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ABSTRACT 

SOLUTION ASSEMBLY OF CONJUGATED POLYMERS 

MAY 2013 
 

FELICIA A. BOKEL, B.S., RENSSELAER POLYTECHNIC INSTITUTE 
 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Directed by: Professor Ryan C. Hayward 
 

 
This dissertation focuses on the solution-state polymer assembly of conjugated 

polymers with specific attention to nano- and molecular-scale morphology.  

Understanding how to control these structures holds potential for applications in 

polymer-based electronics.  Optimization of conjugated polymer morphology was 

performed with three objectives: 1) segregation of donor and acceptor materials on the 

nanometer length-scale, 2) achieving molecular-scale ordering in terms of crystallinity 

within distinct domains, and 3) maximizing the number and quality of well-defined 

donor/acceptor interfaces.  Chapter 1 introduces the development of a mixed solvent 

method to create crystalline poly(3-hexyl thiophene) (P3HT) fibrils in solution.  Chapter 2 

describes fibril purification and approaches to robust and functional fibrils, while chapters 

3 and 4 demonstrate the formation of hybrid nanocomposite wires of P3HT and 

cadmium selenide (CdSe) nanoparticles by two methods: 1) co-crystallization of free and 

P3HT-grafted CdSe for composite nanowires and 2) direct attachment of CdSe 

nanoparticles at fibril edges to give superhighway structures.  These composite 

structures show great potential in the application of optoelectronic devices, such as the 

active layer of solar cells.  Finally, ultrafast photophysical characterization of these 

polymers, using time-resolved photoluminescence and transient absorption, was 
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performed to determine the aggregation types present in suspended fibrils and monitor 

the formation and decay of charged species in fibrils and donor-acceptor systems.   
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation 

An overwhelming need for sustainable energy solutions has brought photovoltaic 

(PV) applications to the forefront research in polymer science.  Despite advances in the 

polymer PV field, optimization of the active-layer morphology is still in early stages.  This 

thesis will specifically focus on: routes to solution-state assembly of conjugated polymers 

into nano-scale fibrils, initiated research of fibril purification, pairing of P3HT fibrils with 

acceptor materials to exhibit ideal active layer morphology, and preliminary studies of 

time-resolved photophysics of P3HT fibrils. 

The sun is an abundant source of energy, however, only a fraction of the world’s 

total energy consumption uses this valuable and renewable resource.  A major drawback 

to conventional silicon-panel based solar energy harvesting devices is the cost of clean-

room fabrication and production.  According to a vision study by the US Department of 

Energy (DOE)’s SunShot initiative,1 when solar electricity prices reach ~ $0.06 per 

kilowatt-hour, solar energy will then be cost-competitive with current fossil fuel sources.  

To overcome this barrier to low-cost renewable energy, there has been a turn in the last 

few decades to polymeric materials for harvesting solar energy.  While as of 2012, costly 

production of silicon solar panels affords efficiencies on the order of 20% with a 

theoretical limit of 30%,2 the maximum efficiency of polymer-based PVs was 10%.3  

Though currently lower in efficiency, polymer-based PVs offer the overwhelming 

advantage of affordability of these thin-film based alternatives; derived from the lower 

production costs of these easily processable materials. 
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1.2 Semiconducting conjugated polymers  

In the 1970s, the simplest example of a conjugated polymer, polyacetylene, 

opened the field of conducting polymers when it was discovered that this polymer could 

be doped after synthesis by chemical or electrochemical methods to mobilize charges 

and hence conduct electricity.4  Since this early discovery, much effort has been put into 

increasing the solubility and therefore processability of this otherwise insoluble polymer 

while retaining its semiconducting capabilites.  One conjugated polymer family of note is 

poly(phenylene vinylene) (PPV) and its derivatives which were the subject of many 

scientific reports from  an initial report in 1989 to a peak number of publications of 171 in 

2001.*  This electron donor-type polymer, when paired with an electron accepting 

material, was able to achieve power conversion efficiencies (PCEs) of up to 4.3% in 

2001.5  The next generation conjugated polymer, poly(3-hexyl thiophene) (P3HT) quickly 

introduced new breakthroughs in efficiencies with commonly reported values of 5% or 

higher.  When paired with an indene modified fullerene, the highest photovoltaic 

efficiency with P3HT recorded to date is 7.4% PCE.6  Currently, the P3HT/fullerene 

system is still considered a benchmark standard for polymer based solar cells.   

Over the course of this project, between the years of 2007 and 2012, more than 

3000 papers were published that used P3HT.†  Initially demonstrated in the 1990s, 

solubility-driven assembly of P3HT was pioneered by Ihn and co-workers using a one 

solvent thermal method, also referred to as a whisker method.  More recently, work by 

Jenekhe and co-workers rejuvenated this area through nanowire formation of various 

P3ATs and expansion to many 2 and 1-D structures of conjugated polymers.8–13  

                                                      
 

*
  From a Web of Knowledge Database search of PPV in Materials Science November 

26, 2012 
 
†
 From a From a Web of Knowledge Database search of P3HT in Materials Science 

October 9, 2012 
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Solution formation of P3HT and other alkyl thiophene (P3AT) nanowires is a 

substantially smaller subset of the conjugated polymer literature population with roughly 

200 papers over the same time frame including chapters 3 and 4 of this thesis).  

Though there are quite a few recent publications centered on P3HT and P3HT 

fibers including growth kinetics14 and alignment by liquid crystal mesogens,15 it seems 

that P3HT is ultimately going the way of PPV; even now, fading in literary presence in 

preference for new low bandgap materials16 composed of fluorene and benzothiadiazole 

derivatives that have a wider absorption range.  However, in the same way that research 

on PPV systems has informed and directed morphology studies of P3HT, fundamental 

research on the properties of P3HT including effects of molecular weight, molecular 

weight distribution, and regioregularity on morphology, routes to self-assembly, and 

photophysical behavior are expected to apply to current low bandgap studies. 

Key for these electron-donating conjugated polymers’ use in PV applications is the 

pairing with an electron-acceptor material for charge transport of both hole and electron 

in their respective transport materials.  When pairing donor and acceptor materials, three 

aspects are identified to attain ideal photovoltaic morphology.17,18  First, donor and 

acceptor materials must be segregated on the nanometer lengthscale, second, 

Angstrom-scale ordering (i.e. crystallinity) must be acheived within the domains, and 

third, the number and quality of well-defined donor/acceptor interfaces must be 

maximized. 

1.3 Morphology considerations for polymer PVs 

To minimize recombination and loss in efficiency, proper order of donor and 

acceptor materials must be established.  Both the molecular and nanoscale organization 

must be well controlled in a well-segregated interpenetrating network of nano-domains.  

Formation of an electron-hole pair (exciton) upon irradiation with sunlight enables the 
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formation of charged species whose transport through a circuit generates a current for 

use as harvestable energy.  The diffusion length-scale of this exciton is on the order of 

10 nm, which establishes the ideal domain size of the model active layer morphology in 

Figure 1-1.18,19  This architecture is expected to promote exciton dissociation  and  also 

increases the number of excitons that are able to dissociate.20  

Previous approaches to nanoscale ordering have included “bottom up” synthetic 

routes including tailored polymers21,22 and block copolymers23 specifically designed to 

segregate donor and acceptor type as well as “top down” templating techniques in 

porous inorganics24 or block copolymer arrays25 to direct each component separately.  

Nanoscale segregation of materials is crucial to ensure excitons can dissociate to their 

respective transport domains, but often times these multi-step procedures suffer in the 

areas of reproducibility and rapid large-scale production.   

Current approaches to controlling polymer morphology for photovoltaic active 

layers will be described in this chapter.  For brevity, only accounts utilizing conjugated 

polymers in donor-acceptor systems for bulk heterojunction thin film devices will be 

reported here.      

 

Figure 1-1. A model active layer morphology. 
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1.4 Approaches in current literature 

1.4.1 Blends and block copolymers 

As previously mentioned, early work in polymer PVs26 used first generation donor 

polymer poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1, 4-phenylene vinylene) (MEH-PPV) 

claiming a photoconductivity increase of an order of magnitude through blending with 

soluble fullerene derivative, [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM or 

generally, PCBM).  Next generation P3HT-PCBM blends surpassed PPV derivatives due 

to the superior hole mobilities and the larger absorption spectrum of P3HT.27  Common 

methods to PV device preparation have been blending these donor and acceptor 

materials and thermally annealing the thin film cast from the blend at specific annealing 

times.28,29  A variety of solvent annealing methods30–32 and preparations with 

additives33,34 to improve film morphology have also been reported, however the 

magnitude of such annealing and use of halogenated materials present a hurdle to 

industrial scale-up.  In light of these findings, many have turned towards other 

processing methods such as screen printing and roll-to-roll processing.35  Pre-

organization of donor and acceptor materials before device fabrication offers an 

controlled alternative to the disorder and lack of precise morphological control from 

which these blended and annealed films usually suffer.36   

Block copolymers are inherently self-assembling materials that have been sought 

out as materials for photovoltaics.  Focusing on achieving order in the donor (P3HT) 

material, Boudouris and co-workers37 designed a P3HT-poly(lactic acid) (P3HT-PLA) 

block copolymer in which the non-conjugated block was a degradable polymer that could 

easily be removed and back-filled with an acceptor material for a straightforward route to 

a bulk heterojunction PV device.  In a report by Zhang and co-workers,23 a block 

copolymer containing a P3HT block covalently attached to a polyacrylate functionalized 
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with a perylene pendant group is described.  Cast films showed fibrillar topography on 

the order of 25 nm with thermal annealing; however, maximum recorded PCE values 

remained low at 0.49%.  Though nanometer-scale separation is achieved by block 

copolymers, effective donor-acceptor interfaces and crystallinity within both blocks may 

not be optimum for charge transport.  In these methods, at least one block is conjugated, 

reducing the number of required steps that required compared to methods using non-

conducting polymer systems to create a pattern or template.25  Finally, a more recently 

reported all-conjugated donor-acceptor block copolymer38 has demonstrated a higher 

PCE of 1.1%.  Though the block copolymer PCE is not as high as the analogous 

homopolymer blend (PCE = 1.5%), the block copolymer retains its 1% PCE after 

annealing at high temperatures.  In comparison, the blend shows a sharp decrease in 

PCE to 0.61% upon annealing attributed to coarsening that is otherwise prevented in the 

block copolymer architecture. 

1.4.2 Pre-organization of conjugated donor polymers 

Conjugated polymers often have rigid aromatic-containing backbones that can π-

π stack to form one-dimensional rod-like fibrils.  The unit cell structures of numerous 

poly(3-alkylthiophenes) have been reported39–43 with several reported findings that 

P3ATs exists in two different monoclinic polymorphs with dimensions a = 1.6 nm, b = 

0.75 nm, c = 0.78 nm, γ = 28°, for Form I (P3HT) and a = 1.08 nm, b = 0.78 nm, c = 0.94 

nm, β = 64.7°, for Form II (P3BT).44  It has also been shown that size of polythiophene 

fibrils, dictated by the length of a fully extended polymer chain or the critical length 

before chain folding, is dependent on molecular weight.45 (Figure 1-2)  Beyond a critical 

molecular weight of 10kDa, P3HT fibrils cease to increase beyond a width of 20 nm with 

increasing molecular weight and chain conformation shifts from a fully extended chain 
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spanning the width of the fibril to a chain-folded structure with re-insertion of P3HT 

chains into the crystalline fibril. 

 

Several recent reports have focused on crystallization of conjugated polymers 

from solution to form PV components (Figure 1-3).  Formation of poly (3-alkyl thiophene) 

(P3AT) nanowires by solution crystallization7,13,46,47 is driven by cooling the dissolved 

polymer in a marginal solvent, or by adding a non-solvent48–50 to a homogenous solution 

of P3AT in a good solvent.  In both cases, π-π stacking of the thiophene backbone leads 

to growth of extended (μm-scale) nanowires with the polymer chain axes perpendicular 

to the wire axis.  Though much focus has been on P3ATs, nanostructures of high aspect 

Figure 1-2. Polymorphs of P3ATs (a) Form I and (b) Form II and (c-g) TEM images and 

schematic depicting increasing fibril width with molecular weight up to a critical value of 

10kDa. Reproduced with permission from Ref. 44, Copyright 2011, Wiley, and reprinted 

(adapted) with permission from Ref. 45. Copyright 2009, American Chemical Society. 
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ratios of other conjugated polymers including poly (3,4-phenylenedioxythiophene) 

(pPheDOT),51 poly (3,3″ ′-didodecyl quarter thiophene) (PQT-12),52 and poly [(9,9-

dioctylfluorenyl-2,7-diyl)-co-(bithiophene)] (F8T2),53 have been studied.  

 

Pre-organized donor materials blended with fullerenes9,11,12,49,54 or semiconductor 

nanoparticles55,56 will yield active layers for photovoltaic devices. The constituent 

materials have nanoscopic domains and a crystalline makeup but may not necessarily 

contain bi-continuous structures or effective interfaces for efficient exciton dissociation 

(Figure 1-4).  According to a report by Berson et al.,54 the addition of amorphous 

polymer increases PV efficiency by “playing as an interconnector” between 

nanostructured fibers and fullerene domains.   

Figure 1-3. Donor-type polymer wires of (a) P3HT and (b) PQT-12 and Reprinted (adapted) 

with permission from Ref.13. Copyright 2009, American Chemical Society and reprinted with 

permission from Ref. 52. Copyright 2009, American Vacuum Society. 
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These ‘pre-crystallization’ methods are appealing as they afford highly crystalline 

domains of conjugated polymers with appropriate nanoscale sizes, without the need for 

delicate annealing treatments of device layers.  While the energy conversion efficiencies 

obtained in this manner 11–13,49,54,55  have not reached the optimized values obtained by 

precise annealing of blends prepared without pre-crystallization,29 further improvement in 

nanoscale organization of donor and acceptor materials into well-defined hybrid building 

blocks is anticipated to make such assembly routes advantageous for device fabrication. 

 

 

More details on assembly routes to P3HT/CdSe donor-acceptor systems in the 

recent literature will be discussed in chapters 3 and 4, along with our approaches to 

increased organic-inorganic donor-acceptor interfaces. 

 

Figure 1-4. Representative PV active layer structures of pre-organized donor and acceptor 

blends with (a) CdSe nanorods and (b) fullerenes. 
 
Reproduced with permission from Ref. 56 

and Ref. 54, Copyright 2009 and 2007, John Wiley & Sons.  
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1.4.3 Other methods to donor-acceptor architectures 

Though not specifically addressed in this thesis, there remain some additional 

notable methods to self-assembly of polymeric based donor-acceptor architectures.  

First, poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene), (PBTTT) is another 

thiophene based polymer that, unlike fibril-forming P3ATs, creates a terraced crystal 

structure57 whose side chains has been reported to perfectly intercalate a larger 70 

carbon fullerene, PC71BM molecules (but not traditional PC61BM) for an ordered donor-

acceptor system.58  Though by definition a blend method, this system has specifically 

selected materials for a precise self-assembly of donor-acceptor materials.  

Unfortunately, one point of ambiguity in this method is the continuity of the acceptor 

fullerene domain for electron transport.  

Another method to prepare well-defined donor-acceptor interfaces is though 

acceptor nucleated growth of donor polymer wires.  P3HT and P3HT block-copolymers 

in particular have demonstrated the ability to self-nucleate from their own fibers,59–61 

however, promising studies for donor-acceptor systems show nucleation of P3HT from 

acceptor-material surfaces of small molecule perylene-diimide,62 graphene oxide63 and 

carbon nanotubes.64  These noteworthy methods show much promise for future donor-

acceptor architectures not formed by solution crystallization methods described here. 

In the following chapters a new route to the formation of P3HT nanowires and a 

few methods for purification and preparatory methods for analysis will be expounded on, 

as well as novel methods for pairing with acceptor materials in a way that achieves 

target metrics of nanoscale segregation, crystallinity and quality donor-acceptor 

interfaces.  Finally, preliminary results of photophysical characterization to probe the 

trajectory of excited state electrons of these materials will be reported and final remarks 

and perspective will be made in the conclusion. 
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CHAPTER 2   

FIBRIL FORMATION, PURIFICATION AND ANALYTICAL PREPARATION 

 

2.1 Abstract 

Fibrils of poly(3-hexyl thiophene) (P3HT) were formed by a newly described mixed 

solvent method using chloroform (CHCl3) and dichloromethane (CH2Cl2).   Fibril 

formation was characterized by a distinct change in the UV-visible absorption spectrum 

and transmission electron microscopy (TEM).  Initial research in purification routes to 

remove soluble polymer and recover isolated fibrils is described, and resulting “seed” 

fibrils were identified as a potential nucleating agent for future controlled studies of fibril 

growth.  Fibrils formed from C60-terminated P3HT, fibril sample preparation for analytical 

TEM, and the cross-linking of thiophene-based block copolymers are also described. 

