desired monomer 1a is exclusively incorporated into the polymer chain while 1b is 

not consumed due to steric hindrance as shown by GC-MS analysis of the quenched reaction 

mixture, resulting in >97% regioregular P3ATs.
120

  This method, named Grignard Metathesis 

(GRIM) polymerization for the facile monomer preparation, has allowed for a quicker and more 

economical synthesis of regioregular P3ATs.   

 In order to understand the origin of the regiospecificity of the GRIM method, despite 

only moderate selectively of the Grignard metathesis reaction, systematic mechanistic studies 

were performed.  Conventionally, condensation polymerizations, such as the P3ATs methods 

described above, proceed by a step-growth mechanism in which the monomer is consumed 

quickly yet high molecular weight polymer is not achieved until near 100% conversion.  In such 

a reaction mixture, oligomers and monomers react equally with one another.  In order for a 

polycondensation polymerization to proceed by a chain-growth mechanism, the monomer must 

selectivity react with the growing polymer chain rather than with other monomer units.  This can 

be achieved by either a change in substituent effect upon bond formation, resulting in the 

monomer having a stronger preference for the polymer end group, or a catalyst that selectivity 

activates the growing polymer end group.
121

 Nickel-catalyzed cross-coupling polymerization of 
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P3ATs involves a catalytic cycle of oxidative addition, transmetalation and reductive elimination 

as shown in Scheme 2.4.  In 2004, McCullough and Yokowaza simultaneously demonstrated that 

the nickel acts as an initiator and the polymerization proceeds by a chain growth mechanism.
122, 

123
  Both groups demonstrated the production of high molecular weight of the polymer early in 

the reaction contradicting the generally accepted step-growth mechanism.  Additionally, kinetic 

studies demonstrated a linear increase in conversion with time up to 50 % conversion as well as a 

linear increase in molecular weight with conversion.  This mechanism yields regioregular P3ATs 

with molecular weights predicted by the monomer to Ni feed ratio and a low molecular weight 

distribution.     

 

Scheme 2.4: Catalytic cycle for Kumada cross-coupling polymerization with a Ni catalyst by the 

GRIM method.
124

 

Upon generation of the active Grignard monomer 1a, the Ni catalyst is added to the 

reaction.  In the proposed mechanism (Scheme 2.4), two equivalents of 1a react with the 

Ni(dppp)Cl2 generating a bis(organo)nickel compound 2.  Reductive elimination of complex 2 

results in an associated pair 3*4 of a bisthiophene compound with tail to tail coupling and Ni(0).  

The associated pair 3*4 is the result of coordination of the Ni(0) with the thiophene ring as 

similar complexes have been reported 
120, 125, 126

  The associated pair then quickly undergoes 

oxidative addition inserting the Ni between the C-Br to form a new organonickel compound (5).  
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Growth of the polymer chain then proceeds by the catalytic cycle where by one monomer unit is 

added via transmetalation, followed by reductive elimination and oxidative addition to produce a 

growing polymer chain with the Ni(dppp) moiety as the end group (5’).   

End group analysis and end-capping studies verified that the propagating group is the Ni 

complex.
121

  It has also been demonstrated that there is one polymer chain for each Ni catalyst 

molecule and that the Ni(0) is transferred intramolecularly without diffusion into the reaction 

mixture.
120-123

  It has been demonstrated that coordination of Ni to an aromatic molecule is 

irreversible and the Ni follows a ‘ring walking’ mechanism to insert intramolecularly in between 

the C-Br bond.
127

  This discovery explains the ability to predict the molecular weight by the 

monomer to Ni feed ratio.  Since an initiator is not added, the chain initiator involving the Ni 

catalyst must be generated in-situ.  According to the proposed mechanism, the chain initiator is a 

bithiophene complex 5.  This was verified by a reaction of 1a with 50 mol% of Ni(dppp)Cl2 and 

quenching with HCl.  It was expected that the resulting bithiophene would have Br,Br end 

groups as proposed with associated pair 3*4.  However, 4 was present in only trace amounts 

while most of the product was a tail-to-tail coupled bithiophene with H,Br ends, which would 

result from the hydrolysis of the nickel complex 5, indicating that the associated pair 3*4, and by 

extension 3*7, is short-lived.
121

  This result was verified by kinetic isotope effect (KIE) data and 

density functional theory (DFT) calculations of arene-Ni complexes showed that Ni(0) forms 

irreversible, stable -complexes with haloarenes (i.e. associated pairs 3*4 and 3*7) and the 

resulting complexes have a low activation energy for oxidative addition.
125

  Therefore, it can be 

concluded that oxidative addition of the associated pair occurs quickly, the Ni(0) inserts 

intramolecularly into the C-Br bond, and the Ni end group complex (5 and 5’) is the propagating 

group. 

Further investigation into the presence of the Ni(dppp) end-group suggested a ‘quasi-

living’ nature of the actively growing polymer (5’).  Kinetic studies showed that the reaction rate 

increased with Ni(dppp)Cl2 concentration and linear semilogarithmic plots were demonstrated up 

to 60% conversion.
120

 Furthermore, block copolymers were readily made by adding a second 

monomer once the first monomer was consumed.  A reaction order with respect the monomer of 

approximately 1 was also reported indicating that transmetalation is the rate determining step.
120

  

However, there have been some contradictory results regarding reaction orders indicating that 

there is still work to be done to further understand various aspects of the accepted mechanism.
126
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Scheme 2.5:  End-capping of GRIM polymerization with Grignard RMgX. 

Another advantage to the Grignard cross-coupling polymerization is the ability to end cap 

the growing polymer chain with any Grignard reagent (RMgX), which allows access to a variety 

of end groups.
128, 129

  Prior to this discovery, end group modification of synthesized P3ATs 

required extensive post-polymerization reactions.
130, 131

  End group control provides access to a 

variety of functionalizing agents and allows for the synthesis of block copolymers.  However, 

quantitative end group control is necessary for the synthesis of block copolymers.  It is therefore 

important to develop efficient, facile end group modification procedures.  While the GRIM 

method allows for facile end group functionalization by end-capping the growing polymer chain 

through the addition of a Grignard reagent (RMgX), not every Grignard reagent gives the same 

results.  It was expected that the end-capping would result in mono-capped P3HT with end 

groups R,Br as depicted in Scheme 2.5.
128

  However, only alkene and alkyne reagents resulted in 

mono-capped, while most reagents unexpectedly resulted in di-capping the polymer chain and 

steric hindrance prevented bulker groups (such as t-butyl) from any significant end-capping.  It 

has been proposed that di-capping occurs because once the Ni on the growing polymer chain 5’ 

undergoes reductive elimination, the free Ni(0) then oxidatively adds to the Br end group of 

another polymer chain, which can react with another RMgX.
129

  However, in the case of alkynes 

and alkenes, the Ni forms a complex with the double bond preventing this process thus resulting 

in mono-functional polymer chains.
129

 

In summary, the current understanding of the accepted mechanism for the GRIM method 

is that the condensation polymerization proceeds by a chain-growth mechanism in which the Ni 

initiator complex is generated in-situ and the Ni transfers intramolecularly through each catalytic 

cycle to provide regioregular P3ATs with molecular weights determined by the monomer to Ni 

feed ratio and with narrow MWDs.  The polymerization can be terminated and end-capped by 

the addition of RMgX for facile end group control and functionalization.  One benefit to the 

facile end group control is the ability for further functionalization of the end group to provide a 

variety of interesting architectures such as block copolymers.  Since the chain-growth 

mechanism provides well-define P3ATs, the addition of a second block by a controlled 
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polymerization technique would result in well-defined block copolymers with narrow MWDs 

that may phase separate to form interesting and useful film architectures. 

2.3.1 P3HT Block Copolymers 

Prior to the development of the chain growth mechanism of P3AT, block copolymers 

were built in a step growth fashion with bithiophene
132

 and trithiophene
133

 monomer units.  

These block copolymers were designed to increase the solubility of oligothiophenes such that 

optical properties could be related to longer conjugation lengths.
133

  However, systems were still 

limited to small conjugation lengths (n = 4-11) due to solubility and difficult reaction conditions 

with increasing chain length.
133, 134

  While these studies were important to show improved 

mechanical properties, the oligomers were below the desired conjugation length necessary for 

viable band gaps and demonstrated micelle formation which does not allow for interconnected 

pathways of charge transport between the thiophene domains.
134

  The enhanced solubility of 

regioregular P3ATs provided access to a larger variety of architectures and block copolymers.  

As the thiophene polymerization techniques advanced to eventually produce soluble, 

regioregular P3ATs with well-defined structures, so did the ability to produce well-defined block 

copolymers.  As the film morphology and nanostructure is important for device performance, 

well-defined block copolymers with precise control over the composition are necessary.   

McCullough’s GRIM method allows for in-situ end group formation thus providing 

access to functional end groups using less reaction steps and simpler reactions.
135

  This approach 

allows for a wide variety of end group modifications such that block copolymers have been 

reported using most polymerization techniques that provide well controlled synthesis of the 

second block.  Generally, there are two approaches to synthesizing P3HT block copolymers – 

‘grafting to’ and ‘grafting from’.  The ‘grafting to’ approach entails the synthesis of each block 

separately with reactive end groups to allow for an efficient coupling reaction.  Example 

methods include click chemistry
136, 137

 and anionic coupling.
138, 139

  While this method provides a 

relative ease of characterization as each block can be characterized prior to the coupling reaction, 

the coupling reaction must be extremely efficient and can prove difficult with larger molecular 

weight polymers.   

Though progress has been made in developing a method for P3HT polymerization using 

an external initiator, these systems are not yet efficient or robust enough for this method to be 

applied to preparing well-defined block copolymers.
140-142

  Therefore, the ‘grafting from’ 
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approach involves the synthesis of a macrooinitiator such that the second block is grown from 

the P3HT polymer.  This method has been utilized with atom-transfer radical polymerization 

(ATRP),
135, 143-146

 reversible addition-fragmentation chain transfer (RAFT) polymerization,
147-149

 

nitroxide mediated polymerization (NMP),
149-151

 ring-opening metathesis polymerization 

(ROMP)
152, 153

 and anionic polymerization
90

 techniques.  With living and living radical 

polymerization techniques, the molecular weight is determined by the ratio of monomer to the 

macroinitiator.  Thus, aliquots can be removed over the lifetime of the polymerization such that 

varying block copolymer compositions can be achieved with one reaction.  Therefore, 

investigations concerning the effect of phase morphology, which is determined by block 

copolymer composition, on relevant optical and electronic properties can be conducted with 

greater ease and consistency.  

RAFT polymerization is a living radical technique that produces well-defined polymers 

with predictable molecular weight and narrow molecular weight distributions.
154

  RAFT 

polymerization arguably has the best functional group tolerance and thus can polymerize a wide 

variety of vinyl monomers.  Furthermore, RAFT does not require a transition metal catalyst 

which must be removed post-polymerization and can remain in trace amounts.  Finally, the 

RAFT agent dictates the polymer end group and can be used for facile attachment to a variety of 

inorganic surfaces.
155

  Since the work described in this dissertation will focus on the use of 

RAFT polymerization, the following discussion on living radical polymerization will focus on 

RAFT polymerization. 

2.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 

2.4.1 Living Radical Polymerization 

In a radical chain growth process, steady state is achieved by balancing chain initiation 

and chain termination.  In order to achieve suitably high molecular weights, the rate of chain 

propagation must be higher than the rate of termination and thus also higher than the rate of 

initiation.  Therefore, polymer with well-defined molecular weights are difficult to prepare.  As 

defined by Szwarc, a living polymerization is a polymerization in which chain growth proceeds 

without chain transfer or termination.
156

  If termination is eliminated, as in a living 

polymerization, then the rate of propagation can be much larger than the rate of initiation 

allowing all of the polymer chains to be initiated at approximately the same time and grow at the 

same rate resulting in very narrow MWDs for the polymer system.  Typically, a living 
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polymerization is achieved through ionic polymerization techniques, which require stringent 

reaction conditions and are limited to monomers that can stabilize an ionic charge and promote 

propagation.   

Living radical polymerization (LRP) techniques combine the benefits of a radical 

polymerization such as a wide range of available monomers, functional group tolerance, rapid 

reactions, and relatively undemanding reaction conditions, with key features of living 

polymerizations, including predictable molecular weights, narrow MWDs, well-defined end 

group functionality, and the ability to make block copolymers and other complex architectures.  

A radical chain growth polymerization is defined by three reactions, initiation, propagation, and 

termination as shown in Scheme 2.6.   

 

 

Scheme 2.6:  Three stages of a traditional radical chain growth polymerization where Ri, Rp, Rt 

are the rates and kd ,ki, kp and kt are the rate constants for each step 

In a LRP the many of the same steps and rate constants apply as described in Scheme 2.6, 

particularly propagation and termination.  While termination cannot be eliminated entirely, the 

key to successful living radical polymerization is to ensure that the rate of propagation (Rp) is 

much larger than the rate of termination (Rt).
157

  This is achieved via a system in which the 

majority of the polymer chains are dormant (P-X), though capable of activation via a reversible 

activation/deactivation mechanism as shown in Scheme 2.7.   In the mechanism, the dormant 

species P-X dissociates into an active radical (P*) that can undergo propagation and X, which is 

designed to be inert.  If the rate of activation (kact) is small, then the concentration of propagating 

radicals (P*) is small, such that Rt approaches zero.  Further, if rate of activation (kact) is smaller 

than the rate of deactivation (kdeact), then the transient lifetime of P*, or the time between 

activation and deactivation cycles, is sufficiently small such that, ideally, only one monomer 
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adds to the growing polymer chain during each activation cycle.  Over the course of the 

polymerization, each chain on average has experienced a similar number of active periods 

allowing for a narrow MWD of the resulting polymer sample.  

 

Scheme 2.7:  Living Radical Polymerization general scheme. 

In LRP systems, steady state is achieved through balancing rates of activation and 

deactivation.
158

  This allows the decoupling of the rates of termination and initiation.  Therefore, 

unlike a conventional radical polymerization, the rate of initiation, ki, should be fast, at least 

similar to that of kp.  As in the living systems described above, when initiation is fast, all polymer 

chains begin growing essentially simultaneously and thus the molecular weight can be predicted 

by the monomer concentration divided by the number of chains initiated.  Further, fast initiation, 

when coupled with an LRP system where termination is minimized, allows for a narrow MWD.  

 

Scheme 2.8:  General approaches to LRP. 
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There are three general approaches to achieve a successful LRP system with exchange 

between active and dormant polymer chains as shown in Scheme 2.8.
157, 158

  Stable free radical 

polymerization (SFRP), of which NMP is the most widely used, activates via homolytic cleavage 

to produce an active radical capable of adding monomer and a stable free radical (T*), which 

must be unreactive.  Atom transfer radical polymerization (ATRP) proceeds via a catalyzed 

reversible activation in which a suitable metal extracts a halide from the growing polymer chain 

to produce a radical capable of adding monomer.  Finally, degenerative transfer (DT) involves a 

reversible chain transfer process. RAFT polymerization is by far the most successful and widely 

used LRP that utilizes the DT mechanism.  The mechanism and benefits of RAFT will be 

discussed in greater detail in subsequent sections. 

As described above, LRP techniques cannot completely eliminate termination because 

termination is an inherent process with any radical polymerization technique.
158

  However, with 

careful balance of rate constants, the number of active radicals is low enough such that 

termination is minimal.  While the rate constants can be determined through strenuous 

experimental efforts, there are several requirements of a successful LRP system that are easier to 

ascertain.  These requirements include linear growth of molecular weight with monomer 

conversion, a narrow MWD, linear semi-logarithmic kinetic plots of monomer conversion with 

time, predetermined degree of polymerization, and a high degree of end group control capable of 

adding additional monomer.  It is imperative that all of the stated requirements are met in order 

to demonstrate an effective LRP. 

2.4.2 RAFT 

RAFT polymerization is the most common and widely used of the LRP techniques that 

proceed via the DT mechanism.  A RAFT polymerization is similar to a conventional radical 

polymerization with the same monomers, initiators, solvents and reaction conditions.  The only 

difference is the addition of a chain transfer agent, commonly referred to as a RAFT agent.  In 

the main equilibrium of the RAFT mechanism (Scheme 2.9, iii), as with all degenerative transfer 

mechanisms, a radical is not created or destroyed.  Therefore, an external radical source is 

necessary.  Commonly, conventional radical initiators are utilized, such as azobisisobutyronitrile 

(AIBN) or benzoyl peroxide (BPO), which produce radicals upon thermal decomposition.  The 

initiator radical adds monomer to form the propagating radical Pm*.  The propagating radical 

then undergoes addition to the RAFT agent, forming an intermediate adduct, which can then 
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fragment the R group from the RAFT agent resulting in R* and a dormant polymer chain.  The 

newly formed radical, R*, can then reinitiate polymerization by adding monomer to form another 

propagating radical Pn*.  Once all of the R groups have been fragmented and have initiated 

polymer chains, which happens early in the polymerization, the pre-equilibrium stage of the 

mechanism is replaced with the main equilibrium.  With a high rate of addition (kadd), the 

equilibrium between active (Pm* and Pn*) and dormant polymer chains (PnS(Z)C=S and 

PmS(Z)C=S) occurs rapidly such that each chain has an equal probability to grow providing a 

polymer system with a narrow molecular weight distribution.   

 

 

Scheme 2.9: Reversible addition-fragmentation chain transfer polymerization. 

As with all living radical techniques, termination in RAFT cannot be completely 

eliminated.  Termination is minimized by maintaining a small concentration of radicals while a 

majority of the polymer chains are dormant.
159

  This is achieved via use of large ratios of RAFT 

agent to initiator, typically great than 10.  In addition to minimizing termination, this large ratio 

also ensures that a majority of the polymer chains are initiated with the R* generated from 

fragmentation of the RAFT agent.  Therefore, upon completion of the polymerization, a majority 

of the polymer chains have end groups dictated by the RAFT agent, R and the thiocarbonylthio 

functionality with the Z group (R-Pn-S(Z)C=S).   



36 
 

While other transfer agents have been investigated, RAFT polymerization work is 

dominated by the use of RAFT agents with a thiocarbonylthio functional group.
124

  These 

include dithioesters (Z = aryl or alkyl), trithiocabonates (Z = SR’), xanthates (Z = OR) and 

dithiocarbamates (Z = NR’R”). In order to execute a successful RAFT polymerization, to 

maintain control of the polymerization, an appropriate RAFT agent must be selected for the 

monomer.  The RAFT agent can be tailored to the monomer and the reaction conditions by 

adjusting the R and Z groups, each of which have a separate function.  

The Z group affects the rate of addition of the propagating radicals to the thiocarbonyl 

functionality and the rate of fragmentation of the intermediate adduct.
160

  Adjusting the Z group 

can change the rate constant of addition (kadd) by five orders of magnitude.  Typically, the rate of 

addition is higher when Z is such that a carbon or sulfur is adjacent to the C=S (thioesters and 

trithiocarbonates respectively).  A lower rate of addition occurs when the atom adjacent to the 

C=S has a lone pair such as oxygen and nitrogen (xanthates and dithiocarbamates, respectively).  

The lone pair interacts with the C=S double bond to reduce the double bond character and 

stabilizes the thiocarbonyl group relative to the intermediate adduct.  However, in the case where 

the nitrogen is part of an aromatic ring or has an adjacent carbonyl, the lone pair becomes less 

available for interaction with the C=S double bond and corresponding RAFT agent have 

activities similar to that of dithioesters and trithiocarbonates.    

The presence of electron withdrawing groups (EWDs) in the Z group also increase the 

rate of addition by increasing the electrophilicity of the thiocarbonyl sulfur and stabilizing the 

intermediate adduct.
160

  However, increased stability of the intermediate adduct slows 

fragmentation (kfrag), which leads to inhibition and retardation.  Further, increased stability of the 

intermediate adduct increases its opportunity to participate in possible side reactions in that it 

could react with other radical species, itself, oxygen or impurities, reinitiate polymerization or 

the Z group could be cleaved.  Particular attention should be paid to the possibility of cleaving or 

fragmenting the Z group from the intermediate adduct from xanthates (Z = OR’) and thus R’ 

should be a poor homolytic leaving group.  Otherwise, the fragmentation of R’, which would be 

irreversible, would compete with the RAFT process.  The same is true for trithiocarbonates (Z = 

SR’) unless they are symmetrically designed.   

The activity of the RAFT agent must be appropriate for the desired monomer and is 

controlled by the Z group, which stabilizes the intermediate adduct thus influencing the rates of 
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addition and fragmentation.
160

  Broadly there are two types of monomers – more activated 

monomers (MAMs) and less activated monomers (LAMs).
124

  MAMs include those in which the 

double bond is conjugated to an aromatic ring (styrene, vinylpyridine), a carbonyl group 

(acrylates, methacrylates, acrylamides) or a nitrile, all of which stabilize the propagating radical.  

LAMs are where the double bond is adjacent to a saturated carbon, oxygen or nitrogen lone pair 

(vinyl acetate or N-vinylpyrrolidone) or the heteroatom of a heteroaromatic ring (N-

vinylcarbazole). 