2.2 Fibril formation 

Nanoscale poly(3-alkyl thiophene) (P3AT) fibril formation has been reported for 

numerous solvent systems.  Generally, there are two methods identified for solution 

crystallization into fibrils: the “thermal method” (also known as the “whisker method”) and 

the “mixed solvent” method.  In the thermal method P3AT is dispersed in a single solvent 

and heated then cooled to form fibrils.  In mixed solvent methods a combination of good 

and marginal solvents are used to induce fibril formation upon addition of the marginal 

solvent driving thiophene units to π-π stack and minimize free energy in solution.   
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Table 2-1 is a compilation, however not an exhaustive listing, of thermal and 

mixed solvent systems that have been reported to form fibrils in solution.  The details of 

fibril formation and subsequent treatment methods for purification, preparation for 

microscopy, and collaborative work for robust fibril morphologies will be described in this 

chapter. 

 

2.3 Experimental 

2.3.1 Materials and methods  

 

Poly(3-hexyl thiophene) (P3HT) (Aldrich, Mn = 23kDa, PDI = 2.06) was used as 

received at a concentration range of 0.1 to 2 mg/mL for fibril formation and purification 

methods described.  Poly(ethylene oxide) (PEO) (Fluka, 10kDa) was used for depletion 

purification methods of 0.75 mg/mL fibrils at a PEO concentration of 69.5 mg/mL, and 

poly(methyl methacrylate) (PMMA) (Aldrich 120kDa, PDI 1.19) was used for embedding 

P3HT fibrils for critical drying experiments with a final concentration of 6 mg/mL PMMA 

and 0.1 mg/mL P3HT fibrils.  An aqueous solution of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Heraeus Clevios PH 

500) was used as received as a water soluble sacrificial layer for floating PMMA-

embedded P3HT fibrils.   Critical drying was carried out in a homebuilt high-pressure 

supercritical (sc) carbon dioxide (CO2) reactor in the Watkins research lab and CO2 was 

injected with a high pressure syringe pump (ISCO, Model 500 HP) at a rate of 0.5 

mL/min with solvent purging rates from 1-5 mL/min.  

Conjugated all-thiophene backbone polymers were synthesized by GRIM 

polymerization to create block copolymers P3HT-b-P3MT or P3AmT (structures shown 
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in Scheme 2-1)  with molecular weights ranging from 11.5-16.1 kDa, PDIs from 1.4-1.6, 

and block ratios from 3:1 to 5:1 P3HT:P3RT (R = M or Am).    Cross-linking was 

performed in solution by addition of a mixture of triethyl ammonium salt and 1,6 

diisocyanatohexane, with this ratio varying depending on amount of cross-linking 

desired.  The cross-linked product was then dried by rotary evaporation, re-suspended in 

THF, and isolated by centrifugation. 

2.3.2 Characterization  

UV-visible spectroscopy was performed on a Hitachi 3500 UV-vis spectrometer 

and TEM was performed on either a JEOL 100CX or 2000FX operating at 100kV or 

200kV, respectively. 

2.4 Results and Discussion 

2.4.1 Fibril formation 

Using methods reported in Table 2-1 as a foundation, a few attempts to form 

fibrils from commercially available P3HT by thermal methods are shown in Figure 2-1.  

Fibrils formed from thermal methods using anisole and cyclohexanone are also shown in 

Transmission electron microscopy (TEM) micrographs in Figure 2-1b and c.  

Unfortunately, these methods required high concentrations, resulted in relatively low 

percent crystallinity and the morphology of the fibrils that were successfully formed in 

solution appeared mostly non-uniform in dimension.   
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Table 2-1. Thermal and mixed solvent systems for fibril formation. 

Alkyl 
Length 

Mn (kDa) PDI RR (%) Solvent(s) Ref. 

3 - - - xylene, hexadecane, decalin, cyclohexanone, 
decane 

1 

4 16.5 2.5 - xylene, hexadecane, decalin, cyclohexanone, 
decane 

1 

4 8.2 1.56 97 anisole 2 

4 30-80 (Mw) - 97 orthodichlorobenzene 3 

5 54, 40.6 1.4, 1.5 94.3, 94.0 orthodichlorobenzene 4 

6 48.3 (Mw) - >90 p-xylene 5 

6 18.1 2.5 >98.5 p-xylene 6 

6 24.2 1.87 98.5 xylene 7 

6 29 3.8 - xylene, hexadecane, decalin, cyclohexanone, 
decane 

1 

6 27.4 4 >98.5 anisole 2 

6 10.2, 15.6, 33.5 1.22, 1.25, 1.48 >95 anisole 8 

6 6.0 1.50 >95 anisole/DMF 8 

6 50-65  >95 toluene 9 

6 37 2.0 90-93 dichloromethane 10 

6 54.6 2.6 >95 chloroform:hexane 1:5 11 

6 100 (Mw) - >98 orthodichlorobenzene:hexane 1:2 12 

6    dichlorobenzene:cyclohexanone  

8 45 4.2 - xylene, hexadecane, decalin, cyclohexanone, 
decane 

1 

8 15 1.6 >95 chloroform:hexane 1:5 11 

8 38.4 1.89 >98.5 anisole 2 

10 38.4 1.89 >98.5 anisole 2 

12 37 3.2 - xylene, hexadecane, decalin, cyclohexanone, 
decane 

1 

12 31.1 2.55 93 chlorobenzene/carbon disulfide:anisole/octane 
1:6 

13 

Bcp 
4&6 

11.4 1.34 - chloroform:anisole 1:2-1:6 14 
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Figure 2-1. Fibril formation by thermal methods (a) UV-vis shows relatively low crystallinity and 

TEM of (b) anisole and (c) cyclohexanone formed fibrils display non-uniform features. 

To overcome these limitations, a new method was needed to minimize material 

use and maximize fiber yield.  In this thesis, a mixed solvent system that had not been 

previously reported was developed for room temperature formation of P3HT fibrils in 

solution.  Chloroform (CHCl3) readily dissolves the solid P3HT polymer up to a 

concentration of ~ 50 mg/mL before gelation sets in.  Dichloromethane (CH2Cl2) is a 

marginal solvent for P3HT which is often used in soxhlet extraction, or purification of 

P3HT as the final solvent to remove low molecular weight polymer chains.  Testing 

CH2Cl2 for solubility of P3HT resulted in a translucent orange solution with dark 

purple/black solid polymer particles remaining suspended in solution.  Addition of CHCl3 

to this solution failed to dissolve these particles. 

Solid P3HT dissolved immediately upon addition of CHCl3 resulting in a vibrant 

orange solution.  Addition of an equal volume of CH2Cl2 turned the solution reddish-

brown and gradually became dark brown over the course of 24 hours.  An increased 

ratio of CH2Cl2 to CHCl3 resulted in a darker purplish-black solution and the 

corresponding UV-visible absorption spectrum red-shifted from a single absorption peak 

at 450 nm indicative of the orange solution of well-dissolved P3HT to a multi-peaked 

spectrum with vibronic bands at 605, 550, and 515 and a diminished shoulder at 450 
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nm.  The red-shifting of spectrum and the appearance of structured vibronic bands after 

CH2Cl2 addition is indicative of polymer aggregation by π-π stacking of the thiophene 

backbone and attributed to an increased conjugation length.11,15  As depicted in Figure 

2-2, increasing the ratio of CHCl3:CH2Cl2 changes the spectrum up to 1:15 did not 

significantly alter the percent crystallinity of the suspensions, as roughly determined from 

the ratio of intensities of 450 nm/605nm. 

 

Figure 2-2. UV-vis absorption spectra for various quench depths of fibril crystallization by mixed 

solvent method CHCl3:CH2Cl2 from 1:0 to 1:15. 

 

It was further determined from UV-visible absorption spectroscopy that above a 

volume ratio of 1 part CHCl3 to 7 parts CH2Cl2 the ratio of the 605 nm vibronic and 450 

nm soluble polymer peak remained reasonably constant.  As a result, this ratio was 

consistently used for fibril for P3HT polymers formed by Rieke and Grignard metathesis 

(GRIM) methods between 7 and 23 kDa for fibril formation in subsequent experiments.  

As imaged by TEM in subsequent chapters, these solutions dropcast onto a carbon-
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supported copper grid, reproducibly revealed fibrils of ~10 μm in length and 15-20 nm in 

width.  

 

2.4.2 Fibril purification 

The goal of purification of P3HT fibril suspensions is to isolate crystalline fibrils 

from the soluble amorphous polymer still well dissolved in solution as quantified by the 

contribution of the signal at 450 nm in the UV-vis spectrum.  Previous reports of fibril 

purification used centrifugation6,16,17 and filtration6,17 to remove  low molecular weight and 

soluble P3HT from a fibril suspension containing both dissolved and crystalline polymer.  

In all filtration methods we attempted with concentrated fibril suspensions, the density of 

fibrils caused an immediate clogging of the filter pores and any pressure applied by a 

syringe or vacuum caused the somewhat fragile crystals to fragment and revert to a 

bright orange solution of solvated fibrils.  In the case of centrifugation, fibril suspensions 

were centrifuged at speeds ranging from 3000-5000 RPM for up to 30 minutes and the 

soluble polymer-containing supernatant was removed.  For higher density solvents 

CHCl3 and CH2Cl2 used in our system, instead of forming a pellet in the bottom of the 

centrifuge tube, when centrifugation was successful, the polymer would float to the top 

and the polymer-containing solution settled to the bottom as a “subnatant” which were 

carefully removed by careful extraction with a small gauge needle and syringe.   

While it was possible to remove some soluble P3HT chains from solution, 

centrifugation methods were not always successful.  When successful, yields were low 

and percent crystallinity was not significantly altered enough to pursue further.  Due to 

these encumbrances, we developed alternative methods to isolate P3HT fibrils from the 

solvated P3HT chains. 
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2.4.2.1 Trituration   

One method for fibril purification was a basic trituration method of rinsing dried 

fibril pellets with a 1:7 solvent mixture to wash out low molecular weight disordered 

P3HT chains.  After replacing the evaporated solvent with a large volume of new solvent, 

the purple pellet floated and the liquid became orange.  The excess volume was then 

removed by a needle-tipped syringe, leaving a smaller volume of free-polymer 

containing solution to evaporate again.  This process was repeated several times before 

finally washing with marginal solvent, CH2Cl2 and sonication to re-suspend resulted in 

substantially shorter fibrils with a visibly reduced signal for the amorphous P3HT chains.   

This method was able to remove soluble P3HT but yields were poor, technique was time 

consuming, and resulting fibrils were substantially shorter in length (<200 nm).  The 

recovered small “seed” fibrils showed potential as nucleation site for controlling the 

growth of additional P3HT chains added to the solution.  This research project was 

further developed with a summer student to create more “seed” fibrils and determine if 

they nucleated fibril formation.  Elongation of seed fibrils was seen by TEM and UV-vis 

of solvated P3HT chains added to a seed solution in a poor solvent was compared with 

P3HT fibers formed in the absence of seed fibrils.  Initial results of this study are shown 

in Figure 2-3.  This research is being continued by a graduate student in the Hayward 

group. 
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Figure 2-3.  P3HT fibril seeds (a) UV-vis absorption shows an increased amount of soluble 

polymer content and (b) TEM reveals short fiber structures.  When additional P3HT is added to a 

seed solution (c) TEM reveals reformation of longer fibrils. 

 

2.4.2.2 Depletion flocculation 

The study of the effects of a free or guest polymer in dispersions has been the 

topic of numerous studies the past few decades.18–21  One of the first suggestions of 

flocculation or attractive forces in colloidal dispersions introduced by the presence of 

macromolecules  was in 1954 by Asakura and Oosawa22.  Since then, depletion-

flocculation has been a technique that has been used to induce crystallization,23 and for 

size selection of carbon nanotubes24 and inorganic nanoparticles.25–27  In order to induce 

depletion flocculation of P3HT fibrils, a guest “free” polymer component, poly (ethylene 

oxide) (PEO), was added to a suspension of P3HT fibrils to separate relatively small 

soluble polymer from much larger (micron scale) fibrils.  Osmotic pressure induced by 

the addition of PEO chains to the fibril and free polymer mixture created an attractive 

force for long P3HT fibrils to associate with one another, depleting these large objects 

from the smaller component of free P3HT chains in solution along with the PEO chains. 

Separation was macroscopically visualized by a purple mesh rising to the top of a 

vial containing a PEO-added fibril suspension and the settling of an orange solution 

underneath.  In the same fashion as centrifugation and trituration, a syringe was 
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employed to remove the majority volume of soluble P3HT chains in solution, leaving only 

the PEO-depleted fibrils.  UV-vis spectroscopy of the depleted fibrils showed a reduction 

in the soluble P3HT signal at 450 nm (Figure 2-4a).  Visualization of these “purified” 

fibrils by TEM revealed their strong attraction to each other.  As shown in Figure 2-4b, 

the fibrils remained bound together in solution, even after washing to remove additional 

PEO.  Even after multiple washings, strong vortexing, and sonication, a suspension of 

P3HT fibrils in mixed solvent or CH2Cl2 separated and P3HT fibrils floated to the top 

when they were left in a vial under ambient conditions.  Unfortunately, this settling 

behavior is in direct contrast with the attractive aspect of solution formed fibrils -- a 

homogenous solution for large-scale processing.  

Figure 2-4. (a) UV-vis absorption spectroscopy of P3HT fibrils before (red) and after (blue) 

depletion flocculation for purification.  Decrease in signal at 450 nm indicates a smaller fraction of 

soluble polymer, however (b) TEM of the purified fibrils reveals fibril aggregation. 

 
 



 

25 

2.4.3 P3HT-C60 fibrils 

Simple blends of P3HT and soluble fullerene derivative methanofullerene phenyl-

C61-butyric acid methyl ester (PCBM) have been a literature benchmark that has 

achieved decent power conversion efficiencies of ~ 5% PCE when annealed at a 

specific temperature for a specific time.  It has been shown many times in the literature 

that annealing for an extended period of time causes a drop in PCE28 owing to the 

(over)growth of large PCBM crystals.29  There have also been approaches to limit PCBM 

growth through use of amphiphilic polymeric compatibilizers,29 addition of C60 to PCBM-

rich regions,30 and precise solution vapor annealing.31  Our approach has focused on 

solution crystallization of a P3HT-C60 dyad to create stable nanostructures in solution 

whose morphology and crystalline structure are not significantly changed by their film 

annealing.  The C60 density, however is relatively low with one C60 molecule per P3HT 

chain and crystallinity of the C60 itself is not inherently formed in solution along with the 

polymer crystallization.  To form a crystalline pathway of both P3HT donor materials and 

crystalline C60 acceptors, we proposed to induce C60 crystallization in co-operation with 

P3HT fibril formation or as a secondary step after P3HT fibril formation.  

Formation of C60 and PCBM crystals have been described and characterized in 

numerous literature reports.30,32–36  The crystal dimensions and packing are altered by 

the solvent cast from,32 geometry of substrate,36 and thermal annealing.  Pairing of the 

controlled crystal formation of both acceptor materials and donor materials, however, 

has not been widely demonstrated.  Herein, initial approaches to creating P3HT fibrils 

with enriched C60 crystalline material or crystalline C60 crystals with P3HT fibrils will be 

described. 
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Based on the low density of C60 within the P3HT system, it was hypothesized that 

additional C60 added to the dyad polymer would nucleate and crystallize from C60 

moieties present on the polymer chain ends or pre-formed fibril edges.  First, inspired by 

the work of Tang and co-workers,31 the use of solvent vapor annealing for precise 

aggregation of PCBM in P3HT films was used as a basis for C60 crystal growth at the 

edges of P3HT-C60 fibrils.  Briefly, P3HT-C60 fibrils were formed by the 1:7 mixed solvent 

method at 0.05 mg/mL.  These fibrils were dropcast onto a carbon-support TEM grid and 

placed onto a pedestal in an amber jar loaded with CH2Cl2-solvated PCBM at 4.3 

mg/mL.  Based on reported methods of the solution evaporation and deposition of C60 

from various solvents at 20-40°C to form nanowires,33,37,38 specifically from CH2Cl2 at 

room temperature in the dark,39 fibrils were incubated in the PCBM/solvent saturated jar 

for 18 hours at 30 cm above the solvent before removal and imaging by TEM.  Figure 

2-5 shows a side-by-side before and after picture of P3HT-C60 fibrils.  The appearance 

of higher contrast spherical material localized to fibril sections at a seemingly regular 

interval is observed and tentatively assigned as PCBM crystals.  These structures range 

from 50-200 nm in size and for some fibrils rather than a sphere, higher contrast material 

coats the edges of a lighter contrast fibril.  Micro-diffraction would be able to determine 

differences in crystallinity between the higher and lower contrast material at the 

nanometer lengthscale, however, a selected area (SA) ED performed on the JEOL 

2000FX was unable to resolve an area that is smaller than a section containing multiple 

fibrils. 
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Figure 2-5. (a) TEM of P3HT-C60 fibrils formed by 1:7 CHCl3:CH2Cl2 mixed solvent method and 

(b) P3HT-C60 fibrils after vapor annealing with a PCBM/CH2Cl2 solution. 