The propagating radicals of MAMs, which are more stabilized than that of LAMs, are 

less reactive to radical addition and thus have a lower rate of addition (kadd) and a lower kp.
124

  

Therefore, a more active RAFT agent, such as a dithioester or trithiocarbonate, is necessary to 

ensure an adequate chain transfer coefficient.  On the other hand, the increased radical stability 

of MAMs means that they are good homolytic leaving groups and thus slow fragmentation of the 

intermediate adduct, which leads to retardation, is less likely.   Less reactive RAFT agents, such 

as xanthates and dithiocarbamates, will have lower transfer constants with MAMs and thus poor 

control.  One the other hand, LAMs have less stabilized propagating radicals making them poor 

homolytic leaving groups resulting in higher rates of addition and slower fragmentation.  

Therefore, a less active RAFT agent is sufficient for the desirable high transfer constants without 

the slow fragmentation concerns of more active RAFT agents.   

The R group should be a good homolytic leaving group relative to the propagating radical 

Pm* such that in the pre-equilibrium phase of the mechanism the fragmentation of the 

intermediate adduct occurs rapidly and preferentially fragments the R group.
161

  Rate of 

fragmentation is enhanced by increasing steric hindrance, the presence of EWGs, and radical 

stabilizing groups.   Additionally, the R group must be capable of re-initiating polymerization.  

The effects that favor fragmentation must be balanced with the ability of the fragmented radical 

R* to initiate polymerization.  For example, a triphenylmethyl radical is an excellent leaving 

group due to steric hindrance and radical stability.  However, the extent of steric bulkiness would 

cause a prohibitively low rate of re-initiation.  Additionally, the presence of EWGs would favor 

fragmentation but decrease the rate of re-initiation.  As with the consideration with the Z group, 

the R group should be designed to balance fragmentation and addition.  Therefore, as with the Z 

group, the R group must also be tailored to the monomer.   For MAMs, which are more active 

and have higher fragmentation, the R group must have higher rates of fragmentation.  This is 



38 
 

especially true when considering sterically bulky propagating radicals such as methacrylates.  In 

such cases, a tertiary R group is necessary as well as the presence of EWGs.  While EWGs do 

decrease the rate of addition of the R* to the monomer, this effect is less significant with MAMs.  

However, for LAMs, a tertiary R*is inefficient because re-initiation is slower than propagation.  

Therefore, a primary or secondary radical, which are more reactive to adding monomer, provides 

better control and prevents inhibition.   

While a wide range of RAFT agents are available with various Z group and R group 

combinations, a majority of RAFT polymerizations could be completed with two RAFT 

agents.
124

  The first would be a tertiary cyanoalkyl trithiocarbonate for control over 

polymerizations with MAMs and the second being a cyanoalkyl xanthate for LAMs.   While 

these two RAFT agents would provide a controlled polymerization for most vinyl monomers, 

there are other considerations that may require additional functionality to be designed into the 

RAFT agent.  Many RAFT polymerizations take place in organic media.  However, the RAFT 

mechanism is compatible with the use of protic solvents.  Therefore, water soluble RAFT agents 

have been prepared to polymerize hydrophilic monomers in protic solvents.  Also, a key feature 

of the RAFT mechanism is that the resulting polymer is retains the functionality of the RAFT 

agent on both ends.  The R group, which initiates the polymerization, is on one end and the 

thiocarbonylthio functionality, with the Z group, is on the other.  This allows for the preparation 

of block copolymers and/or the ability to include desirable end group functionality.  It should be 

noted that often times, it is desirable to eliminate the thiocarbonyl group as this functionality may 

have undesirable odor and color.   Therefore desired end group functionality should be 

incorporated into R group as the Z group would be removed with the thiocarbonylthio 

functionality.   

In addition to complete removal of the Z group, several reactions are available to add end 

group functionality post-polymerization (Scheme 2.10).  One post-polymerization technique of 

interest to the present work is the transformation of the thiocarbonylthio functionality to a thiol, 

either by reaction with nucleophiles or with ionic reducing agents.  The thiol end group 

functionality can then be used for attachment of the synthesized polymer to a variety of inorganic 

surfaces which will be described further in subsequent sections.   
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Scheme 2.10:  End-group modifications available for a RAFT-synthesized polymer.
124

 

2.5 Surface Functionalization of Inorganic Nanocrystals 

As previously discussed, when considering hybrid photovoltaics, the surface chemistry of 

the inorganic nanocrystals plays an important role in determining the morphology of the BHJ 

active layer.  While replacing long-chain, insulating ligands used for synthesis with shorter, more 

volatile ligands allows for more intimate contact between the polymer and the nanocrystal, 

control over the morphology and the dispersion of nanocrystals within the polymer is difficult to 

maintain.  As described previously, the removal of the small ligands during thermal annealing 

caused aggregation of the nanocrystals in the polymer film.  While this slightly improved 

performance, it must be kept in mind that the larger donor/acceptor domain sizes that result from 

nanocrystal aggregation favor charge transport to the detriment of charge transfer.  Balancing 

domain size to maximize both processes is essential for optimal device performance with a BHJ 

active layer.  The use of functional polymers that can interact with the nanocrystal surface allows 

for intimate contact between the polymer and the nanocrystals while also stabilizing the 

nanocrystal surface.  This surface modification approach controls nanoparticle dispersion and 

limits aggregation.    

There are several strategies to employ functional polymers to improve dispersion and 

donor/acceptor contact.  One method to avoid nanocrystal aggregation after the removal of 

pyridine (or other small ligand) is the use of functional polymers in device fabrication.  The 
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addition of functional groups, suitable for interaction with inorganic nanocrystals such as those 

previously described, allows the polymer to aid in nanocrystal stabilization as the pyridine is 

removed.  This method provides enhanced miscibility of the nanocrystals in the polymer solution 

and creates the intimate contact between the polymer and the nanocrystal necessary for efficient 

charge transfer.
162

  This concept was demonstrated with P3HT/CdSe nanorod (30 x 7 nm) hybrid 

devices by comparing P3HT with an amine end-group functionality to as synthesized P3HT with 

a bromine end group.
162

  The P3HT-amine demonstrated much better nanoparticle dispersion and 

thus achieved better performance with a peak efficiency (1.6%) at 40% CdSe loading. The 

unfunctionalized P3HT, which demonstrated larger phase segregated domains,  had a much 

lower peak efficiency (0.6%) despite higher CdSe loading (65%).
162

  Further, Chen and co-

workers used this method to obtain the record hybrid efficiency for CdTe hybrid devices with 

monoaniline-capped PCPDTBT and CdTe tetrapods.
49

  Again, the amine functionality served to 

stabilize the CdTe during annealing, which removes the pyridine from the surface of the 

tertrapods. 

 

 

Figure 2.14:  General strategies for preparing polymer modified nanoparticles (top to bottom): 

‘grafting to’, ‘grafting from’ and in-situ. Adapted from 
163
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Another effective strategy is to modify the nanocrystals with the end-functionalized 

polymers prior to incorporation into the BHJ active layer. There are three general strategies for 

preparing polymer modified nanoparticles as depicted in Figure 2.14.  The first method utilizes a 

’grafting to’ mechanism, in which the nanoparticles and the polymer are synthesized separately 

and the polymer is attached to the nanoparticle surface, replacing the stabilizing ligand used in 

the nanoparticle synthesis.  Secondly, the surface of the nanoparticle is functionalized such that 

the polymer is grown from the nanoparticle surface in a ‘grafting from’ mechanism.  Finally, the 

polymer is used the stabilizing ligand for in-situ nanoparticle synthesis, removing the ligand 

exchange reaction altogether.     

The first two methods involve grafting polymer chains to or from previously synthesized 

nanoparticles.  As nanoparticles are generally synthesized with stabilizing ligands, a ligand 

exchange step is necessary.  The same functional groups are utilized as previously discussed with 

the surface functionalization of inorganic nanoparticles.  However, in the present case, the 

functional group used for attachment is incorporated into the polymer chain, typically as the 

polymer end group.   

In the first method, the ‘grafting to’ method, the polymer must have end group 

functionality suitable for attachment to the inorganic surface in order to replace the stabilizing 

ligands.  The grafting density is difficult to control as the active end group must diffuse to the 

nanoparticle surface, a process that slows as the grafting density increases.
164

  Therefore, the 

grafting density is closely coupled with molecular weight where higher molecular weight 

polymers have lower grafting densities.  Further, the number of chains per particle is not constant 

and the distribution of chains per particle becomes larger as the polymer size increases relative to 

the size of the nanoparticle.
165

  However, this method may be the most facile and broadly 

applicable method as there is no need for optimizing compatible synthetic conditions and the 

nanoparticles and polymer can each be characterized thoroughly prior to functionalization.  

However, modifying nanocrystal surfaces with large molecular weight polymers may not be 

necessary for efficient electronic coupling between the matrix polymer and the nanocrystals.  

Alivisatos, Frechet and co-workers demonstrated effective electronic coupling between CdSe 

nanocrystals (4 nm) with phosphonic acid functionalized oligothiophenes of five or more 

units.
166

 While the functionalized particles were not used for devices, it was postulated that such 

modified particles could enhance the coupling between P3HT and the nanocrystals in a device or 
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the coated particles could act as devices on their own.  This concept was demonstrated by 

building a device, with 0.3% efficiency, in which the active layer thin film is comprised of neat 

CdSe nanocrystals with oligiothiophene dendron structures with phosphonic acid end groups 

attached.
167

  Further, the photovoltaic activity of just one P3HT coated ZnO nanowire gave an 

efficiency of 0.04%.
168

  Recently, ZnO nanowires were functionalized using oligothiophenes 

with carboxylic acid end groups and incorporated into P3HT for hybrid devices.
169

  As predicted 

by previous work,
166

 the functionalized nanocrystals demonstrated much better dispersion in the 

polymer matrix than unfunctionalized nanocrystals resulting in higher device efficiency (1.19% 

compared to 0.54%).
169

 

Similar to the ‘grafting to’ method, the ‘grafting from’ method also relies on the ability to 

replace the stabilizing ligand on a synthesized nanoparticle.  However, with this method, the 

nanoparticle surface is functionalized such that the polymer grows from the nanoparticle surface.  

Rather than a bulky polymer chain, in this mechanism the monomer diffuses to the nanoparticle 

surface, allowing for the decoupling of grafting density and molecular weight.  Higher and more 

uniform grafting density can be achieved, even with large molecular weight polymers.   

However, the polymerization must be compatible with the nanoparticle medium and is limited to 

chain growth techniques such as anionic polymerization, ATRP or RAFT with low amounts of 

termination in order to prevent cross-linking between particles.  Synthetic procedures for 

conjugated polymers are not compatible with these requirements as most proceed by a step 

growth mechanism.  P3HT is one exception as the polymerization does proceed by a chain 

growth mechanism.  However, though progress has been made in developing a method for P3HT 

polymerization using an external initiator, these systems are not yet efficient or robust enough 

for this method to be applied to preparing well-defined block copolymers.
140-142

  Therefore, a 

‘grafting from’ approach to form nanocrystals modified with conjugated polymers has yet to be 

realized.   

In the in-situ method, the nanoparticle is synthesized in the presence of the polymer, 

which serves to stabilize the growing nanocrystal.  This method is especially attractive for hybrid 

solar cells as common stabilizing ligands are insulating, long chain alkanes that must be 

replaced, requiring extra processing, at time several steps, before the nanocrystals can be utilized 

in the device.  Nanocrystals that have been prepared in-situ in a conjugated polymer matrix 

include ZnO,
56, 77, 170

 TiO2,
171, 172

 CdS,
46

 PbS,
50, 173-175

 and CuInS2.
62, 176

  Typically, the polymer is 
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mixed with the nanocrystal precursors and the nanocrystals can be grown in the cast polymer 

film,
56, 73, 77, 170-172

 or in solution prior to film formation.
46, 50, 173-175

  The earliest examples of 

growing nanocrystals in conjugated polymers for hybrid devices were metal oxides.  Blends of 

MDMO-PPV and a titanium precursor were cast as a film and allowed hydrolysis in the air to 

form the TiO2.
171

  These devices demonstrated limited efficiency (0.2%) as the TiO2 was 

amorphous, not crystalline.  An annealing temperature of 400 
o
C is necessary to achieve a 

crystalline TiO2 structure, which the polymer matrix could not withstand.
171

  ZnO was then used 

to replace TiO2 as crystalline ZnO requires only 110 
o
C annealing temperatures and thus higher 

efficiency (1%) was obtained.
77

  However, it was noticed that MDMO-PPV was not completely 

stable with the zinc precursor, diethyl zinc, which could react with the trans vinyl bonds on the 

polymer backbone.
170

  Therefore, when MDMO-PPV was replaced with P3HT an efficiency of 

1.4% was achieved.  By optimizing the film forming properties, the highest efficiency for a 

P3HT/ZnO device is 2.2%.
56

  To improve interaction with the in-situ generated ZnO, a random 

copolymer of P3HT with 30% of an ester side chain was used.
177

  The resulting films 

demonstrated much better dispersion of the ZnO in the polymer matrix.  However, the efficiency 

was less than that of the same method with P3HT homopolymer.  The lower efficiency was 

attributed to the too fine domains due to enhanced dispersion of ZnO.  Lack of connectivity of 

ZnO domains and the lower degree of crystallinity in the P3HT due to the inclusion of a 

functional side chain caused a decrease in charge mobility and thus lower device performance.
177

 

In addition to metal oxides, several metal chaclogenides have been prepared in a 

conjugated polymer matrix.  Generally, the nanocrystals are prepared in the polymer matrix in 

solution prior to film formation.  PbS nanocrystals have been prepared in MEH-PPV resulting in 

0.7% efficient device at about 60 wt% nanocrystal loading.
50

  In comparison, the most efficient 

PbS device is 3.8% using a lower band gap polymer, PDTPBT and 90 wt% nanocrystal 

loading.
52

  CdS nanorods were grown in P3HT in solution and prepared devices were 2.9% 

efficient.
46

  The proposed mechanism (Figure 2.15) involves the coordination of Cd
2+

 to the 

sulfur on the thiophene ring which allowed for directional nanoparticle growth.  The nanorod 

length increased with increasing Cd precursor concentration.  Further, the solvent choice also 

affected the nanoparticle dimensions as the solvent choice determines the conformation of P3HT 

in the solution.
46

  In order to design a system easier for large scale fabrication, Haque and co-

workers developed a system using cadmium xanthate, which is air stable and decomposes into 
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volatile compounds so that no side products remain in the active layer.
178, 179

  Like the previously 

described metal oxide in-situ methods, the nanocrystals were grown in the polymer film, which 

requires less processing steps than growing the nanocrystals in solution prior to casting the film.  

The devices of P3HT with CdS nanocrystals initially demonstrated a power conversion 

efficiency of 0.72%,
179

 which was improved upon to 2.2% by optimizing annealing 

procedures.
178

 

 

Figure 2.15:  Growth of CdS nanorods in P3HT.  From Ref 
46

 

2.6 Nanoparticle dispersion in block copolymers 

With the ability to prepare well-defined P3HT rod-coil block copolymers, films with 

periodically ordered domains on the nanoscale can be achieved.   The next step is controlled 

incorporation of an inorganic nanocrystal acceptor into the phase-separated polymer matrix.  

Ideally, the nanocrystals would be incorporated exclusively into one phase or at the interface 

between the two phases so as to approach the ideal ordered heterojunction morphology (Figure 

2.8).  As described previously, the surface of nanocrystals determines solubility, in both solvents 

and in the polymer matrix.  As phase separation of block copolymers relies each block having 

chemistries sufficiently different enough to drive the nanoscale segregation, it stands to reason 

that the surface chemistry of the nanocrystal can be adjusted to provide favorable interactions 

with just one block.  There are two primary ways to incorporate nanoparticles exclusively into 

one domain of a block copolymer matrix.  The first is to modify the nanoparticle surface such 

that it preferentially interacts with one domain.  The second is to grow the nanoparticle in-situ 

into one of the domains in a similar fashion to that described for growing nanoparticles in a 

homopolymer matrix.   
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When adding nanoparticles to a block copolymer film, the spatial distribution depends on 

the size, concentration and interfacial interaction of the nanoparticles in the matrix.
180

  

Simulations have demonstrated that a particle, treated as a solid sphere, can be incorporated 

exclusively into one domain of an AB block copolymer.
181

  The particle was treated as identical 

to the A block by setting the Flory-Huggins parameter for the particle P to zero (AP = 0) causing 

the particle to be preferentially located in the A domain.
181

  In practice, this can be demonstrated 

by functionalization of the nanoparticle surface to prefer a specific domain of a block copolymer 

phase separated structure.  For example, an amphiphilic block copolymer poly(styrene)-b-poly(4-

vinylpyridine) (PS-b-P4VP) with a symmetrical block ratio has one hydrophobic block (PS) and 

one hydrophilic block (P4VP).  Gold (Au) nanoparticles with a hydrophobic surface were 

incorporated into the PS domain and CdS nanoparticles with a hydrophilic surface were 

incorporated into the P4VP domain.
182

  When the simulations were conducted in which the 

particle had equal interactions with both blocks, the particle assembled at the lamellar interface 

without disturbance to the morphology.
183

  In experimental results, nanospheres were 

incorporated at the lamellar interface of a block copolymer by surface modification of the 

nanoparticles with the block copolymer 
184

 or with a mixture of the two homopolymers of the 

block copolymer.
185

  Hashimoto and co-workers controlled the location of Pd (4-5 nm) in poly(2-

vinylpyridine)-b-poly(isoprene) (P2VP-b-PI).  Particles coated with P2VP assembled at the 

center of the P2VP lamellar while particles coated with the P2VP-b-PI were located at the 

interface as seen in Figure 2.16a&b.
184

  Further gold nanospheres (3.9 nm) modified with PS 

assembled exclusively into the PS domain of the symmetrical PS-b-P2VP, while modification of 

the particle surface with 80:20 PS:P2VP homopolymers resulted in the particles assembling at 

the lamellar interface as seen in Figure 2.16c-f.
185

   

In addition to interfacial interactions, the size of the nanoparticles has a role in 

determining the spatial distribution of nanoparticles.  Considering particles that have a surface to 

favorably interact with one domain in a lamellar block copolymer, larger particles assembled into 

the center of the lamellae while smaller particles were found at the interface between the two 

blocks.
181

  This principle was demonstrated by Bockstaller et al by incorporating two different 

types of nanoparticles into the same domain of a symmetric poly(styrene)-b-poly(ethylene 

propylene) (PS-b-PEP).
186

  The nanoparticles, both of which were surface functionalized to 

prefer the PEP domain, assembled according to size with the silica nanoparticles (21.5 nm) 
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assembled in the center of the PEP lamellar and the smaller gold nanoparticles (3.5 nm) 

assembled at the interface and shown in Figure 2.16g.
186

 For polymer modified nanoparticles it is 

important it consider the polymer molecular weight, as it affects the size of the nanoparticle.  For 

homopolymer films, it was found that particles coated with larger molecular polymers had better 

dispersion in the polymer matrix.
187

 However, when the same particles were dispersed into block 

copolymer films, the smaller molecular weight coated particles had the best inclusion into the 

polymer matrix while those coated with large molecular weight polymers resulting in 

aggregation and disruption of the film microstructure. 
187, 188

 

 

 

Figure 2.16: Cross-sectional TEM images of nanoparticle distribution in block copolymer films. 

(a) P2VP coated & (b) P2VP-b-PI coated Pd nanoparticles (4-5 nm) in P2VP-b-PI films. From 

ref 
184

  (c) PS-coated Au nanoparticles in PS-b-P2VP & (d) corresponding histogram; (e) PS and 

P2VP coated Au nanoparticles in PS-b-P2VP & (f) corresponding histogram. From ref 
185

 (f) 

Silica and Au nanoparticles in PS-b-PEP. From ref 
186
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However, as seen in the TEM images (Figure 2.16), all of the above examples use a very 

small amount of nanoparticles, about 3% by volume or less.  Further, the effect on the block 

copolymer phase separation must be considered.  In simulations, as the concentration of particles 

increased, the nanoparticle enriched domain grew due to the size exclusion of the incorporated 

nanoparticles resulting in phase transitions – ultimately to a disordered state.
180

  One of the first 

experimental demonstrations of this was by Wei, Liang and co-workers who studied the effect of 

increasing the concentration of CdS quantum dots (2.5 nm) on PS-b-poly(ethylene oxide) 

(PEO).
189

  The CdS were modified to prefer the PEO block, which was a minority phase at fPEO = 

0.11.  The neat block copolymer phase separated into hexagonally packed cylinders.  Yet, even 

at low concentrations of CdS (about 2.7 vol% of the PEO domain), the phase separation was 

altered to resemble spherical cubic domains.
189

  Increased concentrations of CdS in a PS-b-PEO 

lamellar structure (43 wt% of PEO) resulted in complete destruction of the nanostructure.
190

  

Similar results were achieved by the same group with the incorporation of CdS (3.5 nm) with a 

preference for poly(4-vinyl pyridine) (P4VP) into PS-b-P4VP.
191

  The neat block copolymer had 

a hexagonally packed cylinder structure which transformed into a lamellar structure at 7 wt% 

CdS to the P4VP domain.  However, up to 28 wt% of CdS in the P4VP, the lamellar structure 

was maintained, though distorted as seen in Figure 2.17.
191

 

 

Figure 2.17: Scheme of morphological phase changes with increased CdS in PS-b-P4VP.  From 

ref 
191

 

Just as in homopolymers, inorganic nanoparticles can be incorporated into block 

copolymers by in-situ methods.  One early method was the preparation of metal containing 

monomers that were utilized to make block copolymers and then reduced in the phase separated 

film to make ordered lamellar, cylindrical and spherical structures of palladium and platinum 
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nanoparticles (2 – 12.5 nm) in a polymer matrix.
192

  A higher density of particles was achieved 

as there was one metal ion for each monomer unit of the minority block.
192

  To avoid the 

synthesis of special, metal-containing monomers, methods were developed to use block 

copolymers where one block can coordinate with metal ions such as PS-b-P2VP.
193-195

  However, 

the silver ions were incorporated into the P2VP domains after several steps involving 

crosslinking the P2VP by quaternization and swelling the film.  Further, the reduction in the film 

had bi-products that required extensive cleaning procedures.
195

  By coordinating various metal 

salts to P2VP in P2VP-b-PEO, micelle formation was induced.
196

  With reduction, Au, 

palladium, platinum, and ruthenium nanoparticles were synthesized in the micelle core.  The 

metal salt can also be incorporated into the block copolymer after film formation.  Au salts were 

incorporated into the P4VP domains of a symmetric PS-b-P4VP and subsequently reduced.
197, 198

  

Very high loadings of Au nanoparticles were observed in cross-sectional TEM as seen in Figure 

2.18.  The volume fraction of Au nanoparticles increased with salt concentration and dwell time 

which resulted in an increase of the lamellar thickness.
197

 

 

 

Figure 2.18: Cross-sectional TEM of Au nanoparticles generated in-situ in PS-b-P4VP.  From 

ref 
197

 

Nanocomposites consisting of organized nanoparticles in block copolymer domains have 

been extensively studied.  While controlled distribution of semiconducting nanoparticles has 

been achieved in coil-coil block copolymers,
189, 199-203

 there has been little work applying these 

principles to hybrid photovoltaics. P3HT-b-PEO block copolymers have been used to make 

organized films with ZnO
204

 and TiO2
205

, the efficiency of the resulting devices were less than 

1%.  Much work must be done in order to better understand these devices and apply these 

structures to a wider range of inorganic nanoparticles.   
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2.7 Conclusions 

The preparation of well-defined systems is essential to better understand the processes 

that govern charge separation and charge transport in the active layer in order to improve overall 

device performance of hybrid photovoltaics.  As the phase separation of block copolymers can 

be utilized to provide the necessary film architectures of well-defined nanostructures with long 

range order, smart material synthesis and accurate definition of prepared systems is of paramount 

importance moving forward.  In order to gain a better understanding into the phase behavior of 

conjugated rod-coil block copolymer systems, which is significantly different from that of their 

coil-coil counterparts, the overall composition of the prepared polymers must be well-defined.  

P3HT is a commonly used conjugated polymer that can be prepared via a controlled chain-

growth polymerization thus providing predictable molecular weights, a narrow molecular weight 

distribution, and end-group control.  The ability to modify the P3HT end group affords the 

opportunity to prepare P3HT with a variety of end group functionalities, some of which can be 

utilized to make block copolymers.  One method to achieve P3HT block copolymers is to 

synthesize a P3HT macroRAFT agent capable of preparing a variety of P3HT rod-coil block 

copolymers in a ‘grafting from’ approach.  The combination of two controlled polymerization 

techniques leads to a well-defined block copolymer system. 

The incorporation of inorganic nanocrystals into the block copolymer films adds a level 

of complexity to achieving the goal of highly ordered film architectures.  Changing the surface 

chemistry of the synthesized nanocrystals affords some control over how the nanocrystals 

interact with the polymer matrix and thus can be utilized to control the dispersion of nanocrystals 

in polymer matrices – both homopolymers and block copolymers.  There are a variety of 

methods to modify the surface of nanocrystals.  One of the most commonly used methods is to 

perform a ligand exchange reaction to replace the stabilizing ligands used during nanocrystal 

synthesis.  Replacing the ligands used during synthesis is of particular importance for hybrid 

photovoltaics as the ligands are often insulating and inhibit both charge transfer and charge 

transport.  In order to avoid ligand exchange procedures, which are often relatively rigorous and 

require multiple steps, polymer/nanocrystal composites can be prepared by in-situ growth of the 

nanocrystal in the polymer matrix.  In-situ growth can be performed in either a homopolymer or 

block copolymer matrix.  However, the polymers utilized must be compatible with the 
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procedures for nanocrystal growth.  This process is a more direct method to provide hybrid 

nanocomposites that may be viable materials for hybrid photovoltaics.   

In this body of work, we present a new P3HT macroRAFT agent that is utilized to 

prepare a variety of P3HT rod-coil block copolymers.  In order to move forward with well-

defined systems, the RAFT polymerization kinetics are monitored to ensure the effectiveness of 

the P3HT macroRAFT agent.  The resulting polymers are extensively characterized and the 

merits of each characterization technique are addressed in order to provide a more realistic 

portrayal of the prepared block copolymer samples.  

The synthesized P3HT macroRAFT agent and block copolymers are utilized to prepared 

hybrid nanocomposites by two different approaches.  The first approach is to perform a ligand 

exchange procedure to modify Au nanoparticles with P3HT and P3HT block copolymers. The 

thiocarbonylthiol end group of the P3HT macroRAFT agent and the P3HT block copolymers 

was reduced to a thiol to allow for attachment to Au nanoparticles.  The reduction to provide 

thiol-terminated P3HT polymers was possible because the P3HT is incorporated into the R group 

of the RAF agent.  While Au nanoparticles are not useful for photovoltaic applications, the 

surface modification demonstrates the utility of the P3HT macroRAFT agent, which was used to 

modify the surface with P3HT homopolymer and used to modify the surface with P3HT block 

copolymers.  The second approach for the preparation of P3HT hybrid nanocomposites is the in-

situ growth of CdS in P4VP block of P3HT-b-P4VP.  The CdS nanocrystals are grown by adding 

the CdCl2 precursor in methoxyethanol to a solution of P3HT-b-P4VP and then bubbling with 

H2S gas.  It is concluded that a majority of the CdS growth in the P3HT-b-P4VP is confined to 

the P4VP block.    The preparation of these hybrid nanocomposites demonstrates the utility of 

the P3HT macroRAFT agent and the subsequently prepared P3HT rod-coil block copolymers.   
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CHAPTER 3 

RAFT POLYMERIZATION KINETICS AND POLYMER CHARACTERIZATION OF P3HT 

BLOCK COPOLYMERS 

3.1 Introduction 

Though organic solar cells have great potential in low cost renewable energy 

applications, device efficiency has been limited by inefficient charge separation and 

recombination.
206

  Efficient charge separation is dependent on a large interfacial area with 

intimate contact between the donor and the acceptor, which is achieved using a bulk 

heterojunction (BHJ) active layer.
207

  While BHJs provide a large interfacial area between the 

donor and acceptor, the inherently random morphology makes clear pathways for charge 

transport difficult to maintain.  As such, the processing conditions of each system must be 

optimized to provide a morphology where the domain size is balanced for efficient charge 

separation and charge transport, which causes difficulty when accessing the potential of new 

materials.  In addition, the random nature of the BHJ causes variation in film morphology from 

film to film as well as system to system and, again, makes it difficult to ascertain the 

fundamental principles that control charge separation.  Therefore, control over film architecture 

at the nanoscale is essential not only to improve charge separation and charge transport but also 

to allow for a better understanding of the factors that govern their mechanisms.   

Block copolymers have been proposed as a means for providing the film architectures 

necessary for organic electronic applications.
84

  Block copolymers consist of two or more 

covalently bonded different polymer blocks that, in many cases, form self-assembled structures 

in solution and films due to the immiscibility of the two distinct blocks.  The phase morphology 

can be varied depending on block copolymer composition, i.e. the relative ratio of the two blocks 

and the overall molecular weight.  The domain size of the resulting phase separated film 

architecture can be similar to the exciton diffusion length and thus provides the large interfacial 

area that is necessary for efficient charge separation for organic photovoltaics.  The periodic 

order of the domains over large areas provides uninterrupted pathways unlike the random 

structures of BHJs.  Conjugated, semiconducting polymers are more rigid due to -conjugated 

interactions and thus are referred to as having rod-like behavior.  Rod-coil block copolymers, in 
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which one block has a rigid, conjugated polymer backbone and one block has a coil-like aliphatic 

backbone, have distinctly different phase morphologies than a block copolymer with two coil 

blocks.  While there have been experimental
87, 91, 92

 and theoretical studies
94, 208, 209

 on the phase 

behavior of rod-coil block copolymers, they have been studied much less extensively than the 

coil-coil counterparts.  Experimental studies require careful and sometime rigorous synthetic 

procedures to prepare well-defined rod-coil block copolymers.  Each block must be prepared via 

a polymerization technique that allows for control over molecular weight and provides narrow 

molecular weight distribution to achieve consistent order of the film morphology.  Furthermore, 

extensive and accurate block copolymer characterization is necessary as block copolymer 

composition is critically related to phase morphology.   

Poly(3-hexylthiophene) (P3HT) is an important conducting polymer due to its desirable 

mechanical properties, high conductivity, and ease of synthesis. The synthesis of defect-free 

regioregular P3HT via Kumada cross-coupling polymerization utilizing organometallic 

monomers and a transition metal catalyst has allowed for improved photonic and electronic 

properties.
108, 110, 111, 114

   This method was further developed into McCullough’s Grignard 

metathesis (GRIM) polymerization, with the metathesis reaction referring to the in-situ 

preparation of the organometallic monomer.
105, 118

 Further investigation revealed that the 

polymerization proceeds via a chain growth mechanism,
122, 123

 which allows for well-defined 

polymer architectures and facile in-situ end group capping by the addition of a Grignard reagent 

(RMgX).
128, 129

 The ability to synthesize P3HT with controlled molecular weight, a narrow 

molecular weight distribution, and end group control allows access to P3HT block copolymers 

that may phase separate into ordered films provided that the second block is immiscible with the 

first block.  In addition, if control over the phase-separated morphology is required, then the 

second block must also be synthesized via a well-controlled polymerization to ensure control 

over the overall block copolymer composition and molecular weight. 

Generally, there are two approaches to synthesizing P3HT block copolymers – ‘grafting 

to’ and ‘grafting from’.  The ‘grafting to’ approach entails the synthesis of each block separately 

with reactive end groups to allow for an efficient coupling reaction.  Example methods include 

click chemistry
136, 137

 and anionic coupling.
138, 139

  While this method provides a relative ease of 

characterization as each block can be characterized prior to the coupling reaction, the coupling 

reaction must be extremely efficient and can prove difficult with larger molecular weight 
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polymers.  The ‘grafting from’ approach involves the synthesis of a macroinitiator such that the 

second block is grown from the first polymer block.  Though progress has been made in 

developing a method for P3HT polymerization using an external initiator, these systems are not 

yet efficient or robust enough for this method to be applied to preparing well-defined block 

copolymers.
140-142

  Consequently, the ‘grafting from’ approach is achieved by growing the 

second block from a P3HT macroinitiator.  This method has been utilized with a wide variety of 

polymerization techniques, including atom transfer radical polymerization (ATRP),
135, 143-146

 

reversible addition-fragmentation chain transfer (RAFT) polymerization,
147-149, 210

 nitroxide 

mediated polymerization (NMP),
149-151

 ring opening metathesis polymerization (ROMP)
152, 153

 

and anionic polymerization
90

 techniques.  In each of these living polymerization techniques, the 

molecular weight is determined by the ratio of monomer to the macroinitiator and, in many 

cases, the polymerization technique results in a narrow molecular weight distribution of the 

second block.  Thus, aliquots can be removed over the lifetime of the polymerization such that 

varying block copolymer compositions can be achieved with one reaction.  Therefore, 

investigations concerning the effect of phase morphology, which is determined by block 

copolymer composition, on relevant optical and electronic properties can be conducted with 

greater ease and consistency. 

RAFT polymerization is a living radical technique that produces well-defined polymers 

with predictable molecular weight and narrow molecular weight distributions.
154

  RAFT 

polymerization arguably has the best functional group tolerance and thus can polymerize a wide 

variety of vinyl monomers.  Furthermore, RAFT does not require a transition metal catalyst 

which must be removed post-polymerization and can remain in trace amounts.  Finally, the 

RAFT agent dictates the polymer end group and can be used for facile attachment to a variety of 

inorganic surfaces.
155

 To retain the thiocarbonylthio end-group functionality, the macroRAFT 

agent must be designed such that the P3HT is incorporated into the R group of the RAFT agent.  

In addition, the synthesis of a macroRAFT agents in which the P3HT is part of the R group, 

rather than the Z group provides a polymerization mechanism that more closely follows a 

‘grafting to’ approach rather than the desired ‘grafting from’ approach.
211

    

Herein we describe the synthesis of a novel P3HT macroRAFT agent that was designed 

to maintain a trithiocarbonate end group after the preparation of a block copolymer via 
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attachment of the P3HT to the R-group of the RAFT agent.  There have been few reports of 

P3HT block copolymers prepared via RAFT as part of the R group that demonstrate the 

applicability of the technique.
210, 212, 213

  Rajaram et al synthesized P3HT block copolymers with 

perylene derivatives to be used as compatibilizers.
213

  Chen et al reported a variety of conjugated 

rod-coil block copolymers in which the conjugated segment is incorporated into the R group of 

the RAFT agent.
210

  However, the polymerization kinetics of the macroRAFT agents were not 

reported in addition to the lack of detailed characterization of the resulting block copolymers.  

Direct quantification of the RAFT polymerization is necessary to obtain reproducible block 

copolymers with predictable molecular weights and narrow molecular weight distributions and 

yet an in-depth analysis of the RAFT polymerization kinetics is lacking in prior reports.   The 

difficulty in defining these systems is the necessity to accurately and reliably characterize the 

block copolymers.  The present work seeks to build on prior work of preparing rod-coil block 

copolymers using P3HT macroRAFT agents by an in-depth analysis of the RAFT polymerization 

kinetics.  To define these systems, a thorough understanding of some of the factors that make 

determination of block copolymer composition and molecular weight for P3HT block copolymer 

challenging is necessary.  We propose to develop and recommend the best methods to accurately 

characterize these block copolymers in order to better define the RAFT polymerization and thus 

providing increased understanding of the overall P3HT rod-coil block copolymer systems.   

3.2 Experimental 

3.2.1 Materials.  Dichloromethane (DCM), tetrahydrofuran (THF), sodium hydroxide (NaOH), 

and hydrogen peroxide (30% v/v) were purchased from Mallincknodt, Inc.  N-bromosuccinimide 

(NBS) was purchased from Alfa Aesar and diethyl ether was purchased from Fisher Scientific.  

All other chemicals were purchased from Sigma Aldrich.  Magnesium turnings were dried in a 

150 
o
C oven overnight prior to use.  THF was distilled in a Pure Solv solvent purifier.  Styrene 

and tert-butylacrylate were passed through a column of basic alumina hydroxide to remove the 

inhibitor.  2,2’-azobis(2-methylpropionitrile (AIBN) was recrystallized twice in methanol, dried 

overnight in a vacuum oven at 40 ºC, and stored in a freezer prior to use.  All other solvents and 

reagents were used as received. 

3.2.2 Instrumentation.  Gel permeation chromatography (GPC) was used to determine 

molecular weights and molecular weight distributions, in THF with a flow rate of 1.0 mL/min 
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with Viscotek GPC pump; PLgel 5um MIXED-C and MIXED-D columns: molecular weight 

range 200-2,000,000
 
and 200-400,000 g/mol (polystyrene (PS) equivalent), respectively.  P3HT 

copolymer molecular weights were calculated with respect to PS standards.  
1
H NMR spectra of 

the polymers were obtained on a JEOL ECA 500 NMR spectrometer and data obtained was 

manipulated in the Delta software.  Sample concentrations were 5% (w/v) in deuterated 

chloroform (CDCl3) containing 1% tetramethylsilane (TMS) as an internal reference.  For 

matrix-assisted laser desorption/ionization time of flight (MALDI-TOF), spots were prepared 

using a sandwich fashion consisting of 1 L of matrix (30 mg/mL of dithranol in THF), 1 L of 

sample (1 mg/mL of P3HT in THF), and 1 L of matrix.  Mass spectrometric measurements 

were conducted using a Bruker Ultraflextreme MALDI-TOF mass spectrometer (Bruker 

Daltonics Billerica, MA) equipped with a 355 nm Nd:YAG laser in the reflectron mode. Spectra 

were obtained with 25 kV accelerating voltage, 75% grid voltage, and 10 ns acceleration delay. 

Spectra were collected for each analysis as 500 shot composites at a sampling frequency of 1 

kHz using automated laser rastering.  Data was processed using Bruker FlexAnalysis, which was 

also used to create a peak list.  The peak list was uploaded into Bruker PolyTools software, 

which identifies the monoisotopic peaks and gives molecular weight and end group information 

for each population within the polymer distribution.  However, the molecular weight reported 

here were found by importing the MALDI spectrum into Microsoft Excel and calculating the 

molecular weight based on the entire spectrum.  The UV-vis was performed on a Beckman 

Coulter DU 800 UV-Vis spectrophotometer using a scanning wavelength method from 200 – 

1000 nm.  Graphs were prepared in Microsoft Excel. 

3.2.3 Synthesis of 2,5-dibromo-3-hexylthiophene (1).  Magnesium turnings (5.75 g, 0.237 mol) 

and diethyl ether (125 mL) were added to a dry 250 mL Schlenk flask and placed in an ice bath.  

Bromohexane (31.56 g, 0.191 mol) was slowly added and the solution was stirred for 2 h under 

N2 gas.  The solution was transferred to an addition funnel fitted to a flask containing 3-

bromothiophene (25 g, 0.153 mol), 1,3-bis(diphenylphosphino)propane nickel(II) dichloride 

(Ni(dppp)Cl2) (0.43 g, 0.001 mol), and 60 mL of diethyl ether.  The flask was cooled to 0 
o
C and 

the Grignard reagent was added dropwise.  The reaction was stirred at room temperature under 

N2 for 3 days.  The reaction mixture was slowly added to dilute HCl solution, washed 3 times 

with water, dried with sodium sulfate and filtered.  The solvent was removed and the crude 

product was distilled to produce a colorless liquid.  The purified product (25 g, 0.149 mol) was 
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added to a dried 500 mL Schlenk flask with NBS (50 g, 0.281 mol), acetic acid (200 mL) and 

DCM (200 mL).  The solution stirred for 18 h under N2.  The reaction mixture was washed 5 

times with water, 5 times with saturated sodium bicarbonate, dried over sodium sulfate, and 

filtered.  The solvent was removed and the resulting oil was further purified by column 

chromatography with hexanes as an eluent and then distilled twice to produce a yellowish oil. 

(32g, 65%)  
1
H NMR (400 MHz, CDCl3):   6.8 (s, 1H), 2.5 (t, 2H), 1.6 (m, 2H), 1.2-1.4 (m, 

6H), 0.92 (t, 3H) 

3.2.4 Synthesis of allyl-terminated P3HT (2).  2,5-Dibromo-3-hexylthiophene (9.1 g, 0.028 

mol) was added to a 500 mL flask and exposed to three vacuum/purge cycles.  Freshly distilled 

THF (50 mL) and 2.0 M tert-butylmagnesium chloride (14 m L, 0.028 mol) were added to the 

flask. The solution was allowed to stir under N2 for 24 h. Additional THF (200 mL) was added 

and Ni(dppp)Cl2 (0.28 g, 0.52 mmol) was added as a suspension in THF.  After 10 min the 

polymerization was quenched by the addition of allyl magnesium bromide (2.8 mL, 2.8 mmol) 

and allowed to stir for an additional 10 min. The allyl-terminated P3HT was precipitated in 

methanol and washed in the Soxhlet by methanol, hexanes and chloroform.  (Yield 70-75%) 

3.2.5 Synthesis of hydroxyl-terminated P3HT (3).  Allyl-terminated P3HT (2 g) was dissolved 

in THF (250 mL) under N2.  9-Borabicyclo[3.3.1]nonane (2.65 mL, 1.33 mmol) (9-BBN) was 

added and the solution was stirred for 24 h.  6 M sodium hydroxide (NaOH) (1.34 mL, 8.1 

mmol) was added and stirred for 15 min.  The reaction was returned to room temperature and 

hydrogen peroxide (30% v/v, 1.45 mL, 18.7 mmol) was added.  The reaction was stirred for 12 h 

at 40 
o
C and precipitated in methanol to recover hydroxyl-terminated P3HT. (Yield 90-95%) 

3.2.6 Synthesis of S-1-dodecyl-S’-(,’-dimethyl-”acyl chloride) trithiocarbonate 

(DACTC) (4).  The RAFT agent S-1-dodecyl-S’-(,’-dimethyl-”acetic acid) trithiocarbonate 

(DATC) was prepared via literature procedure.
214

  DATC (1.3 g, 3.6 mmol) was modified to the 

more reactive acyl chloride form by refluxing with thionyl chloride (1.3 mL, 17.9 mmol) for 2 h.  

The excess thionyl chloride was removed by vacuum and the product was used immediately 

without further purification.   