In another attempt to obtain crystalline nanostructures of C60 and P3HT fibrils a 

technique used to form C60 nanowires by a mixed solvent method was adapted to induce 

crystallization of P3HT, P3HT-C60 and C60.  Non-C60-functionalized P3HT was included 

in this experiment as a control to determine the effect of the C60 termination and whether 

or not it would act as a nucleation point for growing C60 crystals.  M-xylene is a marginal 

solvent for P3HT and its solubility limit is ~0.1 mg/mL.  C60 readily dissolves in m-xylene 

up to ~5 mg/mL40 and isopropanol (IPA) is a non-solvent for both P3HT and C60.  For a 

successive crystallization of P3HT or P3HT-C60 then C60, 0.1 mg of each material was 

placed in a 2mL vial and 0.7 mL of m-xylene was added.  The C60 dissolved upon 

addition of the solvent, and with heating to 80°C, the P3HT also dissolved resulting in a 

translucent orange solution.  The solution was cooled to room temperature, and then to 

~5°C at a rate of ~1°C/min.  Initial cooling to room temperature did not cause the 

expected color change in the solution, indicating that both components remained 

soluble.  Further cooling to 5°C also did not result in a color change.  The addition of 0.2 
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mL IPA to the solution restored to room temperature resulted in an immediate color 

change to purple and the formation of P3HT fibrils in solution as indicated by UV-vis and 

TEM, indicating either a concurrent or polymer-only crystallization, rather than a 

successive crystallization. 

In a parallel experiment designed for concurrent crystallization, both donor and 

acceptor materials placed in a vial and 0.9 mL pre-mixed solvent at the same ratio of 7:2 

was added to the vial.  Unexpectedly, C60 was able to dissolve in this mixture at room 

temperature, however, as predicted, the P3HT required heating to 80°C to dissolve.  

Slow cooling to room temperature again did not show a change in color 4 hours after 

room temperature was achieved, but upon further cooling to 5°C, the expected color 

change and hence fibril formation was observed.  The initial dissolution of C60 in the 

mixed solvent at room temperature is a likely indicator that C60 was not crystalline in 

solution for this mixture. 

UV-vis and TEM confirmed the presence of fibrils in solution and this method had 

nominally the same results as the previous experiment where the non-solvent was 

added in a second step.  The only difference between these two methods was the long 

term steady-state behavior.  Upon standing overnight, the fibril containing solution made 

using the two step method exhibited a settling of the suspended fibrils and C60 whereas 

the suspension of fibrils formed by the thermal method using a mixed solvent retained 

homogeneity upon standing for >2 weeks.  Analysis of the supernatant above the settled 

material by UV-vis revealed soluble P3HT in solution.  Clear indication of crystallization 

of C60 is not observable by UV-vis, however, when crystallized, the contrast of crystalline 

C60 increases in TEM and is distinguished from P3HT fibrils as a higher contrast region.  

As shown in Figure 2-6, the TEM of the structures formed by both methods result in 

poorly ordered C60 crystalline material.  The effect of covalently-linked C60 on P3HT is 
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unclear, and currently we have not identified a method to determine whether the C60 

crystallization was a solution-induced process or a product of solvent drying. 

Figure 2-6. (a,b) P3HT-C60 with C60 and (c,d) P3HT fibrils with C60 formed by (a,c) a mixed 

solvent successive crystallization method with m-xylene fibril formation followed by isopropanol 

addition to crystallize C60 and (b,d) a thermal method using the same solvent mix heated and 

cooled for concurrent crystallization of both components. 

In a final attempt to form crystalline domains of P3HT and C60, mixed solvent-

formed P3HT-C60 fibrils with additional PCBM added were further quenched by addition 
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of non- and marginal-solvents for both components.  Tetrahydrofuran (THF) is a non-

solvent for C60 and yields slight solubility of low molecular weight P3HT, while the 

solubility of P3HT in anisole and p-xylene is relatively low (<0.2 mg/mL at room 

temperature) and on the order of ~5 mg/mL for C60
.  THF, anisole, and p-xylene were 

added to small volumes of concentrated fibrils and PCBM suspended in the 1:7 

CHCl3:CH2Cl2 mixed solvent at 2.5 mg/mL and 10 mg/mL, respectively.  Dilution with 

these marginal solvents resulted in solutions of final concentrations 0.25 mg/mL P3HT-

C60 and 0.5 mg/mL PCBM which were dropcast onto a carbon-support grid for TEM 

analysis.  TEM images (Figure 2-7) revealed that in all three solvents, the resulting 

morphology exhibits high and low contrast interconnected structures similar to a “double 

network” morphology.  The dimensions of the high contrast, presumably PCBM, is not 

uniform in dimensions like the fibril network, and the transmission mode of the 

experiment is not able to determine whether the networks are interpenetrating or 

overlaid upon each other.  Initial SAED only showed an expected P3HT fibril ring pattern 

from the (010) π- π stacking with no perceivable contribution from the PCBM.  Though 

not expected to be contrast-resolvable by TEM, this may indicate amorphous PCBM that 

is thicker than the P3HT fibrils providing a simple sample-based thickness contrast. 
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Figure 2-7. “Double network” structures of P3HT-C60 fibrils and PCBM created by addition of 

marginal solvents (a)THF, (b) anisole, and (c) p-xylene. 

Continuing efforts to achieve nanoscale segregation by crystallization of these 

components would prioritize higher concentration regimes for fibril and C60 crystal 

formation.  While the vapor annealing technique and non-solvent addition techniques 

create interesting structures, it is unclear if the C60 or PCBM is crystalline.  For P3HT-C60 

and C60 crystallization, crystallization of each component has been verified by either 

mixed solvent m-xylene/IPA or thermal methods with this solvent mix, though 

concentration and ratio must still be optimized. 

 

2.4.4 PMMA embedding for EFTEM sample prep 

P3HT fibrils formed by solution crystallization are fragile and prone to beam 

damage when irradiated with the direct beam of the TEM under diffraction conditions.  

For successful TEM imaging, a carbon support was needed to isolate these fibrils.  Even 

though the fibrils are long enough to span a lacey mesh or holey carbon space, their 

height and weak packing, fibrils were unable to span across a micron-sized vacuum-

space (hole) when deposited from a suspension onto a holey carbon grid.  Furthermore, 
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the hydrophobic carbon support is attractive to the fibrils, which caused them to prefer 

the carbon support area rather than the hole when cast from a dilute solution.  Using a 

more concentrated solution formed a fibril network mesh containing soluble P3HT chains 

within the network.  This network spanned a holey space on a carbon support film, 

however, an isolated fibril of interest, such as one formed from P3HT-C60, was not able 

to be singled out from this network for advanced TEM techniques such as energy loss 

electron spectroscopy or energy-filtered elemental mapping.   

P3HT fibrils were embedded into a PMMA film by adding a concentrated PMMA 

solution in 1:7 CHCl3:CH2Cl2 to a pre-formed fibril solution in the same solvent mix to 

create a sample on a holey carbon film that has isolated fibrils.  This fibril and PMMA 

containing solution was then spincasted onto a cleaned glass slide previously cast with 

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) at 4000 RPM.  

PEDOT:PSS is a water soluble polymer that is typically used in photovoltaic device 

fabrication to enhance the interface between the active layer and indium tin oxide (ITO) 

electrode.41  Resulting films were measured by profilometry on an Alpha Step IQ surface 

profilometer to determine film thickness.  Average PEDOT:PSS film thickness was ~100 

nm, when subtracted from the total thickness of the spin-casted slide, P3HT-fibril 

containing PMMA layers were ~35 nm in thickness.  In this experiment, the PEDOT:PSS 

layer functions as a sacrificial layer that dissolves leaving free-standing films of PMMA 

when the glass slide was partially submerged.  These floated films were then collected 

and affixed to holey carbon TEM grids.  Observation of these films on TEM grids 

revealed embedded fibrils in a PMMA matrix that are not preferential for the carbon 

support film and therefore spanning spaces in the carbon support due to the PMMA 

support.   

To remove the PMMA film embedding the fibrils thereby allowing them to span 

the holes without support, a critical drying technique was employed to dissolve the 
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PMMA film without surface tension that would disrupt the fibril placement or morphology.  

First, TEM grids affixed with fibril-embedded PMMA films were soaked for 12+ hours in 

toluene, a good solvent for PMMA, but a poor solvent for high molecular weight (>8k) 

P3HT.  This PMMA-solvated toluene was then exchanged with fresh solvent before the 

grid and solvent were put into a high pressure CO2 chamber.  Next, the chamber was 

sealed and CO2 was slowly added to the chamber until a volume of 130 mL was 

reached, and liquid CO2 at a pressure of 900-1050 psi at room temperature filled the 

chamber.  At this point, the chamber was vented slightly in order to slowly influx CO2 

through the system and remove PMMA-solvated toluene which was solubilized in the 

liquid CO2.  After purging with ~80 mL of CO2, the chamber was then heated to 40 °C 

causing a corresponding increase in pressure and facilitating a phase transition from 

liquid to supercritical (sc) CO2.  Finally, after reactor temperature reached 40 °C with a 

pressure of 2000-2200 psi, pressure was slowly released while maintaining temperature 

from 35-40 °C to ensure a transition from supercritical fluid directly to gas.  This direct 

transition was necessary for a zero surface tension removal of the scCO2 from the TEM 

grid, leaving P3HT fibrils unperturbed.  Figure 2-8, shows P3HT fibrils spanning holey 

carbon grid holes with some evidence of lingering PMMA support as well as beam 

damage to single fibrils that will snap when exposed to a high dose of electrons.   
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This method of suspending single P3HT fibrils across a carbon hole will be 

promising for studies of P3HT-C60 fibrils with advanced electron microscopy techniques 

in which the background carbon would otherwise impair the signal.  Initial attempts at 

energy filtered (EF) TEM of samples prepared by this method showed potential, 

demonstrating that exposed fibril edges were visible.  However, the exposure time 

required for this analysis ultimately caused beam damage of the fibrils when operating at 

an 80kV accelerating voltage.  Higher accelerating voltages and fibril preparation by 

alternative methods for thicker fibrils are expected to achieve better results. 

 

Figure 2-8. (a) P3HT fibrils embedded in a PMMA matrix on a holey carbon support grid (b) 

Removal of PMMA film by supercritical drying results in P3HT fibrils spanning holes in carbon 

support.  

 

2.4.5   Cross-linkable fibrils 

The same fragility of P3HT fibers in solution may limit their industrial application 

in certain contexts.  Creating a suspension of crystalline fibrils that is robust to 

processing conditions would be ideal for transition into inkjet printing or other coating 
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techniques.  In order to create more robust fibrils of conjugated polymers, the Emrick 

group began synthesis of a thiophene-based polymer that contained a conjugated 

backbone and ability to π-π stack but had the ability to be cross-linked by the sidechain 

groups.   

 As shown in Scheme 2-1, the synthesis of thiophene-based block-coploymers 

with either an amine or hydroxyl methyl group gives access to cross-linking capabilites 

by a diisocyanate group by intra and inter-chain cross-linking.  Fibrils of these block 

copolymers were formed by the mixed solvent method of CHCl3:CH2Cl2 at the 1:7 

solvent ratio.  The subsequent fibrils showed the same characteristics of homopolymer 

fibrils in vibronic progression in UV-vis and nano-scale fibrils visible in TEM.  Cross-

linking was performed on solution by addition of a diisocyanate cross-linking agent at 

various polymer/cross-linking agent ratios.  Successful cross-linking was demonstrated 

by an unchanged vibronic structuring in UV-vis and confirmed by appearance of fibrils in 

TEM microscopy when the cross-linked fibrils were analyzed from a solution of CHCl3, a 

good solvent that would normally dissolve uncross-linked P3HT fibrils.   



 

36 

 

By increasing the amount of diisocyanate cross-linking agent, the nature of 

cross-linking would transition from discrete, mostly intra-chain cross-linking to bundles of 

inter-chain cross-linked fibrils to large sheets of cross-linked P3HT.  This is visualized in 

TEM in Figure 2-9.  These structures further demonstrate long term stability after 6 

month storage in a good solvent, chloroform, without change to morphology and thermal 

stability after annealing solid films of P3HT bundles at 150°C.  These films were re-

dispersed in chlofororm and UV-vis and TEM revealed the persistence of vibronic peaks 

and preservation of morphology, respectively.  Creation of these robust structures have 

great potential in commercial application methods such as roll-to-roll and slot-die coating 

where retention of crystalline morphology at elevated temperatures are highly desired for 

deposition and processing. 

Scheme 2-1.  Synthetic routes to crosslink-able polythiophene block copolymers P3HT-b-

P3MT and P3HT-b-P3AmT. 
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Figure 2-9. Cross-linked block copolymer fibrils at (a) low cross-linking density for predominately 

intrachain cross-linking, (b) intermediate cross-linking density for bundled structures, and (c) 

highly cross-linked sheets. 

 

2.5 Conclusion 

In summary, P3HT fibrils were formed by a new mixed solvent method of 

CHCl3:CH2Cl2 at an optimal ratio of 1:7.  Attempts to purifiy fibrils formed by this method 

were made using trituration and depletion methods; but instead of recovering long 

purified fibrils, short fibril seeds were formed and are currently being studied as 

nucleation agents for studying the kinetics of fibril formation.  Fibrils were also prepared 

for advanced electron microscopy techniques using a critical drying technique to attain 

unsupported fibrils spanning the holes of a carbon film.  Finally, visualization of robustly 

cross-linked block copolymer fibrils was achieved by TEM, with increasing cross-linking 

density revealing a morphology evolution from distinguishable fibrils to dense sheets.  

These fibril purification and preparation methods offer unique solutions for attaining 

tailored materials for a multitude of applications. 
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CHAPTER 3  

ASSEMBLY OF POLY(3-HEXYLTHIOPHENE)/CDSE HYBRID NANOWIRES 

BY CO-CRYSTALLIZATION‡ 

 

3.1 Abstract 

Hybrid nanowires of crystalline regioregular poly(3-hexyl thiophene) (P3HT) lined 

with cadmium selenide (CdSe) nanorods bearing P3HT ligands are formed. 

Transmission electron microscopy reveals that the nanorods preferentially orient parallel 

to, and flank the sides of, the fibers, consistent with composite wire formation by co-

crystallization of P3HT ligands with freely soluble P3HT upon addition of a marginal 

solvent to a solution of both species.  We anticipate that this co-crystallization approach 

to organization of conjugated polymers and semiconducting nanostructures into 

crystalline composites will offer new opportunities for the design of optoelectronic 

devices. 

3.2 Introduction 

Efficient polymer-based photovoltaic devices require both well-segregated 

interpenetrating nanoscale domains of donor and acceptor materials to enhance charge 

separation and reduce recombination, and highly crystalline materials to minimize losses 

during charge transport.1  Current approaches to device processing usually rely on 

thermal2–4  or solvent5–7 annealing to promote crystallinity, but since extended annealing 

can lead to coarsening and eventually macrophase separation,8 a delicate balance 

                                                      
 

‡
 Reprinted (adapted) with permission from F. A. Bokel, P. K. Sudeep, E. Pentzer, T. 

Emrick, R. C. Hayward, Macromolecules 2011, 44, 1768–1770. Copyright 2011, American 
Chemical Society. 
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between molecular-scale crystallinity and nanoscale morphology is required.9 Several 

recent reports have focused on ‘pre-crystallization’ approaches in which conjugated 

polymers are crystallized from solution to form photoactive building blocks that are 

blended with fullerenes10–12 or semiconductor nanoparticles13,14 to yield device layers.  

These methods afford highly crystalline domains of conjugated polymers with 

appropriate nanoscale sizes, without the need for delicate annealing treatments.  While 

the efficiencies obtained in this manner10–13 have not reached the optimized values 

obtained by judicious annealing of blends prepared without pre-crystallization,15 further 

improvements in nanoscale organization  of donor and acceptor materials into well-

defined hybrid building blocks is anticipated to make such assembly routes 

advantageous for device fabrication. 

Here we describe a new approach to simultaneously organize crystalline donor 

and acceptor materials into hybrid inorganic/organic nanowires.  As illustrated in Figure 

3-1a, we began with conjugated polymer ligands coordinated to the surfaces of 

semiconductor inorganic nanorods.  By dispersing these nanorods along with freely 

dissolved conjugated polymer chains in a good solvent, subsequent addition of a non-

solvent drives assembly of hybrid nanowires through co-crystallization of ligands and 

dissolved polymers.  We demonstrate the concept using regioregular poly(3-

hexylthiophene) (rrP3HT; 20 kDa) mixed with CdSe nanorods bearing rrP3HT ligands (8 

kDa), as developed previously by the Emrick research group.16 While the association 

between CdSe nanoparticles and P3HT has been tuned by adsorption of end-

functionalized polymers,17 non-specific physical interactions,14,18 and exclusion of 

particles from crystalline P3HT lamellae,19 our approach provides hybrid building blocks 

with a well-defined interface between crystalline polymer and nanocrystalline rod, and 

can be applied generally to the co-organization of crystalline semiconductor 

nanostructures. 
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Figure 3-1. (a) A schematic of co-crystallization of free and grafted P3HT to yield hybrid 

nanowires; (b,d) TEM images of composite nanowires reveal preferential flanking of nanorods 

along the sides of P3HT fibrils; (c) a histogram of nanorod misorientation angle, |θ|, indicates 

preferential orientation nearly parallel to the fiber axis. 
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3.3 Experimental 

3.3.1 Materials and Methods 

Poly(3-hexylthiophene-2,5-diyl), >90% regioregular, Sigma Aldrich, was typically 

used as received though in some cases Soxhlet extracted using hexane and then 

chloroform.  P3HT fibrils were formed in solution by addition of chloroform to a solution 

of P3HT (with or without P3HT-coated CdSe nanorods) in dichloromethane at room 

temperature.  All data presented here for mixed solvent systems correspond to 

volumetric ratios of CHCl3 to CH2Cl2 of either 1:1 or 1:7; in the latter case, a higher 

percentage of the dissolved P3HT aggregated into fibrils, while in the former case more 

efficient incorporation of CdSe nanorods was observed.  The concentrations of polymer 

used were 0.75 mg/mL and 1.1 mg/mL for the 1:1 and 1:7 mixtures, respectively, while 

those of CdSe nanorods were 0.15 mg/mL, and 0.21 mg/mL respectively.  Nanorods 

were synthesized and functionalized with P3HT ligands as described below. The graft 

density of P3HT ligands on the nanorods was roughly estimated from thermogravimetric 

analysis to be ~120 chains per nanorod, or ~2.3 nm2 per P3HT ligand.  This represents a 

substantially larger area per chain than within crystalline P3HT, estimated as 0.65 nm2 

per chain from the respective unit cell dimensions of 1.7 x 0.38 nm along the a and b 

axes.    