3.2.7 Synthesis of P3HT macroRAFT agent (P3HT-DATC) (5).  Hydroxyl-terminated P3HT 

(1.8 g) was dissolved in THF (250 mL) under N2 at 40 
o
C.  Pyridine (0.95 mL, 11.8 mmol) and 
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DACTC (1.3 g, 3.4 mmol) were added and the solution was stirred overnight at 40 
o
C.  The 

resulting polymer was precipitated in methanol, filtered and purified by soxhlet extraction with 

methanol.  (Yield 90-95%) 

3.2.8 General synthesis of P3HT block copolymers.  In general, P3HT–DATC (typically ~1.0 

g) was dissolved in trichlorobenzene (typically 3-6 mL) in a 100 mL Schlenk flask.  AIBN (8.8 

mg, 5.4x10
-2

 mmol) and monomer were added and the solution was exposed to three freeze-

pump-thaw cycles.  The reaction was stirred under N2 at 70 
o
C.  Aliquots were removed over 

time and dried under vacuum at 60 
o
C for 24 h to remove excess monomer and 100 

o
C for 24 h to 

remove remaining trichlorobenzene.  Specifically for P3HT block copolymers made with PS 

(P3HT-b-PS) the relative ratios were [styrene]:[P3HT-DATC]:[AIBN] = 600:1:0.2 and [M]0 = 

6.3 mol/L.  P3HT block copolymers made with poly(tert-butylacrylate) (PtBA) (P3HT-b-PtBA), 

the relative ratios of [tBA]:[P3HT-DATC]:[AIBN] = 400:1:0.4 and a monomer concentration of 

[M]0 = 2.3 mol/L were used.   

3.3 Results and Discussion 

 

Scheme 3.1. Synthesis of P3HT macroRAFT agent. 

In recent years there has been increasing interest in the development of organic solar 

cells. However, this interest has been tempered by inefficient charge separation and problems 

with recombination.
206

 One of the most promising approaches to overcome these issues has been 

the use of block copolymers as the domain size of the resulting phase separated film architecture 

can be similar to the exciton diffusion length and, thus, provides the large interfacial area that is 

necessary for efficient charge separation for organic photovoltaics.
78, 79

 Despite the promise of 

block copolymers for use in organic solar cells, many issues still remain before the true benefits 
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of these systems can be demonstrated. These issues include identifying polymerization 

techniques that can produce block copolymers where at least one block is a conducting polymer, 

provide controlled molecular weights and narrow molecular weight distributions, and offers 

versatility in regards to the different monomers that can be polymerized. Arguably the best 

polymerization technique to achieve these properties is RAFT polymerization using a ‘grafting 

from’ approach. The ‘grafting from’ approach involves the synthesis of a macroinitiator such that 

the second block is grown from the first polymer block. In this work we describe a new synthetic 

technique to prepare well-defined block copolymers of P3HT using RAFT polymerization. We 

also discuss the factors that make determination of block copolymer composition and molecular 

weight for P3HT block copolymers challenging and recommend the best methods to accurately 

characterize these block copolymers. 

3.2.1 Synthesis of P3HT-DATC macroRAFT agent.   

 

Figure 3.1. Spectra of allyl capped P3HT 2; (a) MALDI-TOF; (b) MALDI-TOF magnified to 

show range of DP = 35; (c) 
1
H NMR (500 MHz). 
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P3HT was synthesized using the Kumada cross-coupling polymerization method that was 

developed by the Rieke and McCullough groups.
108, 110, 111, 114

  The utilization of McCullough’s 

GRIM method allows for in situ end group functionalization by quenching the polymerization 

with a Grignard reagent.
118, 129

  In this work, allyl magnesium bromide was added at the end of 

the polymerization, which afforded allyl terminated P3HT 2 (Scheme 3.1).  The allyl end group 

was observed in 
1
H NMR (Figure 3.1) and the methylene protons e of the allyl end group (3.5, 

2H) were integrated to the aromatic proton d (6.9, 38H) on the thiophene backbone.  The result 

is the number of thiophene monomer units per end group and was taken as the average degree of 

polymerization (DP), then used to calculate the number average molecular weight (Mn).  The 

accuracy of the Mn calculated in this manner is dependent on the end-capping efficiency of the 

allyl magnesium bromide. If there are P3HT chains without the desired allyl end group, those 

thiophene units are still included in the average resulting in an overestimation of the Mn.  The 

end group efficiency was examined using MALDI-TOF analysis, which, in addition to providing 

molecular weight information, can be used to identify and quantify the end groups.  The 

MALDI-TOF spectrum showed three distinct populations corresponding to different end groups 

(Figure 3.1).  The majority of polymer chains had the expected bromine/allyl end group 

combination, while the second largest peak was attributed to hydrogen/allyl end groups.  The 

third and smallest peak corresponded to a hydrogen/bromine end group combination, which 

occur when the polymer chain does not react with the end-capping agent, allylmagneisum 

bromide, and is therefore quenched when the polymer solution is precipitated in methanol.  

Using Bruker Daltonic PolyTools to analyze the MALDI-TOF spectrum, an estimated amount of 

each population was obtained and the typical spectrum contained between 5-10% of the 

hydrogen/bromine end group combination. It is important to note that, while only a small portion 

of polymer chains have the hydrogen/bromine end group combination, the absence of the allyl 

end group means these polymer chains cannot be further functionalized by the described 

procedures to prepare P3HT-DATC and therefore cannot participate in the RAFT polymerization 

of the coil block.  Rather, these P3HT chains remain as homopolymer in the final block 

copolymer sample.  

Next the molecular weight of the P3HT was determined using GPC.  The results from 

GPC were larger than that determined by MALDI-TOF and 
1
H NMR.  However, it has been 

established that GPC overestimates the molecular weight of P3HT by a factor of 1.5-2.0 due to 
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the rigidity caused by the  interactions of the P3HT backbone when compared to the random 

coil of the PS calibration standards.
215

  However, GPC does provide information about the 

molecular weight distribution, which can also be determined using MALDI-TOF.  
1
H NMR only 

provides the Mn and does not provide molecular weight distribution.  It is important to 

understand the accuracy and limitations of each method to determine the molecular weight of 

P3HT as these issues carry over into the molecular weight and composition determination of the 

subsequently prepared block copolymers.  The Mn as determined by 
1
H NMR was the molecular 

weight of the P3HT homopolymer used to determine molar ratios in subsequent reactions as it is 

the most accurate, while the GPC results provided the molecular weight distribution. 

 

Figure 3.2. 
1
H NMR (500 MHz) expansion of the end group region for allyl (bottom), hydroxyl 

(middle) and DATC (top) terminated P3HT. 

The allyl end group was chosen for quenching the GRIM polymerization of 2,5-dibromo-

3-hexylthiophene because it provides a high yield of mono-capped P3HT
129

 and the alkene 

functionality allows for a variety of further end group functionalization and modification 

(Scheme 3.1).  The allyl end group was converted to a primary alcohol via hydroboration and 

oxidation as described previously in the literature
145

 and the reaction product was verified by 
1
H 
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NMR (Figure 3.2).  Briefly, the peaks related to vinyl protons ( 5.1, 2H and 6.0, 1H) and the 

methylene protons ( 3.5, 2H) were replaced by a new peak ( 3.8, 2H) corresponding to the 

methylene protons adjacent to the alcohol.  The conversion efficiency of this reaction was 

approximately 100%, as unreacted allyl end groups were not observed in MALDI or 
1
H NMR.  

The RAFT agent DATC was synthesized from published procedures
214

 and modified to the more 

reactive acyl chloride to enable efficient esterification with the alcohol end group of the modified 

P3HT.  The reaction was also followed by 
1
H NMR (Figure 3.2).  The alcohol was converted to 

an ester, resulting in a shift of the adjacent methylene protons (4.2, 2H) and peaks 

corresponding to the DATC ( 3.3, 2H) were also present.  As seen in the 
1
H NMR, a small 

amount of the hydroxyl-terminated P3HT remains after the esterification reaction.  While the 

peak ( 3.8, 2H) is too small for quantification, the P3HT chains with unreacted end groups are 

unable to participate in the subsequent RAFT polymerization.  These results demonstrate that the 

desired macroRAFT agent, P3HT-DATC 5 (Scheme 3.1), was successfully synthesized via end 

group functionalization of allyl-terminated P3HT as verified by 
1
H NMR.   The desired P3HT 

macroRAFT agent, in which the P3HT is incorporated into the R group of the RAFT agent 

allowing for retention of the thiocarbonylthio end group after the RAFT polymerization of the 

second block and a true ‘grafting from’ approach, was synthesized (Scheme 3.2).  The presented 

synthetic method allows for using P3HT in surface modification reactions as previous work has 

demonstrated that the thiocarbonylthio end group can be used for facile attachment to a variety 

of inorganic surfaces.
155

  Furthermore, the R group of the DATC results in a tertiary radical upon 

fragmentation during the RAFT polymerization.  The increased radical stability provided by the 

tertiary group allows for potentially greater control over the RAFT polymerization.  

3.2.2 Synthesis of P3HT-b-PS copolymer  

Scheme 3.2. Synthesis of P3HT-b-PS using P3HT macroRAFT agent. 
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Figure 3.3.  Semi-logarithmic plot of monomer conversion vs time for the RAFT polymerization 

of styrene from P3HT-DATC (left) and Mn of P3HT-b-PS vs conversion of styrene with 

molecular weight calculated based on monomer conversion (line), 
1
H NMR (circles) and GPC 

(triangles) (right). 

The utility of the P3HT macroRAFT agent (DP = 38) for the preparation of block 

copolymers was first demonstrated by preparing P3HT block copolymers with PS as the second 

block (Scheme 3.2).  Styrene is readily polymerized by RAFT and thus proves the effectiveness 

of the synthesized P3HT-DATC as a macroRAFT agent.  Since the overall polymerization 

kinetics are governed by monomer concentration at a fixed temperature and initiator 

concentration, the ratio of styrene to P3HT (600:1) was kept large so that higher conversions 

could be reached in reasonable reaction times and the ratio of the macroRAFT agent to initiator 

was set at 5:1 to allow for the majority of the polymer chains to be started via the P3HT 

macroRAFT agent.  Timed aliquots were removed at regular intervals to follow the 

polymerization kinetics and monitor the growth of the PS block.  The conversion of monomer to 

polymer for each aliquot was determined using gravimetric methods and was used to plot 

ln([M]0/[M]) vs time (Figure 3.3) and molecular weight vs conversion (Figure 3.3) for the RAFT 

polymerization of styrene from the P3HT macro-RAFT agent. The semilogarithmic plot of 

ln([M]0/[M]) vs time was linear, demonstrating first-order kinetics and a constant concentration 

of active species for the RAFT polymerization (Figure 3.3). The ability to prepare predetermined 

molecular weights based on the monomer to RAFT agent ratio is an important quality of a well-

controlled living radical polymerization. The theoretical molecular weight was calculated based 

on the conversion and the ratio of concentration of styrene to the concentration of the P3HT 

macroRAFT agent.  For the purposes of this calculation, the molecular weight used for the P3HT 
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macroRAFT agent was that determined by 
1
H NMR via the integration of the end groups to the 

thiophene backbone.  While this is a slight overestimation of the molecular weight of the P3HT, 

it does provide an accurate molar amount of active end groups for the macroRAFT agent used in 

the RAFT polymerization of the styrene monomer and provides more accurate values than GPC.  

As can be seen in the plot of molecular weight vs conversion, the molecular weight determined 

by 
1
H NMR closely correlates to the theoretical molecular weight (Figure 3.3). However, the 

molecular weight of the block copolymer as determined by GPC was higher than that predicted 

based on conversion and that calculated from 
1
H NMR (Figure 3.3).  As a full understanding of 

the composition of the block copolymer is necessary to effectively determine the properties of 

the block copolymer, such as the phase separated morphology of the copolymer, the 

discrepancies between the different molecular weight characterization techniques must be 

addressed so that the most accurate values can be established. 

Table 3.1.  Experimental results for the RAFT polymerization of styrene using P3HT-DATC. 

Composition
a
 

Time 

(hrs) 

Conversion
b
 

(%) 

mol % 

PS
a
 

Mn
b
 

(NMR) 

Mn
c
 

(GPC) PDI
c,d

 

P3HT38 0 0 0 6300 10200 1.15 

P3HT38-b-PS55 5 8.8 58.9 12000 17600 1.69 

P3HT38-b-PS124 14 22.7 76.6 19300 25700 2.03 

P3HT38-b-PS158 25 31.5 80.6 22800 30900 2.08 

P3HT38-b-PS165 30 32.9 81.3 23500 31600 2.10 

P3HT38-b-PS192 39 40.9 83.5 26300 36000 2.04 

a) Determined by 
1
H NMR; b) determined using gravimetric methods; c) determined relative to 

polystyrene standards; d) PDI = polydispersity index 

3.2.3 Composition and molecular weight determination.  

It is important to characterize the synthesized block copolymers as accurately as possible 

in order to relate composition and molecular weight to polymer properties such as phase 

separation.  Typically for P3HT block copolymers, the reported molecular weight values are 

those determined by GPC.  It is well documented that, due to the rigid rod of the P3HT backbone 

as compared to the random coil of the typically used PS standards, GPC overestimates the 

molecular weight of P3HT homopolymer by a factor of 1.5 – 2.0.
215

  This provides some context 

for reported GPC values of P3HT homopolymers.  However, it is not well known how this factor 

of GPC overestimation changes as the second coil block grows from the rod-like P3HT.  
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Therefore, though many report GPC values for molecular weight of block copolymer, the 

composition, or the mole ratio of the two blocks, is determined by 
1
H NMR.

145, 149
 

While 
1
H NMR gives an accurate molar ratio of the second coil block to the P3HT, if the 

DP of the P3HT is based on overestimated GPC values, then the DP of the coil block will also be 

overestimated.  Therefore, care must be taken when relating molar composition to molecular 

weight, especially when comparing to GPC values.  Furthermore, 
1
H NMR gives no information 

about molecular weight distribution and the molar ratio determination does not discriminate 

between unreacted P3HT homopolymer and the block copolymer, which will also affect the 

characterization of the second block.  GPC chromatograms do provide essential molecular 

weight distribution information and also reveal the presence of P3HT homopolymer.  The 

amount of P3HT homopolymer may be estimated prior to synthesis of the second block with 

thorough end group analysis.    Therefore, both methods are essential and all of the above factors, 

the benefits and limitations of each method, must be considered in order to provide as accurate 

block copolymer characterization as possible. 

 

Figure 3.4.  
1
H NMR of P3HT38-b-PS55. 

As an example of the above point, the mole fraction of each block of the P3HT-b-PS 

block copolymer was determined using 
1
H NMR by integration of the aromatic region c (7.25 

– 6.25) to the distinctive peak of the methylene protons a ( 3.00 –  2.50) on the hexyl group 

closest to the thiophene ring (Figure 3.4).  The thiophene contribution b ( 7.00, 1H), one 

b 

a 

 

c 

a b 

c 
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aromatic proton, was subtracted from the aromatic region and the remaining aromatic integration 

was assigned to the 5 aromatic protons of the styrene repeat unit.  The resulting mole fraction is 

the number of styrene monomer repeat units per thiophene monomer unit.  Using the DP of the 

P3HT homopolymer as determined by 
1
H NMR, the DP of the polystyrene can be determined 

and thus the Mn of the each block copolymer was calculated (Table 3.1).  It must be considered 

that, as previously discussed, the DP of the P3HT is overestimated because the allyl end group 

functionalization was incomplete, as shown by MALDI-TOF end group analysis.  However, 

since the DP of the P3HT was determined by the moles of thiophene per mole of allyl end group 

and the DP of the polystyrene was determined by moles of styrene per mole of thiophene, the DP 

of the polystyrene was ultimately based on the number of allyl end groups.  The allyl end groups 

were further functionalized to DATC end groups, and thus were each capable of growing a PS 

polymer chain.  However, the final end group modification, the esterification to prepare P3HT-

DATC, was not complete though the amount of unreacted end groups was too small to quantify.  

Therefore, the DP of the PS block, as determined by this method, is slightly overestimated due to 

inefficient end group modification to P3HT-DATC.  Overall 
1
H NMR gives a slight 

overestimation of the Mn of the P3HT-b-PS copolymers.  The P3HT block is overestimated due 

to inefficient end-capping with allylmagnesium bromide and the PS is overestimated due to 

inefficiencies in converting the allyl end group to RAFT agent.   

 

Figure 3.5:  GPC chromatograms for P3HT-b-PS 
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Though 
1
H NMR may provide more accurate information on the composition and the 

molecular weight, it only provides Mn and gives no information about the polydispersity index 

(PDI) of the polymer sample.  From the GPC chromatograms of the different P3HT-b-PS 

copolymers (Figure 3.5), it was verified that the overall molecular weight of the block copolymer 

increases over the course of the RAFT polymerization.  The low molecular weight shoulder/peak 

was attributed to P3HT homopolymer that remained in the samples, as it matched the peak for 

the P3HT homopolymer, and is a result of inefficiencies in the end-capping of the P3HT with 

allylmagnesium bromide as well as in the subsequent end group modification to prepared P3HT-

DATC. By using the entire chromatogram for analysis, including the P3HT homopolymer, the 

GPC results reflect the entire polymer sample rather than providing accurate molecular weight 

data about the block copolymer.  The remaining P3HT hompolymer lowers the calculated 

molecular weight values and has a more significant impact on the Mn than the weight average 

molecular weight (Mw).  The resulting PDIs are larger than expected for a RAFT polymerization 

and become larger as the difference in molecular weight between the block copolymer and the 

homopolymer increases (i.e. longer PS polymerization times).   Therefore, the results do not 

necessarily reflect on the effectiveness of the RAFT polymerization.  For the longest timed 

sample, 39 hours, the block copolymer and homopolymer peaks in the GPC chromatogram are 

sufficiently separated for individual analysis.  Roughly, the P3HT homopolymer constitutes 

approximately 13-15% of the overall sample.  The P3HT38-b-PS192 has a calculated Mn of 60,000 

g/mol and PDI of 1.34, as compared to 36,000 and 2.04 respectively.  As discussed, the 

characterization of P3HT-b-PS and similar systems requires careful consideration of the benefits 

and limitations of each characterization technique.  
1
H NMR provides the most accurate Mn of 

the block copolymer, though slightly overestimated due to inefficient end group reactions.  This 

technique also gives accurate molar ratios of the PS to the P3HT, but does not distinguish 

between P3HT homopolymer and block copolymer.  Therefore, GPC analysis is necessary to 

give insight into the overall composition of the polymer sample by providing molecular weight 

distribution as well as a rough estimate of the amount of remaining P3HT homopolymer. 
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Figure 3.6:  UV-vis spectroscopy of solid-state P3HT-b-PS 

The electronic properties of the P3HT-b-PS block copolymers were investigated and 

compared to P3HT homopolymer using UV-vis spectroscopy (Figure 3.6).  The polymer films 

were made by spin coating from o-dichlorobenzene onto quartz slides and allowed to dry at 

ambient temperature and pressure.  All of the films were prepared in the same manner and 

resulted in films with an average thickness of about 90 nm.  As expected, it was observed that the 

relative absorption of the P3HT decreased as the DP of the PS increased as the relative amount 

of P3HT in the sample also decreased.   It was also observed that the P3HT-b-PS films retained a 

similar absorption to the P3HT homopolymer though slightly red-shifted from the 508 nm 

maxima of the P3HT.  Also, the red-shifted shoulder of the P3HT, which is attributed to  

stacking,
216

 remained intact suggesting that the presence of the PS block does not disrupt the 

self-organization of the P3HT.   

3.2.4 Synthesis of P3HT-b-PtBA copolymer.   

To further demonstrate the versatility of the synthesized P3HT macroRAFT agent to 

prepare block copolymers, P3HT-DATC (DP = 49) was used to polymerize tert-butylacrylate 

(tBA) and make a series of P3HT-b-PtBA block copolymers.  We chose tBA as the 

trithiocarbonates RAFT agents, such as DATC, have been shown as effective RAFT agents for 

alkyl acrylates.
214

  Furthermore, tBA can be deprotected to acrylic acid, which, if performed, 
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would result in an amphiphilic block copolymer of P3HT-b-poly(acrylic acid).  Over the course 

of the polymerization of tBA with the macroRAFT agent P3HT-DATC, timed aliquots were 

removed at regular intervals to follow the polymer growth of the PtBA block. The conversion of 

monomer to polymer for each aliquot was determined using the gravimetric method and was 

used to plot ln([M]0/[M]) vs time and molecular weight vs conversion for RAFT polymerization 

of tBA from the P3HT macro-RAFT agent. Once again, the semilogarithmic plot of monomer 

conversion vs time demonstrated a linear relationship, which is consistent of first order kinetics 

(Figure 3.7).  However, the molecular weight vs conversion plot shows that the molecular weight 

data was only linear up to approximately 50% conversion (Figure 3.7) and then started to level 

off.  The leveling of the molecular weight with conversion was most likely due to the extended 

polymerization times allowing for chain transfer with the tert-butyl group of the tBA monomer. 

This results in an overall increase in the number of polymer chains in the system and a lower 

molecular weight than expected in the molecular weight versus conversion plot.  As the chain 

transfer reaction does not change the overall number of active species in the polymerization, it 

will not affect the plot of ln([M]0/[M]) vs time.   

 

Figure 3.7.  Semi-logarithmic plot of monomer conversion vs time for the RAFT polymerization 

of tBA from P3HT-DATC (left) and Mn of P3HT-b-PtBA vs conversion of tBA with the 

molecular weight calculated based on conversion (line), 
1
H NMR (circles) and GPC (triangles) 

(right). 

The Mn as given by 
1
H NMR and GPC for the P3HT-b-PtBA block copolymers were 

much more closely correlated than that for P3HT-b-PS.  Furthermore, P3HT-b-PS GPC values 

were consistently higher than 
1
H NMR values (Table 3.1) while for P3HT-b-PtBA, the GPC 
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value was larger only for the lowest conversion (Table 3.2).  A similar trend has been observed 

in which, when compared to 
1
H NMR results, the GPC molecular weight is larger for low 

conversions of the second block and then as the second block increases in size, the GPC results 

become closer to the 
1
H NMR results.

135, 139, 145
  The GPC overestimates the molecular weight of 

P3HT, so at lower conversions of the second coil block, this affect would still be observed.  As 

the second block grows in size, it would be expected that the overestimation from the P3HT has 

a diminishing effect, which has been observed.  However, this trend has not been studied in 

detail and difficulties arise when comparing systems with different compositions such as varying 

functionalities of the second block, amount of homopolymer remaining in the sample, and the 

initial molecular weight of the P3HT, all of which may affect this trend.  As discussed in the 

above section, the remaining P3HT homopolymer resulted in higher than expected PDIs, as 

calculated from the GPC results, for the block copolymer samples (Table 3.2).   

Table 3.2.  Experimental results for the RAFT polymerization of tBA using P3HT-DATC. 

Composition
a
 

Time 

(hrs) 

Conversion 

(%) 

mol % 

PtBA
a
 

Mn 

(NMR) 

Mn 

(GPC)
c
 PDI

c,d
 

P3HT49 0 0 0.0 8100 12600 1.53 

P3HT49-b-PtBA95 4 22.3 66.0 20200 23600 1.99 

P3HT49-b-PtBA208 18 51.3 81.0 34600 30700 2.47 

P3HT49-b-PtBA212 36 57.6 81.3 35300 32400 2.17 

P3HT49-b-PtBA214 48 78.6 81.4 35600 30400 2.59 

a) Determined by 
1
H NMR; b) determined using gravimetric methods; c) determined relative to 

polystyrene standards; d) PDI = polydispersity index 

3.3 Conclusion 

A new P3HT macroRAFT agent was designed and synthesized to provide well-defined 

rod-coil block copolymers that retain the end group functionality of the thiocarbonylthio group 

of the RAFT agent.  The effectiveness and versatility of the P3HT-DATC macroRAFT agent 

was demonstrated by the successful RAFT polymerizations of a variety of monomers.  As a 

result, P3HT block copolymers with PS and PtBA were synthesized.  In both cases, the kinetics 

of the RAFT polymerization were monitored and each polymerization demonstrated a linear 

semi-logarithmic plot of monomer conversion versus time indicating first-order kinetics.  

However, the characterization of the molecular weight and composition of the synthesized block 
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copolymers was not straight-forward due to the nature of the rod and coil components. 

Incomplete end-group reactions, though minor, must be taken into consideration during the 

characterization as P3HT homopolymer remains in the final block copolymer sample.  
1
H NMR 

gives an accurate molar ratio of the P3HT to the second coil block.  Though GPC molecular 

weights of P3HT block copolymers may be unreliable, GPC chromatograms are important for 

understanding the overall molecular weight distribution of the sample including the presence of 

P3HT homopolymer.  It is recommended that, while all data is important for a comprehensive 

understanding of the composition of P3HT rod-coil block copolymer samples, 
1
H NMR provides 

the absolute molar composition and thus molecular weight data should also be calculated by this 

method.  This will provide a more reliable method so that accurate relationships can be 

established between polymer composition and phase separation of the resulting polymer films. 
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CHAPTER 4 

RAFT POLYMERIZATION OF P3HT AMPHIPHILIC ROD-COIL BLOCK COPOLYMERS 

4.1 Introduction 

As described in Chapter 3, it has been proposed the phase separation of block copolymers 

may provide the ordered film structure necessary to overcome the challenges of charge 

separation and charge transport associated with bulk heterojunction (BHJ) photovoltaic devices.  

Amphiphilic block copolymers, which contain one hydrophobic block and one hydrophilic 

block, form self-assembled structures in solution in addition to the solid-state.  Self-assembly in 

solution allows for amphiphilic block copolymers to serve as templates for the preparation of 

nano-structured materials including nanoparticles and mesoporous materials.
217

  For the 

templated preparation of nanoparticles, a metal salt precursor is added to the amphiphilic block 

copolymer forming salt-induced micelles.
218-221

  This technique has been utilized to prepare a 

variety of hybrid nanocomposites.
90, 222-225

  Amphiphilic block copolymers in which one block a 

conjugated polymer can provide a convenient method to prepare conjugated polymer/semi-

conducting nanoparticle composites with an ordered nanostructure.  

Herein we describe the synthesis of amphiphilic P3HT block copolymers with 

poly(acrylic acid) PAA and poly(4-vinyl pyridine)  (P4VP) using the previously described  

P3HT macroRAFT agent, which was designed to maintain a trithiocarbonate end group after the 

preparation of a block copolymer via attachment of the P3HT to the R-group of the RAFT agent.  

There have been few reports of P3HT block copolymers prepared via RAFT as part of the R 

group that demonstrate the applicability of the technique.
210, 212, 213

  Chen et al reported a variety 

of conjugated rod-coil block copolymers, including P3HT-b-PAA, in which the conjugated 

segment is incorporated into the R group of the RAFT agent.
210

  While most reports of the 

preparation of P3HT-b-PAA are via deprotection of P3HT-b-poly(tert-butylacrylate),
136, 146

 only 

one group has reported the direct synthesis of P3HT-b-PAA.
210

  However, no characterization of 

the P3HT-b-PAA was reported as it was stated that the polymer precipitated from the reaction 

solution.  The difficulty in the direct synthesis of P3HT-b-PAA is the extremely different 

solubility of the two blocks.  This issue was addressed through a binary solvent system of 

trichlorobenzene and dioxane.  Though the polymer remained in solution throughout the 
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polymerization, characterization of the block copolymer was difficult due to the amphiphilic 

nature.  The phase behavior in the organic solvent tetrahydrofuran and in water is reported.  We 

also report the synthesis of amphiphilic block copolymer P3HT-b-P4VP and the RAFT 

polymerization kinetics.  However, conversion of 4VP under the present reaction conditions was 

limited due to the amphiphilic nature of the resulting block copolymer 

4.2 Experimental 

4.2.1 Materials.  Tetrahydrofuran (THF), sodium hydroxide (NaOH), and hydrogen peroxide 

(30% v/v) were purchased from Mallincknodt, Inc.  All other chemicals were purchased from 

Sigma Aldrich.  2,5-dibromo-3-hexylthiophene was synthesized according to literature 

procedure
137

 and purified by column chromatography with hexanes as an eluent and then twice 

distilled.  THF was distilled in a Pure Solv solvent purifier.  4-vinylpyridine (4VP) and acrylic 

acid were freshly distilled prior to use to remove inhibitor.  2,2’-azobis(2-methylpropionitrile 

(AIBN) was recrystallized twice in methanol, dried 3 hours in a vacuum oven at 40 ºC, and 

stored in a freezer prior to use.  All other solvents and reagents were used as received. 

4.2.2 Instrumentation.  Gel permeation chromatography (GPC) was used to determine 

molecular weights and molecular weight distributions, in THF with a flow rate of 1.0 mL/min 

with Viscotek GPC pump; PLgel 5um MIXED-C and MIXED-D columns: molecular weight 

range 200-2,000,000
 
and 200-400,000 g/mol (polystyrene (PS) equivalent), respectively.  P3HT 

copolymer molecular weights were calculated with respect to PS standards.  
1
H NMR spectra of 

the polymers were obtained on a JEOL ECA 500 NMR spectrometer and data obtained was 

manipulated in the Delta software.  Sample concentrations were 5% (w/v) in deuterated 

chloroform (CDCl3).  For matrix-assisted laser desorption/ionization time of flight (MALDI-

TOF), spots were prepared using a sandwich fashion consisting of 1 L of matrix (30 mg/mL of 

dithranol in THF), 1 L of sample (1 mg/mL of P3HT in THF), and 1 L of matrix.  Mass 

spectrometric measurements were conducted using a Bruker Ultraflextreme MALDI-TOF mass 

spectrometer (Bruker Daltonics Billerica, MA) equipped with a 355 nm Nd:YAG laser in the 

reflectron mode. Spectra were obtained with 25 kV accelerating voltage, 75% grid voltage, and 

10 ns acceleration delay. Spectra were collected for each analysis as 500 shot composites at a 

sampling frequency of 1 kHz using automated laser rastering.  Data was processed using Bruker 

FlexAnalysis, which was also used to create a peak list.  The peak list was uploaded into Bruker 
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PolyTools software, which identifies the monoisotopic peaks and gives molecular weight and 

end group information for each population within the polymer distribution.  However, the 

molecular weight reported here were found by importing the MALDI spectrum into Microsoft 

Excel and calculating the molecular weight based on the entire spectrum.  Dynamic light 

scattering (DLS) measurements were performed on a Malvern Zetasizer Nano ZS at a scattering 

angle of 173 °C and analyzed by Malvern Zetasizer Software version 6.20.  The UV-vis was 

performed on a Beckman Coulter DU 800 UV-Vis spectrophotometer using a scanning 

wavelength method from 200 – 1000 nm.  Graphs were prepared in Microsoft Excel. 

4.2.3 Synthesis of allyl-terminated P3HT (2).  2,5-Dibromo-3-hexylthiophene (9.1 g, 0.028 

mol) was added to a 500 mL flask and exposed to three vacuum/purge cycles.  Freshly distilled 

THF (50 mL) and 2.0 M tert-butylmagnesium chloride (14 m L, 0.028 mol) were added to the 

flask. The solution was allowed to stir under N2 for 24 h. Additional THF (200 mL) was added 

and Ni(dppp)Cl2 (0.28 g, 0.52 mmol) was added as a suspension in THF.  After 10 min the 

polymerization was quenched by the addition of allyl magnesium bromide (2.8 mL, 2.8 mmol) 

and allowed to stir for an additional 10 min. The allyl-terminated P3HT was precipitated in 

methanol and washed in the Soxhlet by methanol, hexanes and chloroform.  (Yield 70-75%) 

4.2.4 Synthesis of hydroxyl-terminated P3HT (3).  Allyl-terminated P3HT (2 g) was dissolved 

in THF (250 mL) under N2.  9-Borabicyclo[3.3.1]nonane (2.65 mL, 1.33 mmol) (9-BBN) was 

added and the solution was stirred for 24 h.  6 M sodium hydroxide (NaOH) (1.34 mL, 8.1 

mmol) was added and stirred for 15 min.  The reaction was returned to room temperature and 

hydrogen peroxide (30% v/v, 1.45 mL, 18.7 mmol) was added.  The reaction was stirred for 12 h 

at 40 
o
C, precipitated in methanol, filtered, and purified by soxhlet extraction with methanol to 

recover hydroxyl-terminated P3HT. (Yield 90-95%) 

4.2.5 Synthesis of S-1-dodecyl-S’-(’-dimethyl-”acyl chloride) trithiocarbonate 

(DACTC) (4).  The RAFT agent S-1-dodecyl-S’-(’-dimethyl-”acetic acid) trithiocarbonate 

(DATC) was prepared via literature procedure.
214

  DATC (1.3 g, 3.6 mmol) was modified to the 

more reactive acyl chloride form by refluxing with thionyl chloride (1.3 mL, 17.9 mmol) for 2 h.  

The excess thionyl chloride was removed by vacuum.  The product was verified using FT-IR 

spectroscopy and used immediately without further purification.   
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4.2.6 Synthesis of P3HT macroRAFT agent (P3HT-DATC) (5).  Hydroxyl-terminated P3HT 

(1.8 g) was dissolved in THF (250 mL) under N2 at 40 
o
C.  Pyridine (0.95 mL, 11.8 mmol) and 

DACTC (1.3 g, 3.4 mmol) were added and the solution was stirred overnight at 40 
o
C.  The 

resulting polymer was precipitated in methanol, filtered and purified by soxhlet extraction with 

methanol.  (Yield 90-95%) 

4.2.7 Synthesis of P3HT-b-P4VP.  P3HT–DATC (650 mg) was dissolved in trichlorobenzene 

(typically 3-6 mL) in a 100 mL Schlenk flask.  AIBN (8.8 mg, 5.4x10
-2

 mmol) and monomer 

were added and the solution was exposed to three freeze-pump-thaw cycles.  The reaction was 

stirred under N2 at 70 
o
C.  Aliquots were removed over time and allowed to dry at ambient 

temperature and pressure.  Samples were then dried under vacuum 100 
o
C for 24 h to remove 

remaining trichlorobenzene. The overall ratio of 4VP:P3HT-DATC:AIBN was 330:1:0.2 and 

[M]0 = 5.9 mol/L. 

4.2.8 Synthesis of P3HT-b-PAA.  P3HT-DATC (147 mg, 3.3x10
-5

 mol) was dissolved in 

trichlorobenzene (6.5 mL) in a Schlenk flask equipped with a stir bar.  Oxygen was removed by 

pulling a vacuum on the solution for three hours and the solution was placed under a nitrogen 

atmosphere.  Acrylic acid (0.45 mL, 6.6 x10
-3

 mol), dioxane (0.9 mL) and AIBN (0.83 mg, 

5.1x10
-6

 mol) were added to a Schlenk flask and exposed to three freeze-pump-thaw cycles.  The 

acrylic acid solution was allowed to return to room temperature and was added to the P3HT/TCB 

flask via cannula.  The solution was placed in a 70 
o
C oil bath and the polymerization was 

allowed to proceed for 5 hours under nitrogen.  The polymerization was removed and the sample 

was allowed to dry at ambient temperature and pressure.  After a majority of the solvent was 

removed, the sample was dried in a vacuum oven at 120 
o
C for 12 hours to remove remaining 

TCB.  The overall ratio of acrylic acid:P3HT-DATC:AIBN was 200:1:0.15 with [M]0 = 0.85 

mol/L and 145:1:0.25 with [M]0 = 0.42 mol/L. 

4.2.9 P3HT-b-PAA micelles.
136

  P3HT-b-PAA (8 mg) was dissolved in tetrahydrofuran (8 mL).  

An equal volume of deionized water (8 mL) was added to the P3HT-b-PAA solution with 

stirring via a syringe pump (2.2 mL/h).  The solution was allowed to stir 12 h.  The solution was 

then transferred to pre-soaked dialysis tubing (6-8K) and dialyzed against deionized water for 4 

days, changing the water after 5 hours and then daily.  
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4.3 Results and Discussion 

 

Scheme 4.1:  Synthesis of P3HT-DATC 

4.3.1 Synthesis of P3HT-DATC macroRAFT agent  

  P3HT was synthesized using the Kumada cross-coupling polymerization method that was 

developed by the Rieke and McCullough groups.
108, 110, 111, 114

  The utilization of McCullough’s 

GRIM method allows for in situ end group functionalization by quenching the polymerization 

with a Grignard reagent.
118, 129

  In this work, allyl magnesium bromide was terminated the 

polymerization, resulting in allyl-terminated P3HT 2 (Scheme 4.1).  The allyl end group was 

observed in 
1
H NMR, the integration of which was used to determine the number average 

molecular weight (Mn).  The accuracy of the Mn calculated in this manner is dependent on the 

end-capping efficiency of the allyl magnesium bromide. If there are P3HT chains without the 

desired allyl end group, those thiophene units are still included in the average resulting in an 

overestimation of the Mn.  The end group efficiency was examined using MALDI-TOF analysis, 

which, in addition to providing molecular weight information, can be used to identify end 

groups.  The MALDI-TOF spectrum showed three distinct populations corresponding to 

different end groups.  The majority of polymer chains had the expected bromine/allyl end group 

combination, while the second largest peak was attributed to hydrogen/allyl end groups.  The 

third and smallest peak (5-10%) corresponded to a hydrogen/bromine end group combination, 

which occurs when the polymer chain does not react with the end-capping agent, allylmagneisum 

bromide, and is therefore quenched when the polymer solution is precipitated in methanol.  It is 

important to note that, while only a small portion of polymer chains have the hydrogen/bromine 

end group combination, the absence of the allyl end group means these polymer chains cannot be 

further functionalized by the described procedures to prepare P3HT-DATC.  Further, 
1
H NMR 
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indicates that the two end group reactions that follow the initial polymerization and end-capping 

with allylmagnesium bromide do not go to 100% completion, though the unreacted end group is 

too small to quantify.  The P3HT chains without the desired DATC end group cannot participate 

in the RAFT polymerization and thus remain as homopolymer in the final block copolymer 

sample. 

GPC was also used for molecular weight determination and the results were larger than 

that determined by MALDI-TOF and 
1
H NMR.  However, it has been established that GPC 

overestimates the molecular weight of P3HT by a factor of 1.5-2.0 due to the rigidity caused by 

the  interactions of the P3HT backbone when compared to the random coil of the PS calibration 

standards.
215

  However, GPC does provide information about the molecular weight distribution, 

which can also be determined using MALDI-TOF.  
1
H NMR only provides the Mn and does not 

provide molecular weight distribution.  These factors must be considered as also affect the 

molecular weight and composition determination of the subsequently prepared block 

copolymers.  The Mn as determined by 
1
H NMR was the molecular weight of the P3HT 

homopolymer used to determine molar ratios in subsequent reactions as it is the most accurate, 

while the GPC results provided the molecular weight distribution. 

The desired P3HT macroRAFT agent, in which the P3HT is incorporated into the R 

group of the RAFT agent allowing for retention of the thiocarbonylthio end group after the 

RAFT polymerization of the second block and a true ‘grafting from’ approach, was synthesized. 

(Scheme 4.2).  The presented synthetic method allows for using P3HT in surface modification 

reactions as previous work has demonstrated that the thiocarbonylthio end group can be used for 

facile attachment to a variety of inorganic surfaces.
155

  Furthermore, the R group of the DATC 

results in a tertiary radical upon fragmentation during the RAFT polymerization.  The increased 

radical stability provided by the tertiary group allows for potentially greater control over the 

RAFT polymerization. 
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4.3.1 Synthesis of P3HT-b-P4VP block copolymer 

 
Scheme 4.2:  RAFT polymerization of 4VP with P3HT macroRAFT agent. 
 

Table 4.1: Experimental results for RAFT polymerization of 4VP using P3HT-DATC. 

Composition
a
 

Time 

(hrs) 

Conversion 

(%) 

mol % 

P4VP
a
 

Mn 

(NMR) 

Mn 

(GPC)
c
 PDI

c,d
 

P3HT20 0 0 0 3350 5600 1.17 

P3HT20-b-P4VP10 5 0.023 0.34 4400 6700 1.47 

P3HT20-b-P4VP26 13.5 0.088 0.56 6050 6600 1.29 

P3HT20-b-P4VP46 24 0.106 0.70 8200 6300 1.27 

P3HT20-b-P4VP38 36.5 0.135 0.65 7300 16500 1.29 

 

a) Determined by 
1
H NMR; b) determined using gravimetric methods; c) determined relative to 

polystyrene standards; d) PDI = polydispersity index 

 

The P3HT macroRAFT agent was used to directly make an amphiphilic block copolymer 

of P3HT-b-P4VP (Scheme 4.2). Timed aliquots were removed at regular intervals to follow the 

polymer growth of the P4VP block (Table 4.1). The conversion of monomer to polymer for each 

aliquot was determined using gravimetric method and was used to plot ln([M]0/[M]) vs time and 

molecular weight vs conversion for RAFT polymerization of 4-vinylpyridine (4VP) from the 

P3HT macro-RAFT agent.  The semi-logarithmic plot of monomer conversion versus time 

(Figure 4.1) showed a linear relationship, which is consistent with first order kinetics.  However, 

as can be seen in the plot, the conversion for the 4VP was much lower than for either the styrene 

or tert-butyl acrylate (refer to Chapter 3), despite a relatively high [M]0 of 5.9 mol/L, which was 

used to increase the polymerization rate.  In this polymerization, as with the other 

polymerizations, trichlorobenzene (TCB) was used as the solvent to provide solubility for the 

P3HT.  While P3HT has relatively good solubility in a range of organic solvents when compared 

to other conjugated polymers, it has high solubility in TCB, which allows for minimal amounts 
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of solvent to be used.  This in turn allows for higher [M]0 concentrations and thus increased 

reaction kinetics.  However, TCB is not a good solvent for P4VP, as a homopolymerization of 

4VP in TCB with DATC and AIBN resulted in the precipitation of the polymer from the reaction 

solution.  The limited solubility of P4VP may have kept the conversion lower despite longer 

polymerization times.  The limitations of P3HT solubility make finding suitable solvent systems 

for P3HT block copolymers, especially amphiphilic block copolymers, difficult.  The molecular 

weight determined by 
1
H NMR was close to that calculated based on conversion (Figure 4.1).  

However, the GPC results were not as reliable.  The low conversion of the polymerization 

resulted in molecular weight differences from sample to sample too small for the sensitivity of 

the GPC.  

 

Figure 4.1:  Semi-logarithmic plot of monomer conversion vs time for the RAFT polymerization 

of 4VP from P3HT-DATC (left) and Mn of P3HT-b-P4VP vs conversion of 4-vinylpyridine with 

molecular weight calculated based on conversion (line), 
1
H NMR (circles) and GPC (triangles) 

data (right). 