 

3.3.2 Synthesis of P3HT functionalized CdSe nanorods 

Polythiophene functionalized CdSe nanorods were synthesized as per scheme 3 

in reference 16.  In the first step, TOPO covered nanorods were prepared by the 

reported method.20  In the typical synthesis CdO (0.2 g), tetradecylphosphonic acid (0.89 

g) and TOPO (1.49 g) were mixed and heated to 300 °C under argon atmosphere. This 
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mixture became a colorless solution. The heat was removed and the mixture was left to 

stand at room temperature for 3 days. The mixture was heated at 320 °C and a solution 

of selenium (0.025 g) tri-n-butylphosphine (0.23 g) tri-n-octylphosphine (1.45 g) toluene 

(0.3 g) was injected into the mixture. The nanorods were allowed to grow at 250 °C for 

30 minutes. The nanorods formed were precipitated by the addition of methanol and the 

residue was washed with chloroform/methanol mixture (1:1).   

In the next step, DOPO-Br covered CdSe nanorods were prepared by stirring 

TOPO covered CdSe nanorods (0.2 g) in refluxing pyridine (2 mL) for 24 hours under 

nitrogen atmosphere. After the reaction, nanorods were precipitated by addition of 

hexane. The residue was washed several times with hexane to remove excess ligands 

and then transferred into a reaction tube. Anhydrous toluene (2 mL) and DOPO-Br (1.5 

g) were added and the mixture was refluxed for 12 hours. The DOPO-Br covered 

nanorods were precipitated by the addition of methanol and purified by washing with 

chloroform/methanol (1:1) mixture.     

In the final step P3HT covered nanorods were prepared by the following method: 

In a glove box, DOPO-Br covered CdSe nanorods (100 mg) and vinyl terminated P3HT 

(300 mg) were combined in a glass reaction tube equipped with stir bar. Next, Pd2(dba)3 

(20 mg) tri-t-butylphosphine (14 mg) methyldicyclohexylamine (1.2 g) and anhydrous 

THF (5 mL) were added and the tube was removed from the glove box. The mixture was 

heated at 55 °C for 24 hours. The mixture was then transferred into a vial and 

centrifuged at 3000 rpm for 1.5 hours to remove the catalyst. The unbound ligands were 

removed by centrifugation in chloroform at 3000 rpm for 3 hours.  
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3.3.3 Characterization 

UV-vis absorption data for dissolved P3HT and pristine fibrils were measured at 

concentrations of 0.15 mg/mL in quartz cuvettes with 2 mm path length on a Hitachi U-

3010 spectrometer. TEM of the pristine fibrils is shown in Figure 3-2a. 

Photoluminescence data were acquired using a Perkin-Elmer fluorimeter with quartz 

cuvettes of 10 mm path length.   UV-vis spectra (Figure 3-2b) showed a single peak in 

chloroform and multiple vibronic bands in the mixed solvent system indicative of fibril 

formation.  Photoluminescence data showed little change in emission when excited at 

400 nm, reflecting the presence of non-aggregated P3HT, while excitation at a vibronic 

peak of the fibrils, however, showed quenched emission of the aggregated P3HT.  

Characterization of nanowire morphology was carried out using a JEOL 100CX 

transmission electron microscope (TEM) operated at an accelerating voltage of 100 kV.  

Samples were prepared by drop casting solutions onto TEM grids coated with a thin 

carbon film. 

 

3.4 Results and Discussion 

When poor solvent, CH2Cl2, was added to a solution of P3HT in CHCl3, solution 

crystallization was induced to form nanowires21 and a distinct solution color change from 

orange to purple, and the emergence of vibronic bands at 515, 550, and 600 nm in the 

UV-Vis absorption spectrum (Figure. 3-2b), indicated formation of aggregates and π-π 

stacking.  When crystallization was carried out in the absence of nanorods, transmission 

electron microscopy (TEM) revealed crystalline P3HT nanowires of ~20-30 nm width and 

several µm in length (Figure 3-2a). When nanowire growth was conducted under 

otherwise identical conditions but in the presence of 0.15 or 0.21 mg/mL of P3HT-grafted 
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CdSe nanorods (4 x 20 nm), similar vibronic progressions in the UV-vis spectrum were 

observed (Figure 3-3a) and the resulting fibrils were found to incorporate P3HT-grafted 

CdSe nanorods, as shown by the representative TEM images in Figure 3-1a.  UV-vis 

data for composite fibrils were measured at the concentration of preparation (1.1 and 0.2 

mg/mL P3HT and nanorods, respectively), since diluting suspensions was found to lead 

to some dissolution of composite fibrils.  Given the limited amounts of sample available 

and strong coloration, these solutions were measured in glass optical capillaries with a 

path length of 0.1 mm.  The resulting spectrum for composite fibrils is shown in Figure 

3-3a along with a spectrum for bare fibrils obtained under the same conditions. Both 

spectra show strong absorption between 500 and 650 nm, characteristic of aggregated 

P3HT, while the composite wires show greater absorption below 450 nm due to the 

presence of CdSe nanorods.  

The graft density of P3HT ligands on the nanorods, estimated 

thermogravimetrically, is substantially below the density of chains within a crystalline 

fibril, providing a viable mechanism for interpenetration of grafted chains into the P3HT 

fibrils.  As the photoluminescence of P3HT and CdSe is quenched by their close 

proximity, the fluorescence observed from the fibril-containing suspensions (Figure 

3-2b) can be attributed to unassociated dissolved P3HT chains.   
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Figure 3-2. (a) Pristine P3HT fibrils are several micrometers in length and ~ 20 – 30 nm in width, 

inset shows a higher magnification of individual fibrils. (b) UV-visible absorption and 

photoluminescence spectra of freely dissolved P3HT in CHCl3 (top) and P3HT fibrils (bottom) 

reveal aggregation due to addition of CH2Cl2. 

 

As seen in Figure 3-1, within the hybrid nanowires, CdSe nanorods 

predominantly flank the P3HT fibrils and have their long axes oriented preferentially 

parallel to the fiber axis.  By analyzing a series of six representative TEM images, we 

estimate that for a 1:1 solvent mixture, ~ 60% of nanorods were associated with fibrils, 

while over 90% of fibrils were coated with nanorods.  A histogram of the average 

misorientation angle between rod and fibril axes |θ|, where -90° < θ < 90°, was collected 

from 100 rods in 5 TEM images, as shown in Figure 3-1c.  Nearly 40% of the nanorods 

are oriented within 10° of parallel to the nanowire axis, while ~85% are oriented < 40° 

from parallel.  The orientations are not consistent with a single Gaussian distribution 

about 0° (99.9% confidence), instead suggesting a secondary preferred orientation near 

35°.  We speculate that this may reflect a competition between the preferred packing of 

nanorods along the fibril edge and insertion of ligands into the fibril, however, we note 

that the orientation distribution may not be fully representative of that in suspension, 
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since rods may be able to reorient somewhat during TEM sample preparation.  

Nonetheless, the images support our model for hybrid nanowire formation through ligand 

insertion into the crystal, as this should disfavor nanorod localization on the top or 

bottom surfaces of the fibril, or orientation at 90° relative to the nanowire axis (since the 

fibers are only ~ 5 nm thick, as determined by scanning force microscopy, they lie almost 

exclusively with the P3HT chain axes and long fiber directions in the plane of the TEM 

grid). Although the nanorods might be expected to serve as branching or cross-linking 

points between multiple hybrid fibrils, this was not observed, likely due to the relatively 

low concentrations used during crystallization.    

The hybrid nanowires were typically ≤ 500 nm long, considerably shorter than 

fibrils formed in the absence of nanorods.  This may reflect the nanorods acting to slow 

crystal growth by “capping” the growing fibrils, and also possibly serving as 

heterogeneous nucleation sites, both of which would shorten the average fibril length. 

The nanowires grow into stable structures over a 1-2 day period, and remain suspended 

with no significant structural changes for at least many months.  A representative TEM 

image of composite nanowires stored in the dark for 8 months without careful control of 

environmental conditions is shown in Figure 3-3b.  The hybrid wires retain the structures 

of the freshly-prepared samples, indicating the robustness of these assemblies.  
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Figure 3-3. (a) UV-visible absorption and photoluminescence spectra of bare fibrils of P3HT 

(dotted red line) and composite wires (solid black line) at P3HT concentrations of 1.1 mg/mL in 

glass optical capillaries. (b) TEM of composite nanowire solutions dropcast on carbon support 

grids 8 months after fibril formation reveal that hybrid nanowires remain stable upon extended 

aging in solution. 

 

Control experiments verified that these hybrid nanowires require co-

crystallization and nanorod functionalization.  For example, adding P3HT-grafted CdSe 

nanorods to a suspension of pre-formed fibrils gave only bare P3HT fibrils (of 

micrometer lengths) with unassociated nanorods (Figure 3-4a).  In another example, 

inclusion of CdSe nanorods functionalized with the native alkane-based ligands during 

the solvent-driven fibril formation process showed a similar lack of fibril-nanorod 

association (Figure 3-4b).  These results establish that the desired association occurs 

during fibril formation, rather than post-crystallization or during TEM sample preparation, 

and is enabled by the polymer ligand coverage on the nanorods.  
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Figure 3-4. Control experiments conducted by (a) adding P3HT-grafted CdSe nanorods after 

formation of P3HT fibrils, and (b) forming P3HT fibrils in the presence of CdSe nanorods with 

alkane-ligands, both show aggregation of nanorods and no association with fibrils. 

Numerous parameters are anticipated to influence the efficiency of hybrid 

nanowire formation, including P3HT molecular weight (both in solution and as ligands), 

nanorod size and ligand density, temperature, solvent quality, and the concentrations of 

both polymer and nanoparticles.  Detailed studies are underway.  We note that removal 

of the low molecular weight fraction of P3HT by Soxhlet extraction precluded the 

formation of the hybrid nanowires, and that optimal hybrid nanowire formation was found 

after aging the stock solution of P3HT in CHCl3 for 10-12 days.  We speculate that lower 

molecular weight P3HT, present in the non-extracted polymer and also generated upon 

aging in solution,22 compatibilizes the growing fibrils with the P3HT ligands.   
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3.5 Conclusion 

In summary, we present a new method to pre-organize electron donor and 

acceptor materials into hybrid nanowire structures, enabled by crystallization of rrP3HT 

in solution in the presence of CdSe nanorods functionalized with the same polymer. 

These well-organized nanocomposite fibers are potentially attractive building blocks for 

optoelectronic devices and active layers in photovoltaics.  
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CHAPTER 4  

NANOCOMPOSITE ‘SUPERHIGHWAYS’ BY SOLUTION ASSEMBLY OF 

SEMICONDUCTOR NANOSTRUCTURES WITH LIGAND-FUNCTIONALIZED 

CONJUGATED POLYMERS§ 

 

4.1 Abstract 

Poly(3-hexyl thiophene) containing chain-end thiols or phosphonic acids was 

crystallized to yield nanowires with the functional groups at the wire edges.  CdSe 

quantum dots and nanorods associate with these fibrils, leading to composite nanowires 

that further assemble into ‘superhighways’ that consist of alternating parallel lanes of 

conjugated polymer and CdSe.  This nanoscale donor-acceptor architecture holds 

potential for facilitating charge transport in polymer-based optoelectronics. 

 

4.2 Introduction 

Fabricating controlled, regular, and reproducible assemblies of two or more 

disparate materials into nanoscale domains represents a fundamental challenge with 

broad implications for functional materials.  While top-down lithographic approaches 

enable the generation of precisely patterned features,1 they suffer from high costs and a 

limited set of suitable materials.  Bottom-up approaches offer alternative modes of 

generating well-defined self-assembled structures, including phase-separated polymer 

materials and nanocomposites with applications in flash memory,2 photovoltaics,3 

                                                      
 

§
 Reprinted (adapted) with permission from E.B. Pentzer, F.A. Bokel, R.C. Hayward, T. 

Emrick, Advanced Materials 2012, 24, 2254–2258. Copyright 2012 Wiley & Sons 
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catalysis,4,5 and optoelectronics.6,7  Bulk heterojunction solar cells are expected to benefit 

from efficient and controlled organization of donor and acceptor materials into nanoscale 

phase-separated channels, or wires, with domain sizes comparable to exciton diffusion 

lengths (~10 nm) and that provide intimate contact between the two materials and 

continuous pathways that facilitate charge separation and transport.8,9  

An attractive method for forming nanoscale domains of charge carrying materials 

exploits the tendency of conjugated polymers to crystallize into nanowires in solution.  

For example, poly(3-hexyl thiophene) (P3HT), a hole-transporting polymer commonly 

used in the active layer of plastic solar cells, is well-known to undergo solution assembly 

into nanowires, owing to π-π stacking of the conjugated backbone induced upon 

transitioning from a favorable to an unfavorable solvent environment.10–14  Regioregular 

poly(3-alkyl thiophenes) assembled in this fashion yield fibers of micron-scale length, 

and 10-30 nm width, as imaged by transmission electron microscopy (TEM).  These 

nanowire fibrils are distinguished from free polymer by UV-Vis spectroscopy, noting a 

decrease in the absorption at 450 nm (solvated polymer) and the growth of vibronic 

bands from 520-605 nm (a consequence of extended conjugation length associated with 

π-π stacking).6,7  The hole transporting properties of thin films prepared from these 

nanowires are reported as two orders of magnitude higher than films cast from polymer 

freely dissolved in a good solvent (10-2 versus 10-5 cm2 V-1s-1),12 and are similar to those 

of annealed polythiophene thin films.   

Several groups have shown that crystalline polythiophene nanowires, when 

mixed with fullerene derivatives, yield reasonably efficient photovoltaic active layers 

without the need for additional annealing steps. 15–17  Notably, solar cells composed of 

P3HT fibril nanowires with quantum dots (QDs) or nanorods (NRs) as the acceptor 

material show higher power conversion efficiencies (PCE) than devices prepared from 

free polymer with the same QD/NR component.  For example, Greenham and Sun 
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reported a PCE of 2.6% in a solar cell containing an active layer consisting of P3HT 

fibrils and 90 wt% CdSe NRs (~65 x 5 nm), where the NRs had undergone treatment to 

remove insulating ligands.18  Xu, et al. presented a hybrid nanocomposite morphology, in 

which they explained their observation of CdSe QD deposition on P3HT nanowires by 

non-covalent QD-polymer interactions.19  Very recently, Gradečak and coworkers used a 

similar approach to fabricate solar cells from P3HT nanowires and CdS QDs, with an 

average PCE of 3.2%.20 Though this represents a substantial improvement over the 

performance of simple mixtures of the two components (PCE 2%),21 reliance on the 

thiophene units for coordination to the QDs is necessarily limiting due to the sterics of 

the alkyl side chains, and would not be straightforward to generalize to other conjugated 

polymer systems.  In block copolymers, sulfur-CdSe interactions are thought responsible 

for localization of quantum dots in the sulfur-rich domain of poly(thiophene)-block-

poly(selenophene) thin films.22 

In chapter three of this thesis, a novel approach to self-assembled hybrid 

nanowires by solution-based co-crystallization of P3HT with P3HT-functionalized CdSe 

NRs gave access to nanoscale domains of CdSe NRs neatly lining the long-axis of the 

fibrils.23  However, we noted these hybrid fibrils to be substantially shorter (hundreds of 

nanometers in length) than those formed from P3HT alone (microns in length); they also 

grew much more slowly, presumably reflecting the tendency of functionalized NRs to 

sterically hinder the growing crystal faces of the P3HT nanowires.  

Motivated by these observations, we developed an assembly strategy that 

benefits from the association of NRs or QDs with pre-crystallized nanowires of P3HT 

that are end-functionalized with a ligand moiety.  We describe a synthetically 

straightforward approach that retains the desirable features of rapidly forming polymer 

wires with micron-scale lengths, while integrating NRs or QDs into regular nanoscale 

domains.  Specifically, we show that 1) chain-end-functionalized P3HT assembles 
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rapidly into micron-length fibrils lined with functionalities specific to coordination of QDs 

and NRs, and 2) these functionalized fibrils serve as templates for the organization of 

P3HT/CdSe nanostructures.  In addition to single fibrils covered with QDs/NRs, we 

formed unique hybrid ‘superhighway’ architectures composed of multiple alternating 

parallel lanes of QDs or NRs and P3HT fibrils.  This system offers a scalable and 

modular approach to bring disparate materials into close association in regular hybrid 

arrays.   