The molecular weight determined by 
1
H NMR (Figure 4.2) was deemed to be the most 

reliable value for the P3HT-b-P4VP block copolymers.  Briefly, the molecular weight was 

determined as follows. To determine the mole ratio P4VP to P3HT from the 
1
H NMR, the proton 

on the thiophene ring b ( 7.10 –  6.85) was integrated to two aromatic protons c ( 8.90 –  

8.00).  The result is the amount of 3-hexylthiophene repeat units per 4VP repeat unit.  This 

number and the DP of P3HT gave the DP of the P4VP and thus a total molecular weight of each 

block copolymer samples as shown in Table 4.1.  While 
1
H NMR did provide the most reliable 

molecular weight data for P3HT-b-P4VP, the limitations must be considered.  The calculation of 
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DP of the P4VP relies on the assumption that every P3HT is end group functionalized and 

capable of growing P4VP by the ‘grafting from’ method.  As previously discussed, a small 

amount of unfunctionalized P3HT remained in the polymer sample.  Overall 
1
H NMR gives a 

slight overestimation of the Mn of the P3HT-b-P4VP copolymers.  The P3HT block is 

overestimated due to inefficient end-capping with allylmagnesium bromide and the P4VP is 

overestimated due to inefficiencies in converting the allyl end group to RAFT agent.   

 

 

Figure 4.2:  
1
H NMR of P3HT20-b-P4VP38. 

 

4.3.1 Synthesis of P3HT-b-PAA 

 

Scheme 4.3:  RAFT polymerization of acrylic acid with P3HT macroRAFT agent. 

Table 4.2:  RAFT polymerization results of PAA with P3HT-DATC. 

 Conversion Theoretical Mn Polymer Composition 

PTPAA1 0.42 10500 g/mol P3HT28-b-PAA83 

PTPAA2 0.12 4750 g/mol P3HT21-b-PAA17 
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The synthesized P3HT macroRAFT agent was also utilized to directly synthesize 

amphiphilic block copolymer P3HT-b-PAA (Scheme 4.3).  Two different P3HT-b-PAA block 

copolymers were synthesized with different ratios of P3HT to PAA (Table 4.2).  Most reports of 

the synthesis of the amphiphilic block copolymer P3HT-b-PAA involve the deprotection of 

P3HT-b-PtBA.  While there has been one report of the direct synthesis of P3HT-b-PAA, no 

characterization was reported and the authors stated that the block copolymer crashed out of 

solution during polymerization.
210

  This issue was addressed by using a binary solvent system in 

which dioxane, a good solvent for PAA, was added to the polymerization mixture to maintain 

solubility of the growing block copolymer, and no precipitation was observed over the course of 

the polymerization.  This allowed for a relatively high theoretical DP of PAA, relative to P3HT, 

to be obtained by direct synthesis from the P3HT macroRAFT agent.   

Further, in order to maintain control over the polymerization, the monomer concentration 

was kept low, less than 1 mol/L compared to the 6.0 mol/L used for P3HT-b-P4VP, as the rate of 

polymerization is first order with monomer concentration.  The effect of monomer concentration 

on conversion can be seen by comparing the two polymerizations.  PTPAA1 had twice the 

monomer concentration of PTPAA2 and demonstrated a higher conversion with the same 

polymerization conditions.  By varying the polymerization composition, block copolymers with 

differing ratios of each block were obtained.   

The reported molecular weights (Table 4.2) are theoretical and based on the conversion 

of an ideal RAFT polymerization.  The conversion of monomer to polymer was determined 

using gravimetric methods.  The dramatically differing solubility of the P3HT and the PAA 

caused difficulties in accurate characterization and molecular weight determination.  PAA has 

few distinguishing functional groups in 
1
H NMR and the polymer backbone overlaps with the 

hexyl group of P3HT.  The PAA backbone and the hexyl group peaks are broad and overlap, the 

integration is inaccurate.  FT-IR, which does not require polymer dissolution, verified the 

presence of acrylic acid with the P3HT.  The fact that the P3HT-b-PAA block copolymers were 

soluble in THF demonstrated that the sample must be a block copolymer as PAA homopolymer 

is insoluble in THF.  However, due to the amphiphilic nature of the block copolymer, which may 

form micelles in various solvents, GPC could not provide accurate molecular weight data based 

on poly(styrene) standards.  Therefore, DLS was used to observe the polymers in THF, a good 

solvent for P3HT and a poor solvent for PAA (Table 4.3).  Compared to the P3HT 
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homopolymer, the addition of 17 acrylic acid units increased the radius by more that 8-fold.  

Further, the addition of 83 acrylic acid units, as in PTPAA1, resulted in an excess of 20-fold 

increase in the polymer’s radius size in solution.  This increase in radius is due to the 

organization of the block copolymer in the THF where the PAA formed the core with P3HT 

forming the shell of the micelle.  While DLS cannot be used to give absolute molecular weights, 

it can be used to establish trends and provide some insight into the ratio of the two blocks. 

Table 4.3:  DLS results of P3HT and P3HT-b-PAA in THF 

 
P3HT28 

PTPAA1 

P3HT28-b-PAA83 
P3HT20 

PTPAA2 

P3HT21-b-PAA17 

Radius
a
 (nm) in THF 1.8 +/- 0.04 60.4 +/- 3.83 1.2 +/- 0.10 10.55 +/- 1.62 

a) Taken from the number average of triplicate runs of at least 15 scans each.    

 

Figure 4.3:  UV-vis spectra of P3HT-b-PAA in water and THF 

There was also an investigation into the behavior of P3HT-b-PAA in water, a good 

solvent for the PAA block.  However, the block copolymer did not dissolve directly into water.  

Micelles were formed by slowly added an equal amount of water to a 1 mg/mL solution of P3HT 

in THF, during which the solution changed from bright orange to purple.  Orange is the color of 

P3HT in solution while purple is the color of solid P3HT.  Dialysis against water was then used 

to remove the THF resulting in a transparent, purple solution of P3HT-b-PAA in water.  The 

resulting micelles had a core of P3HT, which is hydrophobic, with a PAA corona.  Further, UV-

vis spectroscopy of the micelles (Figure 4.4) indicated self-assembly of the P3HT core.  The UV-
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vis spectrum of P3HT-b-PAA in THF is similar to that of P3HT in solution with a peak 

maximum at 440 nm.  However, with the formation of the micelles in water, the spectrum 

appeared similar to P3HT in the solid state, as the color of the solution indicated.  The observed 

red-shift peak at 510 nm indicated increased planarity of the conjugated P3HT backbone.  

Further, the red-shifted shoulder at 550 nm and 600 nm is attributed to  stacking of the 

thiophene.  The micelles were also observed in DLS and PTPAA2 was found to have a radius of 

25.3 +/- 0.04 nm.  This radius is smaller than that observed in THF, attributed to the tighter 

packing of the P3HT in the micelle core as seen in Scheme 4.4.  Further, the corona in THF is 

P3HT which has rigidity that may cause a thicker corona than observed for micelles in which the 

polymer that makes up the corona inhabits the random coil conformation.   

 

Scheme 4.4:  Behavior of P3HT-b-PAA in THF and water 

4.4 Conclusion 

A new P3HT macroRAFT agent was designed and synthesized to provide well-defined 

rod-coil block copolymers that retain the end group functionality of the thiocarbonylthio group 

of the RAFT agent.  The effectiveness and versatility of the P3HT-DATC macroRAFT agent 

was demonstrated through the study of the RAFT polymerizations.  The present work 

demonstrated the versatility of the P3HT macroRAFT by preparation of amphiphilic block 

copolymers including P3HT-b-P4VP and the direct synthesis of P3HT-b-PAA.  The phase 

behavior of the P3HT-b-PAA was examined and micelle formation was observed in both water 

and THF.  UV-vis anaylsis of the P3HT-b-PAA micelles in water demonstrated tight packing of 

the P3HT micelle core and exhibited behavior similar to that observed for solid state P3HT.   
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CHAPTER 5 

PREPARATION OF P3HT AND P3HT BLOCK COPOLYMER HYBRID 

NANOCOMPOSITES  

5.1 Introduction 

Hybrid nanocomposites, in which inorganic nanomaterials are incorporated into organic 

polymers, are of importance in a variety of applications, including optoelectronic devices.
226, 227

  

In order to take full advantage of the improved properties that hybrid nanocomposites offer, 

uniform dispersion of the nanocrystals in the polymer matrix is often necessary.  Aggregation of 

nanocrystals in the polymer matrix can cause defects that dramatically alter properties and 

reduce the performance.
226

  Aggregation of the nanocrystals can be minimized by surface 

modification of the nanocrystal surface for improved compatibility with the polymer matrix.  

Surface modifications afford the ability to adjust the miscibility of the nanocrystals in the 

polymer matrix to afford some control over the dispersion and, thus, the properties of the 

nanocomposite.   

The use of self-assembling block copolymers allows for additional ordering within the 

nanocomposites.
226

  As phase separation of block copolymers relies each block having 

chemistries sufficiently different enough to drive the nanoscale segregation and the surface of the 

nanocrystal determines the miscibility in the polymer matrix, the surface chemistry of the 

nanocrystal can be adjusted to provide favorable interactions with just one block.  Inorganic 

nanocrystals have been confined exclusively into one polymer domain of a phase-separated 

copolymer and at the interface between the domains by adjusting the surface of the 

nanocrystal.
182

  Simulations have demonstrated that a particle, treated as a solid sphere, can be 

incorporated exclusively into one domain of an AB block copolymer when the Flory-Huggins 

interaction parameter () between the particle and one of the blocks is set to zero.
181

  When the 

simulations were conducted in which the particle had equal interactions with both blocks, the 

particle assembled at the lamellar interface without disturbance to the morphology.
183

  In 

practice, this can be demonstrated by functionalization of the nanoparticle surface to prefer a 

specific domain of a block copolymer phase separated structure.  For example, Au nanoparticles 

with a hydrophobic surface were incorporated into the polystyrene (PS) domain and CdS 
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nanoparticles with a hydrophilic surface were incorporated into the poly(4-vinylpyridine) (P4VP) 

domain of a PS-b-P4VP block copolymer.
182

  Further, nanospheres were incorporated at the 

lamellar interface of a block copolymer by surface modification of the nanoparticles with the 

block copolymer
184

 or with a mixture of the two homopolymers of the block copolymer 

matrix.
185

  Changing the surface of the nanocrystals allows for some control over the dispersion 

of the nanocrystals in a polymer matrix, whether the matrix is a homopolymer or a block 

copolymer.   

Selective incorporation of inorganic nanocrystals into a block copolymer capable of 

forming phase separated film structures is an approach that is particularly interesting for hybrid 

photovoltaic applications, in which the nanostructure of the film determines device performance.  

There has been a resurgence of work in hybrid photovoltaics, applying lessons learned from 

poly(3-hexylthiophene (P3HT)/fullerene bulk heterojunction devices.
26

  Inorganic nanoparticles 

as acceptor materials are attractive due to tunable band structures, tunable shapes and sizes, high 

dielectric constants and solution processing.
26

  However, with the advantages of the use of 

inorganic nanoparticles as acceptors, there are additional considerations.  One such consideration 

is the chemistry of the nanoparticle surface, which, in addition to affecting morphology, can 

affect charge transfer and charge transport.  Therefore, adjusting the surface of the semi-

conducting nanocrystals is essential for enhanced device performance.   

Surface modification of the nanocrystal with conjugated polymer prior to incorporation 

into the polymer matrix through ligand exchange procedures is one effective strategy to enhance 

miscibility and thus improve performance.
228

  Polymers with functional end groups that can 

interact with the nanocrystal surface have shown to improve device performance by preventing 

nanocrystal aggregation.
49, 162

  Conjugated polymers with a variety of functional groups have 

demonstrated interaction with the surface of nanocrystals including amines,
49, 162

  thiols,
229

 

carboxyl acids
169

 and phosphonic acids.
166, 167

  Alivisatos, Frechet and co-workers demonstrated 

effective electronic coupling between CdSe nanocrystals (4 nm) with phosphonic acid 

functionalized oligothiophenes of five or more units.
166

 Zhang et al used a thiol group to 

functionalize CdSe nanorods with arylbromide ligands that were capable of reacting the P3HT 

through Heck coupling.
229
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Another effective strategy for preparing hybrid nanocomposites is the direct synthesis of 

the nanocrystals in the polymer matrix.  In-situ synthesis of the semi-conducting nanoparticles in 

the conjugated polymer matrix eliminates the need for rigorous post-synthesis functionalization 

of the nanoparticles.  Nanocrystals that have been prepared in-situ in a conjugated polymer 

matrix include ZnO,
56, 77, 170

 TiO2,
171, 172

 CdS,
46

 PbS,
50, 173-175

 and CuInS2.
62, 176

  Typically, the 

polymer is mixed with the nanocrystal precursors and the nanocrystals can be grown in the cast 

polymer film,
56, 73, 77, 170-172

 or in solution prior to film formation.
46, 50, 173-175

 

Herein, we utilize several of the described strategies to prepare hybrid nanocomposites 

with conjugated polymer P3HT utilizing the same set of P3HT and P3HT block copolymers 

described in Chapters 3 and 4.  For the first approach, a ligand exchange process was used to 

modify Au nanoparticles with P3HT and P3HT block copolymers.  While Au nanoparticles are 

not semi-conducting and cannot be used in a solar cell device, they provide a model system that 

demonstrates the utility of the synthesis P3HT polymers.  In this work, a P3HT macroRAFT was 

designed and synthesized to provide P3HT rod-coil block copolymers.  The P3HT was 

incorporated into the R group of the RAFT agent (Scheme 5.1).  This allowed for the P3HT 

macroRAFT agent to, not only prepare the desired block copolymers, but also be reduced to a 

thiol functional end group for surface modification with P3HT homopolymer.  Further, the 

synthesized block copolymers could also be reduced to a thiol end group to allow for surface 

modification procedures.  While the previously described reports demonstrate the modification 

of nanocrystals with P3HT, there have been no examples of modification with P3HT block 

copolymers.
166, 229

  The modification of nanocrystals with the block copolymers is of importance 

because, as previously described, nanocrystals with block copolymer modification can be 

incorporated at the interface of a phase separated polymer matrix.  This could potentially provide 

another avenue for controlling the final film architecture.   

Utilizing the same set of synthesized P3HT polymers as described in Chapter 4, hybrid 

nanocomposites were prepared by in-situ growth of CdS nanoparticles in one block of the 

polymer matrix.  The previously described reports of in-situ nanocrystal preparation in 

conjugated polymers were focused on homopolymers.  There has been one report of in-situ 

growth of CdS in a rod-coil block copolymer, polyphenylene-b-poly(2-vinyl pyridine) (P2VP).
90

  

Further, this report built on the work by Schanze and co-workers, who demonstrated the 
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coordination between P2VP and Cd and reported the synthesis of CdS nanoparticles in the P2VP 

block of poly(styrene)(PS)-b-P2VP coil-coil block copolymers.
225

  However, nanoparticle 

growth has not been demonstrated in P3HT block copolymers.  The present work demonstrates 

the preparation of CdS nanoparticles in the P4VP domain of P3HT-b-P4VP.  The block 

copolymer was prepared using the same macroRAFT agent previously described and takes 

advantage of the amphiphilic nature of P3HT-b-P4VP to prepare salt-induced micelles with Cd, 

thus ensuring that the nanocrystals preferentially grow in the P4VP domain.  Dynamic light 

scattering (DLS), UV-vis spectroscopy, Fourier transform infrared (FT-IR) spectroscopy and 

transmission electron microscopy (TEM) were utilized to verify the growth of CdS in the P4VP 

block of P3HT-b-P4VP. 

5.2 Experimental 

5.2.1 Materials.  Tetrahydrofuran (THF) was purchased from Mallincknodt, Inc and distilled in 

a Pure Solv solvent purifier.  Sodium hydroxide (NaOH) and hydrogen peroxide (30% v/v) were 

purchased from Mallincknodt, Inc.  Deionized ultra-filtered (DIUF) water and 

dimethylformamide (DMF) were purchased from Fisher. 2,5-dibromo-3-hexylthiophene was 

prepared according to literature procedure.
137

  All other chemicals were purchased from Sigma 

Aldrich.  Styrene was passed through a column of basic alumina hydroxide to remove the 

inhibitor.  4-vinyl pyridine (4VP) was freshly distilled to remove inhibitor.  2,2’-azobis(2-

methylpropionitrile (AIBN) was recrystallized twice in methanol, dried for 3 h under vacuum, 

and stored in a freezer prior to use.  All other solvents and reagents were used as received. 

5.2.2. Instrumentation.  Gel permeation chromatography (GPC) was used to determine 

molecular weights and molecular weight distributions, in THF with a flow rate of 1.0 mL/min 

with Viscotek GPC pump; PLgel 5um MIXED-C and MIXED-D columns: molecular weight 

range 200-2,000,000
 
and 200-400,000 g/mol (polystyrene (PS) equivalent), respectively.  P3HT 

copolymer molecular weights were calculated with respect to PS standards.  
1
H NMR spectra of 

the polymers were obtained on a JEOL ECA 500 NMR spectrometer and data obtained was 

manipulated in the Delta software.  Sample concentrations were 5% (w/v) in deuterated 

chloroform (CDCl3).  For matrix-assisted laser desorption/ionization time of flight (MALDI-

TOF), spots were prepared using a sandwich fashion consisting of 1 L of matrix (30 mg/mL of 

dithranol in THF), 1 L of sample (1 mg/mL of P3HT in THF), and 1 L of matrix.  Mass 
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spectrometric measurements were conducted using a Bruker Ultraflextreme MALDI-TOF mass 

spectrometer (Bruker Daltonics Billerica, MA) equipped with a 355 nm Nd:YAG laser in the 

reflectron mode. Spectra were obtained with 25 kV accelerating voltage, 75% grid voltage, and 

10 ns acceleration delay. Spectra were collected for each analysis as 500 shot composites at a 

sampling frequency of 1 kHz using automated laser rastering.  Data was processed using Bruker 

FlexAnalysis, which was also used to create a peak list.  The peak list was uploaded into Bruker 

PolyTools software, which identifies the monoisotopic peaks and gives molecular weight and 

end group information for each population within the polymer distribution.  However, the 

molecular weight reported here were found by importing the MALDI spectrum into Microsoft 

Excel and calculating the molecular weight based on the entire spectrum.  The transmission 

electron microscopy (TEM) was performed on a FEI/Philips CM200 with an accelerating voltage 

of 200 kV and utilized a Keen View Soft Imaging System coupled to iTEM Universal TEM 

Imaging Platform Software.  TEM image processing was done with ImageJ to determine 

nanoparticle size and polymer modification thickness.   Fourier transform infrared (FTIR) 

spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation) 

operating with a liquid-nitrogen-cooled mercury cadmium telluride detector.  Dynamic light 

scattering (DLS) measurements were performed on a Malvern Zetasizer Nano ZS at a scattering 

angle of 173 °C and analyzed by Malvern Zetasizer Software version 6.20.  The UV-vis was 

performed on a Beckman Coulter DU 800 UV-Vis spectrophotometer using a scanning 

wavelength method from 200 – 1000 nm.  Graphs were prepared in Microsoft Excel. 

 

Scheme 5.1:  Synthesis of P3HT macroRAFT agent. 

5.2.3 Synthesis of allyl-terminated P3HT (2).  2,5-Dibromo-3-hexylthiophene (1) (9.1 g, 0.028 

mol) was added to a 500 mL flask and exposed to three vacuum/purge cycles.  Freshly distilled 

THF (250 mL) and 2.0 M tert-butylmagnesium chloride (14 m L, 0.028 mol) were added to the 
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flask. The solution was allowed to stir under N2 for 24 h. Additional THF (200 mL) was added 

and Ni(dppp)Cl2 (0.28 g, 0.52 mmol) was added as a suspension in THF.  After 10 min the 

polymerization was quenched by the addition of allyl magnesium bromide (2.8 mL, 2.8 mmol) 

and allowed to stir for an additional 10 min. The allyl-terminated P3HT was precipitated in 

methanol and washed in the Soxhlet by methanol, hexanes and chloroform. 

5.2.4 Synthesis of hydroxyl-terminated P3HT (3).  Allyl-terminated P3HT (2 g) was dissolved 

in THF (250 mL) under N2.  9-Borabicyclo[3.3.1]nonane (2.65 mL, 1.33 mmol) (9-BBN) was 

added and the solution was stirred for 24 h.  6 M sodium hydroxide (NaOH) (1.34 mL, 8.1 

mmol) was added and stirred for 15 min.  The reaction was returned to room temperature and 

hydrogen peroxide (30% v/v, 1.45 mL, 18.7 mmol) was added.  The reaction was stirred for 12 h 

at 40 
o
C and precipitated in methanol to recover hydroxyl-terminated P3HT. 

5.2.5 Synthesis of S-1-dodecyl-S’-(,’-dimethyl-”acyl chloride) trithiocarbonate 

(DACTC) (4).  The RAFT agent S-1-dodecyl-S’-(,’-dimethyl-”acetic acid) trithiocarbonate 

(DATC) was prepared via literature procedure.  DATC (1.3 g, 3.6 mmol) was modified to the 

more reactive acyl chloride form by refluxing with thionyl chloride (1.3 mL, 17.9 mmol) for 2 h.  

The excess thionyl chloride was removed by vacuum and the product was used immediately 

without further purification.   

5.2.6 Synthesis of P3HT macroRAFT agent (P3HT-DATC) (5).  Hydroxyl-terminated P3HT 

(1.8 g) was dissolved in THF (250 mL) under N2 at 40 
o
C.  Pyridine (0.95 mL, 11.8 mmol) and 

DACTC (1.3 g, 3.4 mmol) were added and the solution was stirred overnight at 40 
o
C.  The 

resulting polymer was precipitated in methanol, filtered and purified by Soxhlet extraction with 

methanol. 