Polymer chain-end functionalization represents an important tool for preparing 

tailored hybrid materials, enabling close polymer-to-nanoparticle interaction through 

specifically chosen ligating moieties, such as thiols24 and amines.25  For example, 

Frechét and coworkers showed that amine-terminated P3HT outperformed conventional 

P3HT by promoting favorable interactions between the polymer and CdSe NRs in thin 

films, leading to improved NR-polymer communication (owing to decreased NR 

aggregation) and better solar cell efficiency.  End-functionalization of P3HT has also 

been used to prepare block copolymers and compatibilizers for controlling the electronic 

properties26 and morphology27 of thin film nanocomposites and, notably, extending the 

stability of solar cell efficiency during extended annealing.  However, to date no reports 

have addressed the influence of P3HT chain-end functionality on its solution 

crystallization, nor the use of such polymers to form hybrid nanocomposite assemblies.   

 

4.3 Experimental 

4.3.1 Materials 

n-Tetradecylphosphonic acid (97%) was purchased from Alfa Aesar, 3-

bromothiophene from TCI America, and all other reagents were purchased from Sigma 
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Aldrich. Unless otherwise stated, all reagents were used as received.  The monomer 

2,5-dibromo-3-hexylthiophene was prepared as previously reported.28  Cadmium 

selenide nanorods and quantum dots were prepared according to the literature 

procedure.29,30  Tetrahydrofuran (THF) was dried and distilled over 

sodium/benzophenone.  All reactions were run under an inert atmosphere of nitrogen.  

Infrared spectra were obtained on a Perkin-Elmer Spectrum One FT-IR spectrometer 

equipped with an ATR accessory.  NMR spectra were obtained on a Bruker DPX 300 

MHz spectromter.  Chemical shifts are expressed in parts per million (δ) using residual 

solvent protons as an internal standard. CDCl3 (δ 7.26 for 
1H spectra) was used as an 

internal standard for CDCl3.  Gel permeation chromatography (GPC) was performed in 

THF (35°C, 1.0 mL/min flow rate) using a Knauer K-501 pump with a K-2301 refractive 

index detector and equipped with Waters Styragel HR2 (500-2,000 Da), HR4 (5,000-

600,000 Da) and HR6 (200,000-10,000,000 Da) columns in series.  Molecular weights 

are reported relative to polystyrene standards. 

4.3.2 Preparation of vinyl-terminated P3HT 

In a typical procedure, 2,5-dibromo-3-hexyl thiophene (3.16 g) was dissolved in 

anhydrous THF in a 2-neck round-bottom flask containing a magnetic stir bar and 

equipped with a reflux condenser.  Tert-butyl magensium chloride (5.1 mL as a 2.0 M 

solution in diethyl ether) was added and the resulting solution was heated to reflux for 2 

h. The solution was cooled to room temperature, and 1,3-

bis(diphenylphosphino)propane dichloronickel (II) (Ni(dppp)Cl2, 98 mg) was added.  The 

reaction became dark red in color and was stirred for 20 minutes. Vinyl magnesium 

chloride (10 mL as a 1.0 M solution in tetrahydrofuran) was added and the reaction was 

stirred for 15 minutes, after which it was poured into methanol (400 mL).  The polymer 

was isolated by centrifugation, filtered into a cellulose extration thimble, and purified by 
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Soxhlet extraction sequentially in methanol, hexanes, and chloroform. The chloroform 

fraction was collected and the solvent removed under reduced pressure to yield the 

desired product. 1H NMR (300 MHz, CHCl3-d3, δ): 0.9 (t, 83H), 1.41-1.45 (m, 162H), 

1.67-1.72 (m, 54H), 2.55-2.82 (t, 54H), 5.13-5.16 (d, 1H), 5.50-5.56 (d, 1H), 6.81-6.93 

(m, 1H), 7.0 (s, 27H). FT-IR (cm-1): 2958, 2928, 2858, 1571, 1514, 1463, 1379, 1262, 

1098, 1025, 813, 729 

Table 4-1. GPC molecular weight data for P3HT-vinyl. 

Entry Monomer:Catalyst Theoretical MW Mn PDI 

1 35:1 5,800 3,500 1.35 

2 54:1 9,000 9,700 1.26 

3 133:1 22,000 19,600 1.33 

 

4.3.3 Thioacetate-terminated P3HT 

A typical procedure is as follows: vinyl terminated P3HT (1 g) was dissolved in 

anhydrous THF (10 mL) in a round-bottom flask equipped with a magnetic stir bar.  

Thioacetic acid (1 mL) was added and the solution was degassed by bubbling nitrogen 

for 2 h, after which a catalytic amount of AIBN was added.  The solution was heated to 

55 °C for 12 h, and then the polymer was precipitated into methanol.  Centrifugation, 

removal of the supernatant, and resuspension of the polymer in methanol was repeated 

until no odor of thioacetic acid was evident (five to six times).  The polymer was dried 

under vacuum. 1H NMR (300 MHz, CHCl3-d3, δ): 0.91 (t, 83H), 1.41-1.45 (m, 166H), 

1.67-1.74 (m, 55H), 2.34 (s, 3H), 2.52-2.79 (d, 55H), 3.12 (d, 2H), 6.91 (s, 21H). FT-IR 

(cm-1): 2958, 2928, 2858, 1699, 1571, 1514, 1463, 1379, 1262, 1098, 1025, 813, 729. 
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Table 4-2. GPC molecular weight data for P3HT-thioacetate. 

Entry Mn PDI 

1 3300 1.40 

2 10,400 1.22 

3 18,900 1.20 

 

4.3.4 P3HT-SH 

P3HT-thioacetate (0.75 g) and THF (10 mL) were added to a round-bottom flask 

equipped with a magnetic stir bar.  Dimethylamine (1 mL as a 40 wt% soluiton in water) 

was added and the resulting solution was stirred at room temperature overnight.  The 

polymer was precipitated into methanol and purified by repeated centrifugation and re-

suspension in fresh methanol.  1H NMR (300 MHz, CHCl3-d3, δ): 0.91 (t, 83H), 1.41-1.45 

(m, 166H), 1.67-1.74 (m, 55H), 2.52-2.79 (d, 55H), 3.12 (d, 2H), 6.91 (s, 21H). FT-IR 

(cm-1): 2958, 2928, 2858, 1571, 1514, 1463, 1379, 1317, 1262, 1098, 1025, 813, 729.  

 

Table 4-3. GPC molecular weight data for P3HT-SH. 

Entry Mn PDI 

1 3,600 1.45 

2 10,900 1.24 

3 19,900 1.30 
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4.3.5 Preparation of 4-vinyl benzyl dimethyl phosphonic ester 

A round-bottom flask equipped with a magnetic stir bar and a reflux condenser 

was charged with 4-vinyl benzyl chloride (4 g), trimethyl phosphite (7.5 mL), and sodium 

iodide (0.1 g).  The solution was heated to 50°C for 48 h when cooled to room 

temperature and dichloromethane (5 mL) was added.  The product was purified by 

column chromatography using silica as the stationary phase and 2% methanol in ethyl 

acetate as the eluent.  1H NMR (300 MHz, CDCl3, δ): 3.13-3.21 (d, 2H), 3.68-3.77 (d, 6 

h), 5.23-5.26 (d, 1H), 5.71-5.77 (d, 1H), 6.65-6.75 (dd, 1H), 7.25-7.28 (dd, 2H), 7.36-7.38 

(dd, 1H). 13C NMR (300 MHz, CDCl3, δ): 31.7, 33.5, 52.9, 113.9, 126.5, 129.9, 130.6, 

130.8, 136.3.  31P NMR (300 MHz, δ): 28.9 ppm. 

4.3.6 Preparation of phosphonic ester terminated P3HT 

In a dry box, a Schlenk flask equiped with a magnetic sir bar and bromide-

terminated P3HT (187 mg), tris(dibenzylideneacetone) dipalladium (0) (Pd2(dba)3) (10 

mg) and tri(t-butyl)phosphine (0.15 mL of a 1.0 M solution in toluene).  The flask was 

capped with a rubber septum and removed from the glove box. In a separate round-

bottom flask, 4-vinyl benzyl dimethyl phosphonic ester (226 mg) and N-methyl N-,N-

dicyclohexyl amine (0.15 mL) were dissolved in anhydrous THF (5 mL) and the solution 

was degassed by three consecutive freeze-pump-thaw cycles, upon completion of which 

the solution was transferred via cannula to the Schlenk flask containing the catalyst and 

ligand.  The mixture was heated to 55 °C for 24 h, then cooled to room temperature and 

allowed to stir under ambient conditions.  The solution was the centrifuged to remove the 

oxidized palladium as a pellet, and the polymer was isolated by precipitation in 

methanol, together with a small amount of 4-vinyl benzyl dimethyl phosphonic ester. 

1H NMR (300 MHz, CHCl3-d3, δ): 0.9 (t, 70H), 1.41-1.45 (m, 146H), 1.67-1.74 (m, 49H), 

2.79-2.84 (t, 43H), 3.67-3.70 (d, 5H), 3.80-3.84 (d, 2.5H), 7.0 (s, 21H), 7.25-7.38 (m, 2 
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H). FT-IR (cm-1): 2955, 2927, 2858, 1570, 1513, 1455, 1379, 1264, 1036, 858, 822, 727.    

31P NMR (300 MHz, δ): 28.8 ppm.  GPC: Mn = 9,600;  PDI = 1.23. 

4.3.7 Preparation of phosphonic acid terminated P3HT 

Dimethyl ester phosphonic ester-terminated P3HT and sodium iodide were 

added to a round-bottom flask equipped with a magnetic stir bar and reflux condenser.  

Acetone (20 mL) was added and the solution was refluxed for 16 h, after which it was 

cooled to room temperature and the polymer was precipitated in methanol and isolated 

by centrifugation. 1H NMR (300 MHz, CHCl3-d3, δ): 0.9 (t, 94H), 1.41-1.45 (m, 182H), 

1.67-1.74 (m, 59H), 2.79-2.84 (t, 60H), 3.82-3.85 (d, 1H), 7.0 (s, 29H), 7.25-7.38 (m, 1 

H). FT-IR (cm-1): 2955, 2927, 2858, 1570, 1513, 1455, 1379, 1264, 822, 727. 31P NMR 

(300 MHz, δ): 15.5 ppm. GPC: Mn = 9,300;  PDI = 1.30. 

4.3.8 Preparation of CdSe nanorods 

Briefly, cadium oxide (99%, 200 mg), trioctyl phosphine oxide (99%, 2.3 g), and 

n-tetradecyl phosphonic acid (0.9 g) were combined in a 3-neck 50 mL round-bottom 

flask equipped with a magnetic stir bar, reflux condenser, and thermocouple temperature 

probe.  The flask was heated under nitrogen until the contents were 100°C, at which 

point vacuum was applied and the solution degassed for ten minutes.  The flask was 

returned to ambient pressure under nitrogen and then heated until the contents reached 

300°C, at which point the solution was clear.  Heat was removed and the flask was kept 

under nitrogen for 72 h after which it was heated to 300°C and a solution of selenium (67 

mg), tri-n-butyl phosphine (0.2 g), and tri-n-octyl phosphine (1.45 g) was added.  The 

temperature was decreased to 250°C and the solution was stirred for 30 minutes, 

followed by cooling to 60 °C upon which anhydrous toluene (5 mL) and then anhydrous 

methanol (15 mL) were added.  The cloudy white supernatant was removed carefully by 
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pipette and the resulting solution was centrifuged (3000 rpm).  Twice, the pellet was 

dissolved CHCl3 (7 mL), then methanol (7 mL) was added, and the cloudy supernatant 

was removed by pipette.  A solution of rods in CHCl3 was then allowed to stand in the 

dark under an intert atmosphere for 24 h and filtered over glass wool.  Solvent was 

removed under reduced pressure and the rods were dissolved in 1:7 CHCl3:CH2Cl2 and 

filtered through a PTFE syringe filter.   

4.3.9 Preparation of CdSe quantum dots 

Briefly, cadium acetate dihydrate (99%, 100 mg) and trioctyl phosphine oxide 

(90%, 7.43 g) were combined in a 3-neck 50 mL round bottom flask equipped with a 

magnetic stir bar, reflux condenser, and thermocouple temperature probe.  The flask 

was heated under nitrogen until the contents were 100°C, at which point vacuum was 

applied and the solution degassed for ten minutes.  The flask was returned to ambient 

pressure under nitrogen and then heated until the contents reached 300°C. In a 

nitrogen-filled glove box, selenium (160 mg) and tri-n-octyl phosphine (1.45 g) were 

added to a vial which was then capped with a septum, removed from the glove box and 

sonicated until all selenium had dissolved.  The selenium solution was injected into the 

cadmium mixture and the reaction was stirred at 275°C for 5 minutes then cooled to 

60°C upon which anhydrous methanol (20 mL) was added.  Following centrifugation the 

supernatant was decanted, the particles were dissolved in CHCl3 (7 mL) and methanol 

(7 mL) was added; two more cycles of centrifugation, removal of supernatant and 

dissolution/precipitation were completed to purify the QDs.   Solvent was removed under 

reduced pressure and the rods were dissolved in 1:7 CHCl3:CH2Cl2 and filtered through 

a PTFE syringe filter. 
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4.3.10 Fibril formation with end-functionalized P3HT 

A stock solution of end-functionalized polymer was prepared by dissolving 

polymer (1 mg) in CHCl3 (100 μL) by vortexing.  For UV-visible spectroscopy 

measurements the stock solution (6 μL) was diluted with chloroform (74 μL) followed by 

addition of CH2Cl2 (518 μL).  For TEM sample preparation and PL measurements CHCl3 

(195 μL) was added to the stock solution of polymer (18 μL) and CH2Cl2 was added 

(1.365 mL) after which the vial was capped and vigorously shaken.  The solutions were 

then placed in the dark for 1 day. 

4.3.11 Composites of fibrils and nanoparticles 

For UV-Vis spectroscopy measurements, a stock solution of CdSe nanoparticles 

(2 μL of a 30 mg/mL solution in 1:7 CHCl3:CH2Cl2) was added to the fibril solution, 

yielding a concentration of 0.1 mg/mL for both fibrils and nanoparticles.  Likewise for 

TEM and PL samples, nanoparticle stock solution (60 μL of a 30 mg/mL solution in 1:7 

CHCl3:CH2Cl2) was added to a solution of fibrils for total concentration of 0.5 mg/mL of 

both components.   

4.3.12  Characterization 

UV-Vis spectroscopy was performed on a Hitachi U-3010 spectrometer and 

fluorescence measurements were recorded on a Perkin-Elmer LS-55 fluorimeter or PTI 

QM-30.  Transmission electron microscopy was performed on a JEOL 2000FX 

microscope with an accelerating voltage of 200 kV.  Thermogravimetric analysis was 

performed under a nitrogen atmosphene on a DuPont TGA 2950 using a heating rate of 

10°C/min. 
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4.4 Results and Discussion 

 As shown in Scheme 4-1a, thiol-terminated P3HT (P3HT-SH) was prepared by 

terminating the GRIM polymerization with vinyl magnesium bromide,31 then converting 

the vinyl end-group to the corresponding thioacetate with thioacetic acid and 

azobisisobutyronitrile (AIBN).  Subsequent treatment of P3HT-thioacetate with 

dimethylamine gave the desired P3HT-SH.  Polymers of three different polystyrene-

equivalent molecular weights (Mn ~ 3.7, 10, and 19 kDa, as estimated by gel permeation 

chromatography (GPC)), were synthesized in this fashion.  1H NMR and FTIR 

spectroscopy were used to confirm the chain-end conversion, by disappearance of the 

olefin resonances at 5.13 and 5.55 ppm, and appearance of a carbonyl signal at 1691 

cm-1 in the FTIR spectrum, which was not seen after deacetylation.  Phosphonic acid32 

terminated P3HT (P3HT-PO3H2) was prepared by quenching the GRIM polymerization 

with methanol to give the α/ω-H/Br terminated polymer, then using the bromide chain-

end for Heck coupling with 4-vinyl benzyl phosphonic acid dimethyl ester (Scheme 4-1b), 

affording the phosphonate dimethyl ester-terminated polymer P3HT-PO3Me2.  

Deprotection with NaI in refluxing acetone gave the desired P3HT-PO3H2, as 

characterized by 31P-NMR spectroscopy, noting the shift in the phosphorus resonance 

from 28 ppm for P3HT-PO3Me2 to 15 ppm for P3HT-PO3H2. The successful 

transformation was supported further by FTIR spectroscopy, with a disappearance of 

stretches at 1036 cm-1 and 858 cm-1 for the P(O)-O-R moiety of P3HT-PO3Me2. 
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Both P3HT-SH and P3HT-PO3H2 were found to assemble readily into polymer 

fibrils, achieved by first dissolving the polymer in CHCl3 (4 mg mL-1), then adding CH2Cl2 

to reach a 1:7 (vol.) CHCl3:CH2Cl2 ratio and a final polymer concentration of ~0.5 mg/mL.  

These samples were allowed to stand for 24 h under ambient conditions at room 

temperature, and characterized by UV-Vis and photoluminescence (PL) spectroscopy, 

and transmission electron microscopy (TEM) (Figure 4-1).  The solution UV-Vis spectra 

of these samples shows vibronic bands typical of crystalline P3HT nanowires (520-605 

nm), and diminished absorption at 450 nm, due to the reduction in concentration of freely 

dissolved polymer.  As expected, the fluorescence intensity of the fibrils at λex = 450 nm 

was largely reduced relative to that for the polymer dissolved in a good solvent, and 

excitation at fibril vibronic bands (i.e., λ = 515, 550, or 605 nm) yielded no detectable 

fluorescence signal.  TEM imaging revealed nanowires similar in structure to those 

formed from non-functionalized P3HT, exhibiting micron-scale lengths and nanoscale 

widths (~25 nm).  While we cannot definitively determine the location of the thiol or 

Scheme 4-1. Synthesis of (a) thiol-terminated P3HT (P3HT-SH) and (b) phosphonic acid-

terminated P3HT (P3HT-PO3H2). 
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phosphonic acid groups in the assembled fibrils, we expect their localization to the fibril 

edges, as depicted in Figure 4-2a.  Prior studies have indicated that below a critical 

molecular weight, full extension of the polymer backbone across the fibril forces the 

chain-ends to the fibril edge;33,34 moreover, functional chain-ends disrupt crystalline 

packing, producing a driving force for placement of the ligating groups at the fibril edges 

even for higher molecular weight samples.  The GPC-estimated molecular weights 

(polystyrene equivalent) of P3HT-SH (Mn = 10,900 or 19,900 Da) and P3HT-PO3H2 (Mn 

= 9,300) used in this study fall below the critical molecular weight, placing the ligating 

chain-ends at the fibril edge. 

 

To create the organized ‘superhighway’ hybrid morphologies, CdSe QDs 

retaining the tri-n-octyl phosphine oxide (TOPO) and other ligands native to their 

synthesis were dissolved in a 1:7 CHCl3:CH2Cl2 mixture.  This QD solution was added to 

a suspension of P3HT-SH fibrils in the same solvents, and the resulting mixture (50 wt% 

QDs) was incubated at room temperature for 15 min.  Due to the stronger absorption by 

the polymer component, the solution UV-Vis spectrum of this mixture was nearly 

identical to that of the bare P3HT-SH fibrils with a slight increase in absorbance at 605 

nm due to the presence of the QDs.  The photoluminescence spectrum of the P3HT-

CdSe hybrid system, upon excitation at 450 nm, showed an emission peak at 670 nm, 

and complete quenching of QD emission at 580 nm. 
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Drop casting of the fibril/QD solution onto a carbon-coated grid for TEM 

characterization revealed a striking association of the QDs with the P3HT-SH fibrils.  The 

dominant structures observed are multiple parallel lanes of CdSe QDs, interspersed by 

P3HT fibrils, which we refer to as ‘superhighways’.  The crystal structure of P3HT35 

yields orientation of chain axes perpendicular to the fibril axis, thus placing the end-

capping functional groups, and therefore QD association, at fibril edges rather than the 

top or bottom faces.  Representative TEM images, as seen in Figure 4-2, show the 

coexistence of these highways with single fibrils flanked by QDs, as well as bare fibrils 

(i.e., having no QD association).  Notably, no change in morphology was observed after 

incubating the solution of these hybrid materials for one week under ambient conditions, 

or upon annealing thin film samples cast on TEM grids at 150 °C for 10 min, indicating 

the inherent robust characteristics of these hybrid nanowire structures. 

Figure 4-1. Fibrils formed by addition of 7 parts CH2Cl2 to P3HT-SH in 1 part chloroform.  (a) TEM 

shows fibrils 20 nm in width and microns in length and (b) UV-Vis spectroscopy of solutions reveal 

vibronic peaks with PL intensity decreasing as a function of increasing excitation wavelength. 
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The kinetics of QD association with P3HT fibrils was measured by monitoring 

fluorescence intensity as a function of time after mixing the QDs with P3HT-SH fibril 

suspensions.  Within 30 seconds of combining the fibrils and QDs, complete quenching 

of QD fluorescence was seen.  Interestingly, the fluorescence at 670 nm initially 

increased in intensity, but then decayed to the initial level (prior to mixing) over 120 min 

(Figure 4-3).  These observations suggest a possible two-step adsorption process.  For 

example, free P3HT-SH may adsorb to the QD surfaces within the first few seconds of 

mixing, while over the subsequent 120 min, soluble P3HT-SH ligands on the QDs are 

replaced by the ligating thiols on the fibril edges, reflecting favorable multivalent 

interactions with the fibrils as compared to free polymer.  
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Figure 4-2. (a) Schematic representation showing fibril formation from P3HT-L (L = SH or PO3H2) 

and subsequent addition of QDs, (b,c,d) Representative TEM images of QD/P3HT-SH fibril super 

highway structures, (e) Solution UV-Vis absorption (0.1 mg/mL) and photoluminescence spectra 

(0.5 mg/mL) of QD/fibril composites. 
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Figure 4-3. (a) PL intensity of composite 30 s after mixing (blue line) increased compared to 

fibrils (red dashed line) at λ=650nm but is quenched at expected QD emission (black dotted line) 

at λ=560nm (b) The integrated area of P3HT PL intensity (λex=450 nm) initially increased upon 

addition of QDs, but after ~2 h had decayed to the same level as prior to mixing. 

 

We found that CdSe NRs were similarly amendable to superhighway formation.  

By using a solution of NRs in place of the QDs, a combination of structures was 

observed, including superhighway hybrid structures, individual NR-lined fibril wires, and 

bare fibrils, for both the P3HT-SH (Figure 4-4b) and P3HT-PO3H2 (Figure 4-4c) fibrils, 

each having 50 wt% NR.  The TEM images of Figures Figure 4-2 and Figure 4-4 reveal 

the unique morphologies obtained from functional fibrils and QDs/NRs.  In the fibril-NR 

composites, the NRs are seen to arrange neatly on the long axis of the fibril, largely 

parallel to the fibril edge.  The TEM images also show many of the NRs to be in close 

contact with one another, such that for many of the functionalized fibrils, well over 50% 

of the fibril edge is occupied by the acceptor material.  The UV-Vis and PL spectra of the 

NR-fibril composites are similar to those of the QD-fibril hybrid structures, though the 

small shoulder at 590 nm suggests incomplete quenching of NR photoluminescence 
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(Figure 4-4e) for NR/P3HT-SH fibrils, and thus a small fraction of the NRs unassociated 

with the conjugated polymer.   

 

 

Figure 4-4. (a,b) Representative TEM image of CdSe NR/P3HT-SH fibril superhighway 

structures; (c,d) representative TEM image of NR/P3HT-PO3H2 fibril superhighways; (e) solution 

UV-Vis (black lines) and photoluminescence (blue lines) spectra.  

 

For comparison, we also studied the formation of QD/P3HT-SH hybrid structures 

when polymer crystallization was carried out in the presence of the QDs.  Once again, 

superhighway structures of alternating fibril and QD lanes were observed (see Figure 4-

5).  However, in this case the kinetics of fibril formation slowed considerably, requiring at 

least 3 days of concurrent crystallization and QD incubation to yield hybrid structures.  

Though composite structures formed after 3 days, P3HT had still not reached its full 

crystallization potential, as opposed to the two-step process that gives complete fibril 
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crystallization in 1 day, and requires a QD incubation time of only 15 minutes.  The 

presence of QDs during polymer crystallization must reduce the rate of nanowire 

formation, likely a consequence of dissolved P3HT-SH coordinating to the QD surface, 

giving a simultaneous assembly mechanism in which P3HT-CdSe formed in situ co-

crystallizes with free polymer. However, the composite nanowire structures formed in 

this fashion were seen to be longer than those formed solely by co-crystallization. 23  

 

Figure 4-5. P3HT-SH fibrils formed in the presence of CdSe-TOPO QDs.  Composite structure 

again shows “superhighways” but the kinetics of formation were significantly slowed. 

 

As we expect that the interaction of the polymer chain-end with CdSe QDs and 

NRs is critical to the formation of these hybrid structures, we also evaluated the 

influence of polymer chain-end functionality and QD/NR ligand composition on 

superhighway formation.  For example, when NRs were combined with vinyl-terminated 

P3HT fibrils, (Figure 4-7a) the resulting mixtures showed substantial NR aggregation, 

minimal polymer-NR association, and no superhighway structures of the sort observed 

for P3HT-SH and P3HT-PO3H2 in Figure 4-4.  The modest degree of association 
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between NRs and P3HT-vinyl fibrils apparent in these images may arise due to drying of 

the sample on the TEM grid, or an interaction between the thiophene sulfur and the 

CdSe surface (as recently reported for hybrid structures of P3HT with CdS and 

CdSe).19,20,22  In addition to an appropriate ligating functionality on the polymer chain-

end, and therefore the fibril edge, the QD/NR surfaces must have accessible surface 

area, and/or readily displaceable ligands.  We found that NR samples consisting of 60 wt 

% organic material, as determined by thermogravimetric analysis (Figure 4-6),36 allowed 

formation of hybrid superhighway structures. However, little fibril-to-NR association was 

observed when NR samples with higher organic content were used (Figure 4-7b), such 

as in samples with added n-hexyl phosphonic acid or TOPO to the NR solution.  

Unfortunately, attempted experiments using “stripped” NRs, in which native ligands were 

replaced by the weakly binding pyridine, led to NR precipitation due to poor solubility.  

 

Figure 4-6. Thermogravimetric analysis of CdSe-TOPO comparing (a) NRs and (b) QDs with 

appropriate ligand coverages for composite formation with those with excess ligand that do not 

form composites. 
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Figure 4-7. Representative TEM images of (a) vinyl-terminated P3HT fibrils mixed with CdSe 

NRs, and (b) P3HT-SH fibrils incubated with a NR solution having added TOPO ligand. 

 

4.5 Conclusion  

In summary, we have described a novel method for the preparation of hybrid 

materials composed of semiconductor QDs/NRs with chain-end functionalized P3HT 

nanowires.  Key to the process was the use of functionalized P3HT tailored with thiol or 

phosphonic acid chain-ends, coupled with polymer crystallization into micron-length 

nanowires.  Quenching of the QD photoluminescence suggests a charge separation 

facilitated between the two materials, and ongoing work centers on 1) optimizing the 

fidelity of association between the fibrils and the QDs/NRs, 2) extending this hybrid 

assembly to a variety of donor and acceptor polymeric and nanoparticulate structures, 

and 3) utilizing these nanocomposite structures as the active layer in solar cells. 
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CHAPTER 5  

PHOTOPHYSICS OF P3HT FIBRILS AND THEIR DONOR-ACCEPTOR 

SYSTEMS 

 

5.1 Abstract 

Wavelength and time-resolved photoluminescence (PL) and transient absorption 

(TA) spectroscopies were performed on P3HT fibrils formed in solution.  PL spectra 

showed the existence of H- and J-type aggregates within a single fibril with identifiable 

differences in the spectra depending on P3HT regioregularity and the suspended or dry 

state of the P3HT fibril.  Excited-state species were identified by transient absorption 

spectroscopy and their decay and relative populations in fibril suspensions and films 

were compared. 

 

5.2 Introduction 

To gain insight into the formation and behavior of excited state species of 

solution-crystallized P3HT fibrils, and donor-acceptor systems, photophysical 

experiments were initiated in collaboration with the Barnes research group from the 

Chemistry and Physics departments to study the photoluminescence (PL) emission 

profiles of isolated P3HT fibrils.  Based on studies of coupling behavior of small-

molecule dyes,1 reports by Spano and others have presented the implications of spectral 

characteristics of P3HT films and fiber solutions, showing that processing conditions 

impact polymer absorption and emission characteristics.  These reports show that 

photophysical spectra of P3HT can depict H-type aggregation, indicated by a strongly 
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inter-molecular coupling, or J-type aggregation, which has a rigid, planarized 

conformation with strong intra-chain coupling.2–4  Due to selection rules of absorption 

and emission for each aggregate type, the relative contributions of each of the vibronic 

progressions can be used to identify either H- or J-character.   

The simplest example of an H-aggregate is composed of two rod-shaped 

molecules in a parallel configuration whose positive electronic coupling is exhibited by a 

blue-shifted absorption and quenched fluorescence.  Conversely, J-aggregates are 

ordered end to end and the negative electronic coupling manifests as a red-shift in the 

absorption and superirradiance in emission at low temperatures.  In more complex 

systems such as poly(diacetylene) and P3HT, reported by Yamagata and Spano,5 a 

hybrid J/H character emerges in which excitons can move 2 dimensionally and a 

competition between inter- and intra-chain coupling manifests as H- or J-like 

photophysical behavior.  It was found that P3HT fibrils made from the 1:7 solution 

crystallization technique display a unique mixture of 2 H- and 1 J-type spectral 

signatures,6 different than previously reported H-type films7,8 and J-type fibrils from 

toluene.4   

In absorption spectra of P3HT fibril suspensions formed by the mixed solvent 

method shown in previous chapters, the first vibronic band at 605 nm (2.049 eV) is set 

as the electronic origin, or A0-0 with the second and third vibronic band defined as A0-1 

and A0-2 respectively.  It has been well established by Spano9 that an increase in the 

ratio of the A0-0 and A0-1 peaks signifies a decrease in excitonic coupling for H-type 

aggregates and an increase for J-type aggregates.  Therefore, the determination of 

dominant H- or J-type nature can be determined by the following equation9,10: 
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              (5-1) 

 

where Ep is phonon energy of the coupled phonon mode, and J0 is the excitonic 

coupling.  For P3HT systems, the value of Ep is taken as 0.18eV.  A value of J0 > 0 is 

indicative of H-type aggregation while J0 < 0 is evidence of J-type aggregation.  For the 

steady-state absorption spectrum of a suspension of regioregular P3HT fibrils, the 

calculated J0 value is greater than zero indicating H-type character, however, when the 

emission profile of a single fibril is examined, a more complex picture is revealed.   

The differing selection rules of the absorption and emission of H- and J-type 

aggregates allows determination of H- and J-character from a fibril sample based on 

qualitative differences in the emission spectra.  In H-type aggregate systems, the E0−0 

peak of the emission spectrum is theoretically a disallowed transition, and experimentally 

only a weak signal may arise due to structural or thermal disorder while the E0−1 vibronic 

transition dominates.  Conversely, J-type aggregates exhibit “superirradiance,” or a 

strongly allowed transition of the E0−0 transition, producing E0−0/E0−1 intensity ratios 

greater than one in the emission spectrum for J-type aggregates and ratios less than 

one for H-type aggregates.  Determination of the excitonic coupling behavior of the fibrils 

is facilitated in the emission spectrum when the excitation wavelength is red of 450 nm, 

concentrating radiation on fibril species and limiting emission contributions from freely 

soluble polymer.  This is particularly important when investigating lower regioregularity or 

higher PDI polymer which has higher emission due to free polymer present at that 

wavelength.  In a collaborative effort to determine the specific photophysical 

characteristics of P3HT fibrils formed by this mixed solvent method, the emission spectra 

of these fibrils were studied to determine H- and J-type aggregation behavior. 
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In complement to the isolated fibril studies, transient absorption (TA) 

spectroscopy was also performed in collaboration with the Barnes and Emrick groups to 

elucidate the excited state species formed and the femto- and picosecond timescale 

mechanisms of charge separation and transfer in suspensions and films of P3HT fibrils, 

P3HT-CdSe superhighways, and P3HT-C60 fibril systems.  TA spectroscopy is a laser 

pulse-stimulated absorption spectroscopy where a laser operating at a specific 

wavelength excites the sample and a femtosecond white light probe analyzes the short-

lived transient species at time delays from the initial laser excitation to create a kinetic 

profile of the relaxation mechanism of excited electrons to the ground state.  This 

characterization method enables visualization of the excited state species formed and 

the spectral distribution of their characteristic rates, which is in contrast to the transient 

spectra at a fixed time delay, which includes contributions from all of the dynamic 

processes (with distinct rate constants).  The resulting “absorption spectra” can have 

both positive (excited state formation) and negative (bleached ground-state) amplitudes.  

The general pathways of these excited-state electrons can include radiative (singlet) 

recombination, intersystem crossing to form a triplet state, localized and/or delocalized 

polaron formation with potential for subsequent creation of an excimer (excited dimer), or 

in the presence of an acceptor material, creation of an exciplex (electron-hole pair sitting 

at an interface).  The exciplex configuration can then be converted to a charge transfer 

complex once the excited electron in the LUMO of the donor material moves to the 

LUMO of the acceptor material.  This pathway allows for the transportation of charges 

within the respective material or recombination in a bimolecular fashion.   

In reports by Vardeny and co-workers11,12 the peaks in the P3HT spectrum 

arising from various excited states has been assigned.  Isolated and aggregated P3HT 

chains exhibit different spectra and therefore different type and population of charged 

species formation owing to intra and interchain coupling respectively.  In Figure 5-1  
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(reproduced from reference 12) the intrachain coupling is exhibited in polaron peaks P1 

and P2 located at 0.45 eV (2.75 µm) and 1.3 eV (953 nm), respectively, while delocalized 

polarons attributed to interchain coupling of P3HT are assigned DP1 and DP2 peaks.  