5.2.7 Synthesis of P3HT-b-P4VP.  P3HT–DATC (650 mg, 0.20 mmol) was dissolved in 

trichlorobenzene (4 mL) in a 100 mL Schlenk flask.  AIBN (6.9 mg, 4.2x10
-2

 mmol) and 4-

vinylpyridine (7 mL) was added and the solution was exposed to three freeze-pump-thaw cycles.  

The reaction was stirred under N2 at 70 
o
C.  Aliquots were removed over time and dried under 

vacuum at 60 
o
C for 24 h to remove excess monomer and 100 

o
C for 24 h to remove remaining 

trichlorobenzene.  The resulting polymer was dissolved in THF/hexanes (2:3) and extracted with 

methanol/water (4:1) to remove the residual P3HT homopolymer.  The polymer was then 
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soxhleted with methanol to remove P4VP homopolymer.  The final polymer was recovered in 

THF and precipitated in hexanes. The relative ratio and monomer concentration used were 

[4VP]:[P3HT-DATC]:[AIBN] = 330:1:0.2 and [M]0 = 5.9 mol/L.  

5.2.8 Synthesis of P3HT-b-PS.  P3HT-b-PS was synthesized in a similar fashion to P3HT-b-

P4VP.  The relative ratios were [styrene]:[P3HT-DATC]:[AIBN] = 600:1:0.2 and [M]0 = 6.3 

mol. 

5.2.9 Preparation of 3.5-nm Citrate-Stabilized Gold Nanoparticle Seeds. Citrate stabilized 

gold nanoparticle seeds were synthesized via a 20-mL aqueous solution of 2.5x10
-4

 M HAuCl4 

and 2.5x10
-4

 M trisodium citrate to which 0.6 mL of ice cold 0.1 M NaBH4 was added dropwise 

with stirring. The solution was stored at 25 °C for at least 3 h prior to use. 

5.2.10 Preparation of Growth Solution.  In a 250-mL flask, 100 mL of deionized water was 

added to 2.5x10
-4

 M HAuCl4 and 3 g of solid cetyltrimethylammonium bromide (CTAB). This 

solution was gently heated using a hot plate stirrer until the CTAB was fully dissolved and the 

mixture is a golden yellow color. Once this growth solution was cooled to room temperature, it 

was utilized in the synthesis of gold nanorods. 

 

Scheme 5.2:  Three-step seed mediated lAuNRs 

5.2.11 Synthesis of Long Gold Nanorods (lAuNRs).  A three-step seeding protocol was used 

for the synthesis of gold nanorods as shown in Scheme 5.2. Two 20-mL scintillation vials and 

one 250-mL flask were labeled A, B, and C, respectively. A 9-mL volume of growth solution 

containing 2.5x10
-4

 M HAuCl4 and 0.1 M CTAB was added to scintillation vials A and B, while 

45 mL was added to flask C. A 50 L volume of freshly prepared 0.1 M ascorbic acid and 0.1 M 

NaOH was then added to vials A and B, and 250 L of each were added to flask C.  Once added 

and stirred, the golden-yellow color of the growth solution turns clear. At this time, 1.0 mL of 

the 3.5 nm seed solution was added to vial A, and the mixture stirred for 30 s, which yields a red-
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purple color change. Next, 1.0 mL of solution from vial A was mixed into vial B and stirred for 1 

min, yielding a color change to purple. Upon this color change, 5.0 mL of the solution in vial B 

was mixed into flask C and stirred to homogenize the solution.  Flask C was then placed in a 28 

°C oil bath for 16 h to promote the synthesis of gold nanorods.  After the 16 h time period it was 

necessary to purify the solution to obtain the gold nanorods. A pipet was used to slowly remove 

the red-brown solution within the flask until a faint gold-brown residue was left at the bottom. A 

5.0-mL sample of DIUF water was added to the bottom of the flask and was stirred vigorously, 

yielding a gold-brown colored liquid. Mixtures of shapes (triangles, hexagons, and rods) are 

contained within this solution and all are utilized for subsequent coating. The excess CTAB was 

removed from this solution by centrifugation in a test tube three times and rinsing with DIUF 

water, yielding purified gold nanorods. In order to increase the signal strength of the nanorods 

throughout the various characterization techniques, five of the single batches are combined into 

one large batch upon the completion of centrifugation. 

5.2.12 Preparation of short Au Nanorods (sAuNRs).  A CTAB stabilized seed solution was 

prepared by adding 0.6 mL of 0.01M NaBH4 to a 10 mL solution of 2.5x10
-4

M HAuCl4 and 

0.0975M CTAB in water.  The solution was vigorously stirred for 10 min.  The seed solution 

was stored at room temperature for 90 min before use.  The growth solution was prepared by 

adding 0.70 mL of silver nitrate and 0.55 mL of 0.1M ascorbic acid to a 100 mL solution of 

2.5x10
-4

M HAuCl4 and 0.0975M CTAB in water.  All solutions were freshly prepared.  After 

aging, 0.120 mL of the seed solution was added to the growth solution and swirled to achieve 

complete mixing.  The resulting solution was then left overnight at room temperature without 

disturbance.  The rods were washed by centrifugation three times and stored in water.   

5.2.13 Aminolysis of P3HT.  P3HT was added to a Schlenk flask and exposed to three 

vac/purge cycles.  THF was added via a cannula.  Hexylamine was added in two-fold excess and 

the reaction was allowed to stir for 2 hours.  The reduced P3HT was used immediately without 

purification.   

5.2.14 AuNR coating with polymer.  The CTAB-stabilized AuNRs was transferred from water 

to DMF.  The AuNRs, as synthesized in water, were centrifuged and redispersed in DMF.  This 

process was repeated twice more.  Dodecanethiol (6.7 mg) was added to the final solution of 

AuNPs in DMF and sonicated for two hours.  The solution was centrifuged and redispersed in 
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CHCl3.  This process was repeated twice more to remove excess dodecanethiol and completely 

replace the DMF with CHCl3.  The resulting nanorods, dispersed in CHCl3, were purged with N2 

gas for 5 min in an ice bath.  The nanorods were allowed to return to room temperature and the 

reduced P3HT polymer was added via cannula.  The solution was allowed to stir overnight.  The 

rods were centrifuged five times, replacing the solvent with fresh CHCl3 each time to remove the 

residual polymer. 

5.2.15 CdS nanoparticle growth in P3HT-b-P4VP.  P3HT38-b-P4VP30 (Mn = 9650 g/mol by 

1
H NMR) was added to a Schlenk flask and vacuum and purged with N2 three times to remove 

oxygen.  Freshly distilled THF was added to the flask (1 mg/mL and 0.5 mg/mL) and allowed to 

stir under N2 for at least 3 hours to ensure complete dissolution.  CdCl2 was dissolved in 

methoxyethanol and added to the P3HT-b-P4VP solution at a ratio of 4VP: Cd
2+

 of 3:1.  The 

ratio of THF to methoxyethanol was held constant at 10:1.  A small aliquot was removed for 

characterization of P3HT-b-P4VP/Cd.   H2S gas was bubbled through the remaining solution for 

5 minutes.  The THF was removed and the solid was placed under N2 gas to remove the 

remaining H2S gas.  The solid was then redissolved in THF for an orange solution.  The same 

procedure was performed with P3HT20 (Mn = 3400 g/mol by MALDI) with 3HT:Cd of 3.74:1 

and P4VP73 (Mn = 7700 g/mol by GPC in DMF) with 4VP:Cd of 3:1. 

5.3 Results and Discussion 

5.3.1 Synthesis of P3HT and P3HT block copolymers. 

 

Scheme 5.3:  RAFT polymerization of generic main equilibrium (top), P3HT as part of the Z 

group of the macroRAFT agent
149

 (middle), and the designed macroRAFT agent with P3HT as 

part of the R group (bottom). 
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The details of the P3HT synthesis, the synthesis of P3HT block copolymers and the 

characterization were provided in the previous two chapters and thus will not be discussed at 

present.  The P3HT macroRAFT agent was used for reduction and attachment of P3HT to the 

AuNR surface.  Of importance for the present work is the design of the RAFT agent.  The 

macroRAFT agent was designed such that the P3HT was incorporated into the R group.  Most 

reported cases of P3HT macroRAFT agents are such that the P3HT was part of the Z group,
147-

149
  except for a few notable exceptions. 

210, 212, 213
  Aside from the P3HT as part of the R group 

allows for a true ‘grafting from’ approach during the RAFT polymerization of the coil block, the 

design also allows for the modification of surfaces with the block copolymer.  When the RAFT 

agent is part of the Z group, as in most examples, the thiocarbonylthio functionality is in between 

the two blocks (Scheme 5.3, middle).  Therefore, reduction to a thiol would result in the breaking 

of the block copolymer.  In contrast, the present work synthesized a macroRAFT agent in which 

the P3HT is part of the R group such that the block copolymer remains intact after reduction, 

allowing for surface modification reactions with the block copolymer.  The P3HT rod-coil block 

copolymers that were detailed in previous chapters were used to prepare the nanocomposites 

described presently.  

5.3.2 Synthesis of AuNRs.   

The nanorods were synthesized using a seed mediated approach according to literature 

procedures.  This procedure began with the reduction of gold salt with a strong reducing agent, 

sodium borohydride, to prepare a citrate stabilized Au nanoparticle seed.  Upon addition of a 

weaker reducing agent, ascorbic acid, the growth solution underwent a color change from yellow 

to clear indicating the reduction of the Au in solution.  The prepared seed was then added to the 

growth solution in a seed mediated approach to synthesize CTAB Au nanorods.  Centrifugation 

was used to remove excess CTAB but was not effective in the separation of differing shapes.  

Thus, as can be seen from the TEM image, though the majority of the nanoparticles synthesized 

were nanorods, other shapes such as spheres were also present.   

The as synthesized Au nanorods were also characterized by UV-vis spectroscopy and a 

representative spectrum is shown in Figure 5.1.  The first absorption peak (540 nm) is attributed 

to the transverse surface plasmon resonance band.
230-232

  The second absorption peak (865 nm) is 

the longitudinal surface plasmon resonance band and is sensitive to changes in aspect ratio.
230-232
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This can be seen when comparing to the UV-vis of the sAuNRs (Figure 5.2).  The transverse 

surface plasmon resonance band was only slightly blue-shifted at 525 nm.  However, the 

longitudinal surface plasmon resonance band was observed in the visible region at 670 nm.  This 

is an indication that the nanorods have a smaller aspect ratio, as was observed in the TEM 

(Figure 5.2).    

     

Figure 5.1:  Representative UV-vis spectrum (left) and TEM (right) of lAuNRs 

 The short nanorods were prepared according to literature procedure
233

 and used as the 

size more closely correlates to the scale of interest for hybrid photovoltaic devices.  Another 

purpose in using the sAuNR synthetic procedure was that the resulting nanorod samples were 

more uniform with significantly less variation in size and shape.  The presence of silver nitrate 

was reported to be essential in the formation of AuNRs with smaller aspect ratios, i.e. shorter 

rods, with higher yield, though the role of silver nitrate is not fully understood.
233

 

  
Figure 5.2: Representative UV-vis spectrum (left) and TEM (right) of lAuNRs 
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5.3.3 P3HT Deposition on Au nanorods   

Although Au nanorods are not ideal nanocrystals for hybrid photovoltaic devices, they do 

provide a model system to demonstrate the utility of the synthesized P3HT and P3HT block 

copolymers to modify inorganic surfaces.  The Au nanorods provide a strong contrast in the 

TEM compared to the polymer which aids in the verification of the polymer coating.  Further, 

previous work has demonstrated facile attachment of polymers prepared by RAFT 

polymerization to Au nanoparticles.
155

   

In order to coat Au nanorods, both lAuNRs and sAuNRs, with P3HT polymer, the 

compatibility of the materials was first addressed.  Both synthetic procedures of Au nanorods 

were carried out in water, while P3HT and P3HT block copolymers are only soluble in organic 

solvents.  Therefore, the Au nanorods were transferred to a good solvent for P3HT.  However, 

transferring to THF directly caused the nanoparticles to aggregate and crash out of solution 

irreversibly.  The Au nanorods could be transferred to dimethylformamide (DMF).  Once 

dispersed in DMF, dodecanethiol was added to replace the CTAB on the Au nanorod surface.  

Dodecanethiol has a wider solubility range than CTAB which allowed for the Au nanorods to be 

transferred to solvents more suitable for P3HT, such as THF and CHCl3.  Therefore, the Au 

nanorods were transferred to CHCl3 through successive centrifugations, which simultaneously 

removed excess dodecanethiol.   

A thiol functionality was utilized to coat the synthesized nanorods with polymer.  The 

thiol functionality was obtained by reduction of thiocarbonylthio end group of P3HT-DATC and 

synthesized P3HT block copolymers with hexylamine.  During reduction, the Z group is 

removed.  Therefore, the P3HT macroRAFT agent was synthesized such that the P3HT was part 

of the R group so that P3HT with a thiol end group could be obtained (Scheme 5.3).  It has been 

demonstrated that the thiocarbonylthio functionality of the DATC is suitable for interaction with 

the Au surface resulting in an effective polymer coating without the need for reduction.
155, 234

  

Therefore the immobilization of P3HT on lAuNRs was performed with and without the use of a 

reducing agent.  From the TEM images (Figure 5.3A-D), the polymer coating of 2.8 nm+/- 0.5 

was more consistent when using the reduced, thiol form of the P3HT as polymer coating was 

present on every nanoparticle observed.  The non-reduced DATC end group did demonstrate 

some polymer on the surface.  However, the polymer was not on every Au nanorod observed 



95 
 

(Figure 5.3E&F).  Therefore, the reduced form of P3HT and P3HT block copolymers was used 

in all the subsequent procedures to coat Au nanorods.  

  

Figure 5.3:  TEM images of lAuNRs coated with P3HT; reduced (A-D) and non-reduced (E-F). 
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Figure 5.4:  TEM images of lAuNRs coated with reduced P3HT-b-PS 

The same procedure that relied on the transfer of the rods to CHCl3 by first stabilizing 

with dodecanethiol was utilized to coat lAuNRs with P3HT-b-PS block copolymer, which was 

reduced with hexylamine.  As the P3HT was incorporated into the R group of the macroRAFT 

agent, the PS was inserted between the R and the Z group.  Therefore, upon reduction of P3HT-

b-PS, the Z group is removed and the thiol the PS end group.  Functionalization of lAuNRs with 

reduced P3HT-b-PS resulted in a coating in which PS was the block closest to the lAuNR and 

the P3HT was on the outer portion of the coating.  The average coating (Figure 5.4) was 1.7 =/- 

0.40 nm, which was less than that observed for P3HT, though the reason for this in unknown.  

The coating of the lAuNRs with P3HT and P3HT-b-PS demonstrates the utility of the P3HT 

macroRAFT for surface modification procedures. 

The synthesized sAuNRs were also coated with P3HT and P3HT block copolymers by 

the same procedure.  However, difficulties arose from aggregation of the nanoparticles, 

particularly after transferring dodecanethiol coated sAuNRs to THF as seen in Figure 5.5.  The 

CTAB coated rods in DMF were as expected with distinct transverse surface plasmon and 

longitudinal surface plasmon resonance bands.  However, after the procedure to coat with 

dodecanethiol to allow transfer to organic solvents, aggregation of the nanoparticles was 

observed such that the two plasmon bands shifted towards.  The red-shift of the transverse 

surface plasmon indicated a larger size while the blue shift of the longitudinal surface plasmon 

indicated a smaller aspect ratio.  
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Figure 5.5:  UV-vis spectra of sAuNRs after transfer to DMF, follow by transfer to THF. 

The aggregation was also seen in the TEM.  Some sAuNRs were isolated and shown to 

be coated with both P3HT and P3HT-b-P4VP (Figure 5.6A&B).  Tt appeared that the 

aggregations were also coated (Figure 5.6D) even though it was apparent from TEM that excess 

polymer remained despite extensive washings (Figure 5.6C).  With diluted samples, extra 

washings, and more extensive sonication for dispersion, the excess polymer appeared largely 

removed but the aggregation remained (Figure 5.6E&F).  From the UV-vis, it appears as though 

the aggregation occurs during the transfer from DMF to THF.  The TEM demonstrated that the 

polymer did coat the particles, whether as individual particles or aggregates.  This would suggest 

that the end group functionalization of the P3HT and related block copolymers was sufficient for 

the modification of the sAuNRs.  However, procedures that better address the incompatibility 

between the P3HT polymers used for modification and the synthesized particles are necessary 

for more uniform coatings without particle aggregation.   
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Figure 5.6:  TEM images of sAuNRs coated with P3HT (A) and P3HT-b-P4VP (B-F).  Images 

E-F were taken after dilution and extensive washing to remove excess polymer. 
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5.3.4 In-situ growth of CdS in P3HT-b-P4VP  

The in-situ growth of CdS in P3HT-b-P4VP may provide a convenient, facile method to 

prepare ordered nanocomposites with a conducting polymer and semiconducting nanoparticles.  

This approach is particularly interesting for hybrid photovoltaics as the block copolymer 

provides the ordered morphology desired for efficient charge separation and charge transport and 

the in-situ nanoparticle synthesis eliminates the need for cumbersome surface-modification 

techniques.  For additional control over the self-assembly of the system, the nanoparticle growth 

should occur exclusively in one domain, i.e. the one of the blocks of the P3HT-b-P4VP.  In the 

present work the CdS was grown in the P4VP block of P3HT-b-P4VP.  It has been demonstrated 

that Cd
2+

 can coordinate with 4VP in amphiphilic block copolymers to produce metal salt-

induced micelles.
225, 235

  This coordination has been utilized for the in-situ preparation of CdS 

nanoparticles with the block copolymers serving a template for growth.  CdS was grown in a 

rod-coil block copolymer with polyphenylene-b-poly(2-vinyl pyridine) (P2VP)
235

 but has not 

been demonstrated with P3HT block copolymers or any other rod-coil block copolymers.  

However, Cd
2+

 has also been reported to coordinate with the thiophene of P3HT for CdS growth.  

For comparison, Cd
2+

 salt and subsequent addition of H2S was also performed with P3HT and 

P4VP to serve as control experiments and to gain some insight into the growth of CdS in P3HT-

b-P4VP.  It is proposed that the addition of Cd
2+

 in methoxyethanol  to a P3HT-b-P4VP solution 

in THF would form salt induced micelles and that the Cd
2+

 would preferentially interact with the 

more hydrophilic P4VP block.    Therefore, the CdS would form in the P4VP block rather than 

the P3HT.  DLS was used to investigate with the results in Table 5.1.  The block copolymer was 

larger than the P3HT homopolymer and was similar to the results observed for P3HT-b-PAA 

(Chapter 4).  Since THF is only a moderate solvent for P4VP, there may have been some 

organization prior to the addition of Cd
2+

.  However, the addition of Cd
2+

 did induce micelle 

formation as the average radius increased by 10-fold which indicated that the predicted micelles, 

with P4VP/Cd in the core were formed.   

Table 5.1:  DLS results for the behavior of P3HT-b-P4VP in THF. 

 P3HT20 P3HT20-b-P4VP38 P3HT20-b-P4VP38/Cd
2+

 

Radius
a
 (nm) in THF 1.2 +/- 0.10 9.7 +/- 0.52 105.9 +/- 5.83 

a) Taken from the number average of triplicate runs of at least 15 scans each.    
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Figure 5.7:  UV-vis spectra of polymers (left) and P3HT-b-P4VP with Cd and CdS. 

 

Figure 5.8:  UV-vis spectra of P4VP with Cd and CdS. 

It can be seen from the UV-vis spectra that P4VP absorbed in the UV region rather than 

the visible region with peaks at 280 nm and 240 nm (Figure 5.7).  For the block copolymer, 

P3HT-b-P4VP, the large peak in the visible region (444 nm) was attributed to P3HT while the 

UV peak (254 nm) was attributed to the P4VP, though there may be some contribution from the 

P3HT.  The addition of the Cd
2+

 and the subsequent formation of CdS nanoparticles had little 

effect on the absorption spectra (Figure 5.7).  P4VP does not absorb in the visible region, thus 

would not overlap if the formed CdS particles did (Figure 5.8).  Upon addition of the H2S to the 

P4VP/Cd, the solution turned yellow, indicating the formation of CdS which were expected to be 

observed in the UV-vis spectrum.  However, no significant absorption was observed, though 
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there was a broadening of the P4VP peaks.  Therefore, if CdS nanoparticles were formed, they 

were not observed in the UV-vis range.  The absence of a peak for CdS absorption could have 

been because the concentration of particles was too low, the particles are too big to be UV-vis 

active, or the size dispersion is large causing a large broadening of the peak. 

 

Figure 5.9:  FT-IR of P4VP and P3HT-b-P4VP before and after coordination with Cd
2+

. 