The location of these delocalized polaron peaks were reported at 0.06 eV (20.6 µm) and 

1.7 eV (729 nm) and have been reported to display the same dynamics.  The splitting of 

the HOMO and LUMO energy levels when single chains enter into coupling proximity 

forming a 2D lamella is depicted in Figure 5-1a and follow the previously reported sum 

rule11 showing E(DP1) + E(DP2) = E(P1) + E(P2) where the inter-chain interaction allows 

for new optical transitions of DP species compared to the single chain polaron (P) 

species.  The energetic assignments agree well with absorption spectra of P3HT from 

others denoting polarons (P3HT+:P3HT-) reported at 975 nm13 and 1000 nm14 and is 

similar to positive charges reported for gate doped P3HT F.E.T’s.15  In addition to these 

polaronic signatures, Vardeney and co-workers11 also describe a triplet peak (T) and an 

interchain exciton peak (IEX) at 1.5 eV (827 nm) and 1.05 eV (1180 nm) respectively.   
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Figure 5-1. Left, (a) model for gap energy levels as proposed by Jiang et al. and right, continuous 

wave photoinduced absorption spectra of (b) regioregular P3HT and (c) regiorandom P3HT 

showing assignation of delocalized polaron peaks (DP1 and DP2) localized polarons (P1 and P2), 

triplet (T), and interchain excitons (IEX). Reproduced with permission from Ref.12 Copyright 

2002, John Wiley & Sons. 

Power dependence on the formation and decay of excited states has also been 

demonstrated.  A thorough report by Guo and co-workers investigated the power 

dependence on the change in absorbance, ΔA, intensity of regioregular and 

regiorandom P3HT films and found a different power-dependent behavior for different 

intra- and inter-chain excited-state species.16  They reported intrachain singlets and 

polaron pairs (assigned at 1000 nm and 700 nm respectively, in fairly good agreement 

with Ӧsterbacka and co-workers11,12) in regiorandom P3HT that displayed a linear power 

dependence up to fluences of 30 µJ/cm2, with a sublinear and superlinear behavior of 

singlet and polaron pairs, respectively, at higher power.  For intermolecular species 

formed as a consequence of high regioregularity, singlet species also show a shift from 
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linear to sublinear dependence at fluences >15 µJ/cm2.  Polaron pairs, however, 

maintain linear a dependence at all pump powers and single polarons found in 

regioregular P3HT show superlinear dependence at high fluences.  Additionally, high 

power experiments show that ~80% of charges recombine in a geminate fashion on the 

30 nanosecond timescale17 and longer lived species show power-law decay dynamics 

that have been attributed to “charge traps.”18,19   

 

5.3 Experimental 

Fibrils of P3HT were made by the typical CHCl3:CH2Cl2 mixed solvent method or 

the thermal method by heating and cooling in marginal solvent p-xylene.  For single fibril 

PL emission spectroscopy, a suspension of P3HT fibrils ~0.1-0.05 mg/mL made by the 

mixed solvent method were further diluted with a small amount of heptane before 

solution casting onto a plasma-cleaned glass slide.  For TA spectroscopy film 

measurements, fibril suspensions were made at 4 mg/mL in an oxygen-free glovebox 

and allowed a minimum of 12 hours after formation to ensure complete fibril formation 

before they were spincast at 2000 RPM onto a 2 cm diameter x 1 mm thick quartz slide 

cleaned with acetone, detergent, water, isopropanol and UV-ozone treatment.  The films 

were then covered with an 18x18mm coverslip and Devcon 5 minute epoxy was applied 

to affix the coverslip and encapsulate the film.  For solution measurements, the fibril 

solutions were freshly made the day before analysis at a concentration of 0.1 mg/mL and 

analysis took place in a 1 mm pathlength screwtop quartz cuvette.   

Wavelength-resolved PL emission images were recorded by positioning a single 

NF near the center of a weakly focused laser spot (10 μm diameter) registered with the 

spectrometer slit (Acton 2150i, 300 grooves/in grating, blazed at 500 nm) positioned at a 

confocal plane on the side port of the microscope (Nikon TE 300 configured in an epi-
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illumination geometry with fluorescence collected through a 1.4 N.A./100× oil immersion 

objective). Time-resolved PL measurements were made on a separate setup using a 

precision timing avalanche photodiode (APD, ID Quantique 400) registered with the 

microscope focal spot. The illuminated area sampled by the APD was 1.5 μm2 with an 

overall instrument response function of approximately 70 ps for 440-nm excitation 

(PicoQuant PDL LDH−P-C-440B), and 250 ps for 532 nm excitation (PicoQuant PDL 

532). 

Broadband transient absorption spectroscopy (TA) was conducted at 

Brookhaven National Laboratory at the Center for Functional Nanomaterials in Dr. 

Matthew Sfier’s ultrafast spectroscopy laboratory on a Newport Helios Transient 

Absorption spectrometer.  Spectra were obtained in the visible and near infrared using a 

1 kHz repetition rate Ti:Sapphire amplified laser system and optical parametric amplifier 

(OPA).  Briefly, a typical pump-probe setup was employed whereby materials were 

resonantly excited with ~100 fs laser pulses generated by the OPA and probed with a 

broadband supercontinuum pulse produced by focusing a small portion of the amplified 

laser fundamental into a sapphire plate.20  Multi-wavelength transient spectra were 

recorded at various time delays between the pump and probe pulses using dual 

spectrometers (signal and reference channels) equipped with fast Si or InGaAs based 

array detectors.   

 

5.4 Results and Discussion 

Upon 532 nm laser excitation of an isolated fibril on a glass substrate, the 

general features of the PL spectrum appeared to be independent of fibril morphology 

and position within the fibril, aside from small differences in integrated PL intensity, 

sideband intensities, and line width.  Analyses of the PL decay dynamics, however, 
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reveal a slight change in lifetime depending on heptane-diluted fibril morphology.  Wide-

field fluorescence microscopy and spectroscopy in Figure 5-2 revealed (a) “straight,” (b) 

“zig-zag,” and (c) “bent” arrangements for fibrils deposited on glass with a corresponding 

decrease in fluorescence lifetimes (“bent” configurations having the fastest decay).  The 

PL emission spectra from these fibrils do not show a marked difference in spectral 

features, however, the composition of these spectra display both H- and J-type 

characteristics, as revealed by spectral fitting (Figure 5-2).  The spectra were 

parsimoniously fit to families of Gaussian functions simulating a vibronic progression (E0-

0, E0-1, E0-n) and revealed one J-type species (J1) and 2 H-type species (H1 and H2). 

Interestingly, the spectral features of the P3HT fibrils changed with respect to the 

fibril existing in either the suspended or dry state.  For a fibril in the dried state, the total 

contribution of J1 and H2 increased by factors of 2.5 and 0.6, respectively, while the 

contribution from H1 was essentially unchanged compared to the suspended state.  A 

suspended fiber had a very prominent emission feature that accounted for nearly 50% of 

the total spectrum and appeared blue of the spectrum of a fibril in the solid state.  This 

spectral change suggests that a significant portion of freely soluble P3HT was bound to 

the crystalline fibril in suspension where the aggregate component of the spectrum 

appeared mostly H-like.  This is consistent with the semi-crystalline structure of P3HT 

lamella as reported by Brinkmann and co-workers21 where amorphous tail or tie ends are 

unable to incorporate fully into the crystalline fibril.  Upon evaporation of the solvent, free 

P3HT chain ends are driven into the existing fibril and the corresponding PL spectrum of 

the dried fibril became more J-like.   Previous reports using drying processes to induce 

additional crystallization22–24 agree well with the finding that the solvated and dried fibrils 

have different excitonic coupling due to a higher content of crystalline polymer in the 

dried state.  Further inspection of the PL spectra revealed that there was 60% J type 

aggregation and the remaining 40% was attributed to 2 H-type aggregates, suggesting a 
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“mixed crystal” within the fibril (i.e. containing both Form I and Form II polymorphs, see 

Chapter 1 Figure 1-2).   

 

Figure 5-2. Wide-field images of (a) “straight,” (b) “bent,” and (c) “zig-zag” fibril arrangements and 

(d) their corresponding PL decay dynamics show different lifetimes depending on configuration.  

(e) Suspended fiber PL emission spectra and (f) the fiber emission after drying shows a drastic 

decrease in the PL signature from free P3HT and a significant increase in the J-type aggregation. 

Reprinted (adapted)  with permission from Ref. 6 Copyright 2012, American Chemical Society. 

 

Finally, the impact of polymer regioregularity on the PL spectrum of isolated 

fibrils was investigated.  When a Rieke synthesis-based commercial polymer of lower 

regioregularity (93%) and higher PDI was compared to the highly regioregular (>98%) 
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GRIM synthesis-prepared P3HT, the origin was redshifted by 27 meV and an increase in 

the E0-0/E0-1 ratio by 40% was observed, consistent with previous reports on the effects 

of regioregularity on the luminescence of P3HT25 and attributed to longer range order.  

Currently, the implications of H and J type aggregates in charge mobility and 

photovoltaic active layers remains unclear, however, it is likely that grain boundaries 

within the fibril exist at the interface of two disparate polymorphs which may not be 

beneficial for charge transport along the fibril axis. 

Following the emission findings of the single fibril system, a TA spectroscopy 

experiment was initiated at the Brookhaven National Lab Center for Functional 

Nanomaterials to examine the ultrafast absorption behavior of these fibrils and their 

composite systems.  In the visible wavelength region, the TA spectrum of fibril 

suspensions in the CHCl3/CH2Cl2 mixed solvent and p-xylene (Figure 5-3) showed the 

expected ground state bleach (GSB) with vibronic progression at 515, 550, and 605 nm 

and a positive photoinduced absorption (PIA) at 650 nm.  This positive signal was 

attributed to the rise in population of a DP2 delocalized polaron.  This peak was 

substantially more intense for the mixed solvent fibril suspension than the p-xylene 

suspension, pointing to a larger population of delocalized polarons, in logical agreement 

with a higher degree of crystalline (aggregated) chains in the mixed solvent suspension.  

Additionally, a slight red-shift of the GSB peaks over time was observed in fibril 

suspensions and, to a lesser extent, films.  Note that the sinusoidal ringing in the p-

xylene film spectra is due to the interference of two substrates (quartz and glass) 

sandwiching the thin film.     

In the near infrared (NIR) portion of the spectrum, two peaks at early times 

occurring at 900 and 1050 nm correspond well to expected triplet (T) and P2 localized 

polaron signatures.  At long time delays, the contribution of the peak at 900 lessened to 

a small shoulder.  Some redshift of the principal peak location was also observed to 
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occur, as depicted by the inset in Figure 5-3a, which is consistent with previous 

findings16 in TA on conjugated polymers, yet is still unclear what the origin of this shift is.  

One possible explanation is a relaxation from subtle shifts in the vibration arising from a 

torsional relaxation process of the polymer chain.  Finally, at 1600 nm, the onset of 

another peak was evident, though not fully captured in the near IR spectra.  The rise of 

this peak may apex in the mid-IR range and possibly reflects the P1 polaron peak 

reported by Ӧsterbacka and co-workers11 at 2755 nm. It is particularly clear that an 

additional signature at ~1260 nm was clearly resolved in the mixed solvent-cast film and 

though present in other samples, it was not well-resolved in the single solvent film and 

suspensions.  This peak at 1260 nm has been attributed to the interchain singlet exciton 

(IEX) by Ӧsterbacka et al,11 but is not a clearly understood state.  Ӧsterbacka and co-

workers make this assignment as singlet excitons based on a lack of spin association of 

the IEX state, and Guo et al14 also ascribe this PIA to a singlet state because of its 

decay constant, which is similar to the PL lifetime (~330 ps) of a regioregular P3HT film.  
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Figure 5-3. Transient absorption spectra of P3HT fibril (a) suspensions in and (b) films cast from 

1:7 CHCl3:CH2Cl2 (black) and p-xylene (red) at selected time intervals (with earliest time in solid 

bold) displaying rising populations of delocalized polarons, triplets, and localized polarons at 

indicated wavelengths. Inset depicts redshift of P2 peak over time. 

 

A comparison of the integrated ΔA of each excited state species identified in 

films and suspended fibrils is depicted in a bar chart in Figure 5-4a.  The relative 

contribution of each excitonic species for every fibril sample was normalized to the total 

IR absorption to obtain comparable intensities.  The most striking difference occurred 

between the contribution of P2 and IEX species of the suspended and film states.  For 

both mixed solvent and thermal method-formed fibrils in the suspended state, the P2 

intrachain polaron species contribution was dominant, whereas the analogous film of 

these fibrils displayed diminished P2 contribution and much greater IEX contribution.  A 

comparison between the fibril formation methods (mixed vs. thermal) showed higher a 

DP2 contribution for the mixed solvent suspensions, potentially indicating more 

aggregation hence interchain polaron formation within the sample.  The P1 contribution is 

also slightly higher, indicating a greater contribution attributed to overall polaron 

formation in the mixed solvent system.   Lastly, a comparison of the triplet state 
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contributions between the mixed and single solvent formation systems showed higher 

triplet contribution overall for both films and suspensions of mixed solvent-formed fibrils. 

In agreement with previous findings,17 the kinetics of this data set also showed 

very fast charge recombination time, on the picosecond timescale.  More than 80% of 

the ΔA intensity decayed within 100 ps.  For simplicity, only two excited state species 

were depicted in Figure 5-4b.  The GSB and P2 species of suspended fibrils and films 

were plotted on a log-log axis in Figure 5-4b and showed a linear behavior in films, 

indicating power-law kinetics and a non-linear behavior for the suspended fibers, 

representative of 2-body exponential type dynamics.  An exponential decay suggests a 

two-component diffusion and direct recombination of an excition, whereas the power-law 

decay may imply a polaron pair recombination or tunneling to decay process.  The 

preliminary interpretation of this change in decay dynamics depending on solvent or film 

environment was that the structure of solvent-swollen (suspended) fibrils inhibits their 

ability to delocalize or diffuse excited states whereas higher crystallinity dried fibers, as 

shown in previous PL experiments, are better suited for excited state delocalization. 
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Figure 5-4. (a) Comparison of excited state species contribution depending on formation method 

and suspended or film state. (b) Decay dynamics of GSB and P1 states show exponential 

behavior for suspensions and power-law type decay for films. 

 

In a follow up to the analysis of the single component donor polymer system, 

novel donor-acceptor systems were analyzed to identify changes in transient positions, 

lifetimes, and timescales.  To accomplish this, TA spectra of films of donor-acceptor 

organic/inorganic composites, and polymer-fullerene nanostructured fibers, were 

compared to those of the donor polymer alone.  As shown in Figure 5-5, the presence of 

a donor material slightly changed the shape of the TA spectrum of P3HT films 

depending on the proximity of the donor material.  In a simple composite of P3HT fibers 

blended with CdSe nanoparticles (composite 2), the film showed a spectrum similar to 

that of the p-xylene formed fibrils alone, with a slight decrease in triplet states and P2 

localized intra-chain polarons.  However, when a functionalized P3HT was formed into 

fibrils and CdSe nanoparticles were attached by the superhighway formation method 

detailed in chapter 4 (composite 1), excitonic bands in the NIR region (T, P2, and IEX) 

were better resolved, similar to the PIA bands previously observed in the donor polymer 

film cast from fibrils formed by the mixed solvent method.   
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In the P3HT-C60 polymer system (as detailed in chapter 2) the donor and 

acceptor materials are inherently in close proximity to one another due to a covalent 

bond between donor and acceptor.  This bond is expected to facilitate charge separation 

and transfer.  In comparison to P3HT fibril films and composites 1 and 2, the TA 

spectrum of this dyad (Figure 5-5) displayed a larger contribution from T at 900 nm at 

short times and a diminished DP2 population.  Formation of triplet is expected to be very 

low at short times in these time-resolved measurements since typically triplet formation 

occurs on longer time scale (ns) by intersystem crossing.  The rise and persistence of T 

in these spectra suggested that covalent attachment of C60 may have assisted in triplet 

formation.  We postulate that transfer of a polaronic species to the C60 moiety and back 

to the polymer with a reversed spin state would be a potential pathway to triplet 

formation.  A previous report by Banerji et al26 of these P3HT-C60 dyads have described 

triplet formation showing a band in the 700-900 nm region, however, their report 

suggests that these triplets form via intersystem crossing of non-quenched singlets, 

which seems unlikely for our experiments based on the time scale studied.  If the higher 

triplet formation in the P3HT-C60 was due to C60-facilitated triplet formation, it is expected 

that triplet contribution of the non-covalently bound P3HT-COH aldehyde precursor and 

PCBM blend will be lower.  This would demonstrate that the covalent linkage of dyad 

structure assists triplet formation from an intra-chain polaron moving with higher mobility 

along the polymer backbone compared to a delocalized polaron in the blend system 

requiring lower mobility intra-chain travel to a C60 interface for triplet formation.  
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Figure 5-5. Transient absorption spectra of a P3HT-C60 fibril film, films of P3HT fibrils blended 

with CdSe nanoparticles (composite 2) and composite superhighways (composite 1) at selected 

time intervals (with earliest time in solid bold) show slightly broadened peaks at 900, 1050, and 

1260 nm as compared to fibril only films. Plots have been shifted vertically for clarity 

 

5.5 Conclusion 

In conclusion, we have studied the time-resolved emission and absorption 

spectra of P3HT fibrils prepared by mixed solvent and thermal methods as single 

isolated fibrils, suspensions in solution, and as thin films.  Qualitative differences were 

observed for suspended versus dry fibrils in both isolation and as films; and preparation 

methods also made a difference in relative excited species contributions.  Isolated fibrils 

of P3HT were found to exhibit both H- and J-type character, and transients in the TA 

spectra were assigned as P2 localized and DP2 delocalized polarons, triplets, and 
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intrachain excitons.  Effects of fibril state (suspension or film) on excited state 

contributions showed increasing P2 contributions in solutions and in the film state, the 

IEX contribution rises while P2 contribution falls.  For the p-xylene suspension, the DP2 

contribution is significantly less than the mixed solvent suspension, indicating an 

expected lower percent crystallinity.  Kinetic lifetimes of the P2 and GSB show that 

suspended fibrils exhibit power-law decay dynamics while films cast from fibrils are 

exponential in character, showing the enhanced ability of films to diffuse the excited 

species that they form.  The complexity of donor-acceptor systems has currently limited 

the interpretation of their spectra, as the effect of the presence of an acceptor material 

on the excited-state contributions and their decay is not straightforward. 