FT-IR was used to observe the coordination between the pyridine on the P4VP and the 

Cd
2+

.  In the P4VP homopolymer, a shift in the C-C aromatic stretching vibrational band from 

1595 cm
-1

 to 1610 cm
-1

 was observed indicating the coordination of the 4VP unit with Cd
2+

, 
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which is similar to reported values (Figure 5.9).  Lyons et al reported a shift from 1590 cm
-1

 to 

1610 cm
-1

 upon coordination of P2VP with copper chloride.
218

  Further, shifts from 1590 cm
-1

 to 

1600 cm
-1

 were reported for Cd
2+

 complexes with block copolymers containing P2VP.
225, 235

  An 

identical shift from 1595 cm
-1

 to 1610 cm
-1

 was observed in the FT-IR spectrum for P3HT-b-

P4VP before and after the addition of CdCl2, which indicated that the Cd
2+

 interacted with the 

P4VP of the block copolymer (Figure 5.9).  As there have been reports of CdS grown in-situ 

with P3HT, CdCl2 in methoxyethanol was also added to a solution of P3HT homopolymer in 

THF.  The effect of the Cd
2+

 on the P3HT was not as pronounced as on the P4VP.  While the 

aromatic C-C stretches of 4VP shifted by 15 wavenumbers, the shift for P3HT was much 

smaller; from 1454 cm
-1

 to 1456 cm
-1

.  This suggests that the interaction of the Cd
2+

 with the 

thiophene is weaker than with the 4VP.  Therefore, the Cd
2+

 was more likely to be coordinated 

with the P4VP block of the P3HT-b-P4VP block copolymer.  Thus, the CdS nanoparticles were 

synthesized in the P4VP domain. 

To verify the formation of CdS nanoparticles and determine the size and shape, samples 

were prepared for TEM by drop-casting the polymer solutions directly onto the TEM grids.  

Samples were prepared of pure block copolymer, polymer with Cd, and polymer with CdS.  

Surprisingly, the samples with pure P3HT-b-P4VP showed some signs of self-organization into a 

lamellar phase though no processing steps were taken to induced self-organization.  

Representative images of the P3HT-b-P4VP self-organization are shown in Figure 5.10A&B.  

This organization was not seen throughout the polymer sample.  Images of polymer films with 

no distinguishing features are blurry, grayscale and thus were not shown.  The lamellar phase 

was also observed in the samples of P3HT-b-P4VP/Cd
2+

 (Figure 5.10D).  Again, this phase was 

not throughout the entire sample (Figure 5.10C).  It was expected that salt induced micelles 

would be observed as they appeared in solution from the DLS data.  Perhaps the drying of the 

film on the grid did not allow for the retention of the micelle shape or the micelles were not 

present in the areas that were observed.  Spherical features were observed in the TEM images of 

P3HT-b-P4VP/CdS.  In areas were less polymer was observed, which allowed for improved 

focus on the particles, small spherical particles were observed (Figure 5.10E).  Though 

quantification was difficult because the particles are imbedded in the polymer matrix, the particle 

size ranged from 5-10 nm with an average of 7.0 +/- 1.3.  There were also areas where the P3HT-

b-P4VP micelles were observed with smaller particles imbedded in the core (Figure 5.10F).  
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These features are much less uniform with sizes ranging from 30 – 80 nm and an average size of 

45.3 +/- 10.5.  Micelles with CdS particles formed in the core were the expected features for 

P3HT-b-P4VP/CdS. 

 

Figure 5.10:  TEM images of P3HT-b-P4VP (A-B); P3HT-b-P4VP/Cd (C-D) and P3HT-b-

P4VP/CdS (E-F) 
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Figure 5.11:  TEM images of P4VP/CdS (A-B) and P3HT/CdS(C-D) 

For comparison, TEM was also used to determine if CdS nanoparticles formed in P4VP 

and P3HT homopolymers.  For P4VP, the solution immediately turned yellow, which indicated 

nanoparticle formation, when bubbling through the H2S.  Further, the observed shifts in 

vibrational bands in the FT-IR spectrum were similar to those reported for Cd
2+

 coordination to 

P2VP.  Therefore, the presence of CdS nanoparticles were expected to be observed in the TEM 

images of P4VP/CdS.  For P3HT, the color of dissolved P3HT is orange and thus the color 

change that accompanies the formation of CdS nanoparticles could not be observed.  The 

analysis of FT-IR showed only small changes in the bands of interest.  The growth of CdS in 

P3HT has been reported but high temperatures (> 100 
o
C) were used for synthesis.

46
  Therefore, 

TEM imaging was essential in determining if the CdS nanoparticles could be grown in P3HT and 

P4VP under the present conditions.  From the TEM images, small spheres were observed in the 

P4VP as expected (Figure 5.11A&B).  For P3HT, nanorods were observed (Figure 5.11C&D).  
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In the reported synthesis of CdS in P3HT, nanorods were prepared and the aspect ratio depended 

on the ratio of 3HT:Cd.
46

  The present study used a ratio of 3.74:1.  The nanorods were 

polydisperse with the length ranging from 23 – 77 nm and an average of 44 +/- 14 nm.  The 

aspect ratio varied from 2 – 7 with an average of 3.3 +/- 1.2.  Many of the reaction conditions 

were not closely monitored such as temperature and time.  However, the conditions were 

identical to those for P4VP and P3HT-b-P4VP which allowed for comparison.   

5.4 Conclusion 

The synthesized P3HT macroRAFT agent, in which the P3HT was incorporated into the 

R group of the RAFT agent, and the subsequently synthesized P3HT rod-coil block copolymers 

P3HT-b-PS and P3HT-b-P4VP were utilized to prepared hybrid nanocoposites by two different 

strategies.  The first utilized the reduction of the RAFT agent end group to a thiol for the surface 

modification of Au nanorods, both long and short, with P3HT homopolymer and P3HT block 

copolymers.  Surface modified nanocrystals with P3HT block copolymers have not previously 

been reported.  The second strategy involved the in-situ growth of CdS in the P4VP domain of 

P3HT-b-P4VP.   While there have been reports of nanocrystal synthesis in conjugated block 

copolymers, this approach has not been applied to P3HT block copolymers.  It was concluded 

that a majority of the CdS growth in the P3HT-b-P4VP was confined to the P4VP block.  The 

addition of the CdCl2 in methoxyethanol to the polymer solution in THF resulted in a salt-

induced micelle, as observed by DLS, with the more hydrophilic P4VP at the core with the 

CdCl2 and methoxyethanol.  The analysis of the FT-IR indicated Cd
2+

 interaction with the 4VP 

as the vibrational band shifts observed were the same as those observed for the P4VP 

homopolymer and literature reports.
225, 235

  Even though nanoparticle growth was observed in the 

P3HT homopolymer, the particles were rods.  Spherical particles were observed for P3HT-b-

P4VP, similar to those observed for the P4VP homopolymer.  While the possibility of some CdS 

formation in the P3HT block of the P3HT-b-P4VP, the data suggests that the Cd
2+

 coordinates 

more strongly with the P4VP block and thus a majority of the nanoparticle growth takes place in 

this domain. 
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CONCLUSIONS 

A new P3HT macroRAFT agent was designed and synthesized to provide well-defined 

rod-coil block copolymers that retain the end group functionality of the thiocarbonylthio group 

of the RAFT agent.  This was accomplished by designing the macroRAFT agent such that the 

P3HT was incorporated into the R group rather than the Z group which, in addition to providing 

a useful end group functionality, allows for a true ‘grafting from’ approach which preparing rod-

coil block copolymers.  The prepared P3HT macroRAFT agent was extensively characterized by 

proton nuclear magnetic resonance (
1
H NMR) spectroscopy, gel permeation chromatography 

(GPC) and matrix-assisted laser desorption/ionization time of flight (MALDI-TOF).  Of 

particular focus was the understanding of the limitations of each technique for molecular weight 

characterization and gaining insight into the efficiency of end-group reactions as both of these 

factors affect the composition of the subsequently prepared block copolymers.    

The RAFT polymerization kinetics of the coil blocks, namely poly(styrene) (PS) and 

poly(tert-butylacrylate) (PtBA), grown from the P3HT macroRAFT agent were followed in order 

to demonstrate the effectiveness of the RAFT polymerization and gain insight into the polymer 

composition.  The resulting block copolymers were also extensively characterized.  GPC, the 

standard method for molecular weight characterization proved to be unreliable due to the rod-

coil nature of the block copolymers.  GPC overestimates the molecular weight of P3HT due to 

the rigidity of the polymer backbone compared to PS standards, which is well-documented.  

However, what is unknown is how the factor of overestimation changes as a coil block grows in 

molecular weight so caution must be exercised when trying to determine block copolymer 

composition based on GPC data.  Since MALDI-TOF does not work for the prepared block 

copolymers, the molecular weight and sample composition was determined by 
1
H NMR.  This 

method also has limitations, though the limitations are slightly more predictable than GPC 

determinations.  First, block copolymer molecular weight determination by 
1
H NMR relies on 

comparing the mole ratio of P3HT to the second coil block.  Therefore, the coil block degree of 

polymerization (DP) is determined by the accuracy of the DP of the P3HT homopolymer.  

Secondly, the determination relies on the fact that each P3HT chain is capable of participating in 

the RAFT polymerization.  MALDI-TOF and 
1
H NMR analysis of the P3HT homopolymer and 

each of the subsequent end group reactions can provide insight into the end group efficiency of 

the P3HT macroRAFT agent.  It was determined that, while 
1
H NMR provides the most accurate 
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molecular weight and composition data, there is a slight overestimation.  The P3HT block is 

overestimated due to inefficient end-capping with allylmagnesium bromide and the PS is 

overestimated due to inefficiencies in converting the allyl end group to RAFT agent.  However, 

by combining MALDI-TOF end-group analysis, some understanding of amount of 

overestimation can be achieved.  This is particularly important as inefficient end group reactions 

result in P3HT homopolymer in the final sample.  While the presence of the P3HT homopolymer 

may not negatively impact the use of the block copolymer, e. g. the block copolymers may still 

form ordered phase separated structures, it is important that its presence is acknowledged and 

quantified so that consistency of results can be achieved.   

The P3HT macroRAFT agent was also used to synthesize amphiphilic rod-coil block 

copolymers of P3HT with poly(4-vinyl pyridine) (4VP) and poly(acrylic acid) (AA).  For P3HT-

b-P4VP, the RAFT polymerization kinetics were followed as previously described.  However, 

the conversion was relatively low despite the long polymerization times and high monomer 

concentration.  It was proposed that conversion was low due to the poor solubility of the P4VP in 

the reaction solvent, trichlorobenzene (TCB) as homopolymerization of P4VP in TCB lead to the 

precipitation of the polymer.  Solubility was a major consideration for the direct synthesis of 

P3HT-b-PAA, as the two blocks have dramatically different solubility.  This may be why a 

successful direct synthesis of P3HT-b-PAA has not been reported.  To address this issue, a 

binary solvent system of 7:1 TCB:dioxane was used.  The dioxane was used to aid in the 

solubility of the growing PAA chain.  While this polymerization was successful in that the 

polymer did not precipitate out of the reaction solution and the desired block copolymer was 

made, characterization of this amphiphilic block copolymer was difficult.  The self-assembly of 

the polymer chains in tetrahydrofuran (THF) prevented GPC characterization and the lack of 

discreet peaks for integration excluded the use of 
1
H NMR to determine molecular weight.  

Fourier-transform infrared (FT-IR) spectroscopy verified the presence of each block and the 

ability to form micelles demonstrated that the polymer sample must be a block copolymer (as 

opposed to a mixture of two homopolymers).  Micelle formation was demonstrated in THF and 

in water, the size of which were analyzed by dynamic light scattering (DLS).   In water, the 

P3HT tightly packed in the core of the micelle resulting in a UV-vis spectrum that appeared 

similar to solid-state P3HT despite the P3HT-b-PAA forming a clear solution in water.  The 
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analysis of micelles in various solvents can be used to qualitatively infer the relative ratio and 

size of P3HT-b-PAA block copolymers.   

Finally, the synthesized P3HT homopolymer and block copolymers were used to make 

various nanocomposites.  In the first method, the RAFT end group of the P3HT macroRAFT 

agent and the P3HT block copolymers was reduced to a thiol to allow for attachment to Au 

nanoparticles.  The reduction of the P3HT polymers was possible because the P3HT was 

incorporated into the R group of the RAFT agent.  While Au nanoparticles are not useful for 

photovoltaic applications, the surface modification demonstrated the utility of the P3HT 

macroRAFT agent, which was used to modify the surface with P3HT homopolymer and used to 

modify the surface with P3HT block copolymers.  Surface modification of nanoparticles with 

P3HT block copolymers, which may allow for additional control of nanoparticle incorporation 

into ordered block copolymer films, has not be reported.  It was noted the surface modification 

with the P3HT block copolymers were such that the coil block was closest to the nanoparticle 

surface the P3HT made up the out portion of the polymer coating.   

The second method used for the preparation of P3HT hybrid nanocomposites was in-situ 

growth of CdS in P3HT-b-P4VP.  The CdS nanocrystals were grown by adding the CdCl2 

precursor in methoxyethanol to a solution of P3HT-b-P4VP and then bubbling with H2S gas.  It 

was concluded that a majority of the CdS growth in the P3HT-b-P4VP was confined to the P4VP 

block.  The addition of the CdCl2 in methoxyethanol to the polymer solution in THF resulted in a 

salt-induced micelle, as observed by DLS, with the more hydrophilic P4VP at the core with the 

CdCl2 and methoxyethanol.  The analysis of the FT-IR indicated Cd
2+

 interaction with the 4VP 

as the vibrational band shifts observed were the same as those observed for the P4VP 

homopolymer and literature reports.
225, 235

  Even though nanoparticle growth was observed in the 

P3HT homopolymer, the particles were rods.  Spherical particles were observed for P3HT-b-

P4VP, similar to those observed for the P4VP homopolymer.  While the possibility of some CdS 

formation in the P3HT block of the P3HT-b-P4VP, the data suggests that the Cd
2+

 coordinates 

more strongly with the P4VP block and thus a majority of the nanoparticle growth takes place in 

this domain. 
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FUTURE WORK 

The main focus of the work presented in this dissertation has been to provide a new 

P3HT macroRAFT agent, a detailed investigation into the RAFT polymerization kinetics of 

several rod-coil block copolymers and addressing the necessary considerations for 

characterization of the block copolymers. Each of these areas is critical for developing new, 

well-defined rod-coil block copolymers that have potential application in a wide range of areas. 

While this work has added significantly to the general areas of block copolymers and P3HT 

copolymers, this work could be expanded upon, especially in the area of the amphiphilic block 

copolymers. While the amphiphilic block copolymers were successfully synthesized, conversion 

was low due to limited solubility. Determining more favorable polymerization conditions, 

particularly for P3HT-b-P4VP could afford a wider range of molecular compositions and help 

develop a deeper understanding of these interested block copolymers. 

Another area that would benefit from a more detailed investigation is the phase 

separation of the block copolymers when cast into films.  In order to proceed, a useful annealing 

procedure needs to be identified.  The annealing temperature should be high enough to erase the 

thermal history of the block copolymer and thus differential scanning calorimetry (DSC) should 

be utilized to determine critical thermal properties, such as the glass transition temperature (Tg).  

With the correct annealing procedure, the thermodynamically favorable film structures can be 

obtained and the phase separation of the block copolymers can be observed and characterized.  

With an appropriate stain for one of the blocks, the phase separation can be observed with 

transmission electron microscopy (TEM).  Small angle x-ray scattering (SAXS) could be utilized 

to identify the long-range ordered phase structure and, by varying the temperature, the order to 

disorder temperature can be identified.  With the improved characterization of the block 

copolymers, a more in depth understanding of the polymer sample would be achieved and a more 

reliable and reproducible phase diagram of these polymer systems could be developed.   

Once various phases have been identified using the above process, perhaps a more 

interesting study would be to investigate how the incorporation of nanoparticles affects the phase 

of the block copolymers.  For example, the incorporation of polymer-coated nanoparticles, which 

favor a particular domain, would change the volume fraction of the phases.  Therefore, the phase 

structure would change with increasing weight percent of nanoparticles and limits would exist as 
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to the weight percent of nanoparticles that could be incorporated while maintaining the phase 

structure.  Further, as incorporation of surface modified nanoparticles changes the volume 

fraction, block copolymers that did not exhibit the desired phase behavior in the neat form could 

with the addition of polymer coated nanoparticles.  Therefore, all of the previously described 

work would need to be repeated on systems containing nanoparticles.  Correlating the phase 

diagrams of neat block copolymer and block copolymers with the added volume of the 

nanoparticles would be of particular interest in answering the question as to whether the added 

volume of the nanoparticles is the same as adding an equivalent volume fraction increase of 

homopolymer.  This question would become more interesting when considering adding non-

symmetrical nanoparticles, such as nanorods and when changing the polymer coating on the 

nanoparticles.   

In addition to adding nanoparticles into the block copolymer matrix, the work in this 

dissertation also outlined a procedure for growing nanoparticles within the polymer matrix.  

While the main focus of this work was growing CdS nanoparticles in the block copolymers in 

solution, it would be interesting to observe the nanoparticle growth in a polymer film.  It has 

been reported for coil-coil block copolymers containing poly(vinylpyridine) that the 

incorporation of CdCl2 changed the lattice parameters of the lamellar structure.
236

  Interestingly, 

the lamellar structure expanded with the addition of CdCl2 to poly(2-vinylpyridine) and 

contracted when added to P4VP, suggesting differences in coordination.
236

  Therefore, casting a 

film of P3HT-b-P4VP with coordinated Cd may not necessarily change the phase structure but 

would change the lattice spacing of the phase structure.  Further, monitoring the change in phase 

structure with nanoparticle growth would be of interest.  Typically, in-situ nanoparticle growth 

allows for a higher loading of nanoparticles,
197

 which is more attractive to potential hybrid 

photovoltaic applications.  Though the metal salt coordination
236

 and the in-situ growth of 

nanoparticles
197

 have been investigated in the phase separated films of coil-coil block 

copolymers, these ideas have not been applied to rod-coil block copolymers.  Once well-defined 

P3HT rod-coil block copolymer film structures have been obtained and that definition has been 

extended to include the incorporation of nanoparticles, these systems could possibly be tested for 

use as the active layer in photovoltaic devices.   
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Also presented in the dissertation were two methods for preparing hybrid nanocomposites 

utilizing the P3HT and P3HT block copolymers.  The first was the surface modification of Au 

nanorods with P3HT and P3HT block copolymers.  While this is the first demonstration of 

surface modification with P3HT block copolymers, Au nanorods are not suitable for photovoltaic 

applications.  Therefore, the surface modification procedures should be adapted for 

semiconducting nanoparticles which are useful for hybrid photovoltaic applications.  These 

procedures would require optimization and the resulting polymer coated nanoparticles would 

need to be well characterized before the nanoparticles can be incorporated into the block 

copolymer films, using the procedure discussed above.  In previous studies of nanoparticles 

coated with block copolymers rather than homopolymer, the nanoparticles were incorporated at 

the interface of the phase separated film.
184

  Therefore, once the desired semiconducting 

nanoparticles are modified with P3HT block copolymers, these particles can be incorporated into 

the previously defined block copolymer films as another method to achieve long-range ordering 

of nanoparticles in a block copolymer films.   

The second method for preparing hybrid nanocomposites demonstrated in this 

dissertation was the in-situ growth of CdS nanoparticles in the P4VP domain of a P3HT-b-P4VP 

block copolymer.  This method takes advantage of the amphiphilic nature of the P3HT-b-P4VP 

to form self-assembled micelles in solution prior with the addition of the metal salt.  As 

mentioned previously, it would be interesting to investigate the in-situ CdS nanoparticle growth 

in block copolymer films; however, there is also much work that can be done in the area of 

nanoparticle growth in solution.  The first task would be to determine the experimental factors 

that allow for control of the nanoparticle size and size distribution.  The ratio of 4VP to Cd salt, 

the polymer molecular weight, the polymer concentration and the relative amount of hydrophilic 

solvent that is used are all factors that could potentially affect the nanoparticle growth and size 

and each should be investigated.  Further, this work could be extended to the preparation of other 

semiconducting nanoparticles such as PbS or CdSe.  Finally, these procedures could be adapted 

for the in-situ growth of similar nanoparticles in the acrylic acid domain of a P3HT-b-PAA block 

copolymer, to demonstrate the versatility of the process.  All of the factors described would be 

relevant to P3HT-b-PAA with the added need to adjust solution properties to ensure the 

carboxylic acid groups of the PAA are deprotonated, to enable effective coordination with the 

metal salts.   
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Finally, it is recommended to explore combining the two methods for the formation of 

nanocomposites described within this dissertation.  This would entail the surface modification of 

a nanoparticle with P3HT-b-P4VP and then utilizing the in-situ method to grow nanoparticles in 

the P4VP block.  It is important to recall that after surface modification procedures, the P4VP is 

closest to the nanoparticle surface and P3HT makes up the outer portion of the polymer coating.  

Therefore the composition of the combined method would be, from the outside in – P3HT, 

P4VP/CdS, Au nanorod.  As in the previous case, replacing the Au nanorod with a 

semiconducting nanorod would be a necessary step for any potential photovoltaic applications.  

With the ability to change the type of nanoparticles in the P4VP layer and the nanorod to which 

the polymer is attached, many interesting multi-component nanocomposites could be prepared.  

The advantage for hybrid photovoltaics is that, if the band can be aligned properly, charge 

separation and charge transport can be decoupled.  That is, charge separation can occur at the 

interface between the P3HT and the P4VP/nanoparticle domain.  The electron can then be 

transferred from the P4VP/nanoparticle domain to the nanorod which would facilitate charge 

transport.  By allowing charge separation and charge transport to occur in separate materials, 

clear pathways for transports can be defined and recombination can be minimized.   

The work presented in this dissertation provides the foundation for a variety of P3HT 

hybrid nanocomposites structures.  P3HT block copolymers have not been utilized for surface 

modification of nanoparticles or for in-situ growth of nanoparticles.  However, in order for these 

materials to be viable as active layers in hybrid photovoltaic devices, significant work is needed 

to better define the nanocomposites described here and increase the breadth of materials that can 

be prepared and their potential applications.   
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