Continuing work on these systems as well as studies on the effects of polymer 

molecular weight, fibril preparation method, and regioregularity shows much promise.  

For the pure polymer system, purified fibrils in films and solutions will be analyzed to 

definitively determine the precise excited-state contributions that H-type and J-type 

aggregates make to the TA spectrum.  In the donor-acceptor systems, ongoing analysis 

of the suspended-state TA spectra and kinetics are expected to show similarly disrupted 

decay dynamics compared to the analogous films, and planned analysis of P3HT/PCBM 

blended control samples of films and suspensions will reveal the importance of covalent 

attachment of the C60 moiety to the P3HT chain end. 
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CHAPTER 6  

SUMMARY, CONCLUSIONS, AND FUTURE OUTLOOK 

 

6.1 Fibril formation, purification, and analytical preparation 

Fibrils of conjugated polymer, poly(3-hexyl thiophene) P3HT were formed using a 

newly described mixed solvent system of 1:7 parts chloroform (CHCl3) to 

dichloromethane (CH2Cl2).  Fibril formation was confirmed by the appearance of vibronic 

bands in UV-visible absorption spectroscopy and transmission electron microscopy 

(TEM).  This new solvent system is a versatile platform due to the use of chlorinated 

solvents which are amenable to the inclusion of materials which would otherwise not be 

soluble in other reported one component systems.  Additionally, the mild room-

temperature and relatively quick (24 hr) conditions to fibril formation creates well-defined 

fibrils that are not self-aggregated into heterogeneous bundles or network structures. 

Purification routes to remove soluble polymer from the solution were initiated by 

centrifugation, trituration, and depletion methods.  However, fibril morphology was 

irreversibly altered when the fibrils formed aggregated bundles and attempts to re-

disperse single fibrils by sonication resulted in drastically shorter fibrils.  In fact, these 

shortened fibrils are currently being investigated as “seeds” for nucleating growth of 

additional P3HT chains and reporting the kinetics of P3HT fibril formation by 

heterogeneous nucleation as a part of another student in the Hayward group’s PhD 

research.  While the nucleated growth kinetics of P3HT-poly(dimethyl siloxane) block 

copolymers1 and homogeneous nucleation and growth of poly(3-dodecyl thiophene)2 by 

solution crystallization have been described elsewhere, the heterogeneous self-

nucleation of P3HT fibrils from fibril seeds has yet to be reported.    In future work, fibril 
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purification to remove soluble polymer will be desirable for isolating highly crystalline 

species and enabling characterization of a purified system will give more precise data 

than a mixture system.  To use centrifugation methods for fibril isolation, it is clear that 

halogenated solvents will need to be replaced with non-halogenated solvents by either a 

single solvent with crystallization induced by a thermal method or the selection of 

another mixed solvent system for solution crystallization.  M-xylene and isopropanol 

shows potential for such solution crystallization in non-halogenated solvents.  It is 

anticipated that this purification route may also be easily applied to composite fibrils, 

reducing the amount of free polymer in suspension.    

We have demonstrated this mixed solvent system forms fibrils of a P3HT-C60 

dyad, providing a route for the cooperative assembly of crystalline P3HT and C60 

domains.  Initial studies endeavoring to enrich and crystallize C60 at fibril edges by vapor 

annealing P3HT-C60 fibrils with a soluble fullerene solution revealed the deposition of 

high contrast spherical structures along the axes of the previously formed P3HT-C60 

fibrils.  Solvent-induced crystallization of P3HT-C60 and modified C60 formed “double 

network” structures when a non-solvent was added to pre-formed fibrils.  Early work on 

concurrent and successive crystallization of P3HT-C60 and C60 has identified an m-

xylene/isopropanol mixed solvent system for future research of P3HT-C60 and C60 

crystallization.  A facile and controllable route to crystalline nanoscale domains of donor-

acceptor materials via solution crystallization would provide a method for creating a PV 

active layer that is hypothesized to be superior to a mere blend of homopolymer and 

PCBM.  Current and future studies comparing the photophysics of a blend and a 

covalently linked donor-acceptor system (chapter 5) are expected to support this 

hypothesis. 

Preparation of P3HT fibrils for analytical transmission electron microscopy (TEM) 

using a supercritical carbon dioxide (scCO2) critical drying technique afforded P3HT 
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fibrils spanning holey carbon spaces without need of carbon support for un-obscured 

analysis. This preparatory method for isolating unsupported P3HT fibrils for high vacuum 

analysis will enable energy-filtered electron-loss spectroscopy (EELS) and energy-

filtered (EF) TEM analysis for elemental analysis of functionalized P3HT fibrils such as 

P3HT-C60 fibrils.  Elemental ratios of sulfur and carbon image maps of sufficiently thick 

fibrils would enable contrast-based visualization of the respective thiophene and 

fullerene segregation in P3HT-C60 fibrils.  The use of PMMA as a sacrificial embedding 

layer for obtaining unsupported P3HT fibrils for TEM analysis will reduce the need for 

expensive support films such as graphene.  Characterization of the P3HT-C60 and 

phosphonic acid-terminated P3HT-PO3H2 fibrils by EELS and EFTEM was initiated at 

Brookhaven National Laboratory, however, the signal to noise levels from fibrils of 

thickness ~5 nm and low end group density proved difficult to create an elemental map 

identifying where enriched regions of sulfur, carbon, or phosphorous were present.  

Future studies using thicker fibrils formed by a different crystallization method are 

anticipated to yield higher signal to noise levels. 

Finally, a collaboration with the Emrick research group studied the morphology 

evolution of cross-linkable di-block copolymer fibrils.  With increasing cross-linking agent 

added to pre-formed fibrils in solution the morphology of the block copolymer fibrils 

progressed from single distinguishable fibrils to a network of bundled fibrils to a dense 

highly cross-linked sheet.  These solution cross-linkable fibrils offer a method to robust 

crystalline materials for a printable photovoltaic ink.  The next generation cross-linkable 

P3HT fibrils will include controllable cross-linking capabilities and cross-linking with an 

acceptor material by incorporation of a fullerene into the cross-linking.  Future 

optimization of these structures should focus on the preparation of smooth homogenous 

films to ensure a good electrode-active layer interface for maximizing PV efficiency.  To 

obtain a smoother film of cross-linked fibrils, alignment of the fibrils prior to cross-linking 
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would allow for creation of anisotropically aligned bundles of P3HT fibrils which would 

facilitate closer packing in a film. 

With the foundations of fibril formation laid, many routes to purified samples, 

formation of “seeds” for fibril nuclei, donor-acceptor crystallization, analytical preparation 

techniques, and robust structures were investigated.  While not all of these research 

initiatives have been fully developed into application based projects, basic fundamentals 

have been positioned for future research interests.  

 

6.2 Co-crystallization 

Composite nanowires of P3HT and CdSe were formed by co-crystallization of 

free and CdSe nanorod grafted P3HT.  Addition of CH2Cl2 to a solution of P3HT and 

P3HT-grafted CdSe nanorods in CHCl3 co-crystallized free and grafted polymer with 

markedly slow kinetics to form composite wires of P3HT fibrils flanked by CdSe 

nanorods.  We further proposed that the majority of P3HT ligands crystallized in the 

composite structure were preferentially along the long edges of the CdSe nanorods due 

to the crystal packing of the fibril.  This project achieved the objectives of nanoscale 

ordering, crystalline donor and acceptor domains, and a large interfacial area; however, 

the complex synthesis of P3HT-grafted CdSe nanorods has limited the continuation of 

this project.  

The co-crystallization of the free and grafted P3HT chains to form composite 

fibrils was the first known report of a one-step formation of crystalline organic-inorganic 

hybrid donor-acceptor structures assembled in a solution state.  The use of this mixed 

solvent system was key to formation of these structures due to the limited solubility of  

CdSe-P3HT in other solvents previously reported for P3HT fibril formation.  If a more 

facile and larger-scale route to CdSe-P3HT were available, future work could focus on 
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the effects of CdSe nanoparticle graft density on the kinetics of composite formation.  

The predicted effect of reducing P3HT graft density would be shorter crystallization time 

and longer composite fibrils stemming from a reduced number of chain re-arrangements 

and insertion defects.  For active-layer formation with these composite fibrils using free 

and grafted P3HT of the same molecular weight with a narrow PDI and under 20kDa 

would create fibrils composed of fully extended P3HT chains.  Formation of these 

composite structures with lower molecular weight (8kDa) P3HT would likely require a 

higher quench depth for adequate conditions for P3HT crystallization.  

 

 

6.3 Superhighways 

Thiol and phosphonic acid end-functionalized P3HT was prepared and 

assembled into fibrils that afforded functional groups on the fibril edges for directed 

assembly of CdSe nanoparticles.  Composite structures of end-functionalized P3HT 

fibrils and CdSe nanoparticles were formed upon incubation of nanoparticles with pre-

formed fibrils by a proposed exchange of native CdSe alkane ligands in preference for 

thiol or phosphonic acid groups at the P3HT fibril edges.  This affinity enables 

hierarchical formation of multiple CdSe/fibril composites to form multiple lanes of aligned 

P3HT fibrils like superhighways.  Our assembly method of these superhighway 

structures offers a simple two-step route to large-scale formation of aligned donor-

acceptor junctions in solution.  The ~20 nm scale lanes of these electron- and hole-

conducting materials approaches the dimensions of the ideal bulk heterojunction 

morphology proposed in chapter 1. 

The facile formation of these structures provides a route to modular and large 

scale formation of these composite structures and is expected to yield interesting 
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photophysical measurements and have potential for higher efficiency PV active layers 

due to increased interfacial area, crystallinity, and nanoscale ordering compared to a 

simple blend.  Some expected areas of optimization of these “superhighways” would be 

purification of the solution to recover a higher yield of the composite structures, 

increased coverage of fibrils with QDs or NRs for more donor-acceptor interfaces, and 

alignment of the superhighways to ensure parallel pathways between electrodes.  

Purification routes discussed in chapter 2, once optimized, may be further used for 

removal of soluble P3HT chains present in suspensions of composite structures, 

however, the isolation of bare fibrils from CdSe decorated ones may not be trivial.  The 

use of magnetic nanoparticles rather than CdSe would allow for isolation of composite 

structures, however, their properties are not well-suited for PV devices. 

 

6.4 Photophysics 

The photophysical characterization of P3HT fibrils and some donor-acceptor 

systems were measured by ultrafast photoluminescence (PL) emission and absorption 

techniques.  The emission lifetimes of fibrils demonstrated different decay dynamics 

based on their configuration while spectral analysis revealed that mixed solvent-formed 

fibrils show characteristics of H- and J-type aggregation in an isolated fibril with different 

relative contributions depending on its dried or suspended state.  Our studies on the PL 

spectrum of a single fibril has contributed to efforts to understand what factors strongly 

influence the formation of H- or J-type aggregation.  As a follow up to this work, a recent 

study on the effect of P3HT molecular weight and fibril formation method has been 

reported.3  It is expected that future emission studies on the seeded growth of P3HT may 

be of particular interest to study the formation of H- or J-type aggregates.  For example, 

an initial question may be: if J-type only “seeds” were isolated, could H-type aggregation 
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nucleate from these seeds?  Using single-fibril spectroscopy, the differentiation between 

seed fibrils and their extensions could be used to depict the photophysical picture of fibril 

formation in progress. 

In complement to time-correlated emission studies, we also performed transient 

absorption spectroscopy of P3HT fibrils formed by mixed solvent and thermal methods 

to evaluate the formation and decay dynamics of excited species in suspensions and 

films.  The relative contribution of each excited state was compared as a function of 

formation method and measurement state (suspended vs. film) and it was determined 

that localized polarons are the predominant species formed in the suspended state, 

while interchain singlet excitons contribute the most to the integrated intensity of the 

solid films.  Decay kinetics of excited state species of suspended fibrils exhibit power-law 

dynamics, indicative of a two-body (bigeminate) process for charge dissociation while 

fibril films show exponential type behavior for a one-body (geminate) process.  Initial 

studies on donor-acceptor architectures revealed higher contributions of triplet state in 

P3HT-C60 fibrils in comparison to P3HT fibril films, potentially pointing to a C60-facilitated 

triplet formation enabled by its covalent attachment.  Finally, composite superhighway 

fibrils, display the same excited state species as P3HT fibrils alone, with slightly broaded 

features and not much difference in species contribution.  A control sample of a simple 

blend of P3HT-fibrils and CdSe QDs shows very slightly diminished populations of triplet 

and intra-chain polarons, but the effect of the presence of CdSe QDs on the spectra is 

still ambiguous. 

These studies are the first known to compare the TA spectroscopy of P3HT fibrils 

from different formation methods and contrast their excited state species in suspended 

versus dry states.  Until very recently, the TA spectroscopy of suspended P3HT fibrils 

had not been reported, however Grey and co-workers4 published an ASAP article at the 

same time this thesis had been written.  Their TA analysis of specifically H- or J-type 
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aggregates is a valuable point of comparison for P3HT fibrils formed in this study by 

thermal or mixed solvent methods.  Additionally, their findings of faster polaron 

recombination dynamics in H- versus J-aggregates can be leveraged for informed donor-

acceptor composite materials with the hypothesis that J-type fibrils would enable longer-

lived polarons to delocalize to donor-acceptor interfaces for improved transfer efficiency.   

Future work on this project will include analysis of purified fibrils for determination 

of the different contributions that H- and J-type aggregates make to excited states and 

their dynamics, studies on the effects of molecular weight, regioregularity, and fibril 

formation methods, and more detailed analysis of composite systems.  This unique 

intersection of morphology studies and photophysical characterization offers an 

opportunity to definitively determine the factors to H- or J-type aggregation and the 

composure of the aggregate, whether it is due to a certain polymorph of P3HT, trapped 

solvent molecules within the crystal, or chain defects from regioregularity or the turn of 

high molecular weight polymer before it re-enters the crystal.  At the time of writing this 

thesis, another dataset of TA experiments conducted at Brookhaven National Laboratory 

is being analyzed that further studies the effects of molecular weight on excited state 

species formation and donor-acceptor systems designed with numerous well-defined 

interfaces as well as their analogous blends with poorly-defined interfaces.  It is 

anticipated that these suspended state systems will provide further insight into the 

charge formation and transfer capabilities of self-assembled composite materials. 

 
 

6.5 Future Outlook 

While there has been much effort in the examination of P3HT solutions and films, 

much still remains to be understood for its behavior in the presence of other polymeric, 

small molecule, and inorganic materials, a crucial requisite for building donor-acceptor 



 

107 

systems for photovoltaic applications.  One important item that must be determined is 

the impact of these solution-assembled organic-inorganic composite wires has on 

improving PV efficiency.  Though incrementally higher efficiencies are continually being 

reported for small lab-scale PV devices, high performance and feasibility at the industrial 

scale must be considered for wide-spread use.  The mixed solvent method for fibril 

formation has been successful for concentrations up to 10 mg/mL and volumes up to 20 

mL, with larger volumes very conceivable.  Initial reports of film processing5 conditions 

and use of non-chlorinated solvents6 with industrial scale up in mind have initiated 

movement in this direction, unfortunately, it seems that the consequences of additional 

components in the system (acceptor type materials and/or additives), effects of 

processing, and post-film treatments must be re-evaluated for every new donor-acceptor 

system.  Some current studies focusing on next-generation low bandgap polymers use 

the framework of a formerly reported system for P3HT (in a similar fashion to PPV) and 

apply these methods with a new polymer.  The research projects reported here include 

techniques that should be tested with low bandgap polymers such as the mixed solvent 

route to crystallization and morphology characterization of the pre-organized polymers 

by TEM.  The photophysical characterization of the low bandgap polymer systems will 

be necessary for visualization of charged species formation and their transport routes as 

well as determination of aggregation state, if any.  Finally, creation of low bandgap 

polymer functionalized CdSe or functionally terminated polymer for complexation with 

CdSe are proven routes to hybrid organic-inorganic structures that may afford active 

layer materials with superior efficiencies.  Self-assembly and directed assembly routes to 

functional materials have been a persistent area of interest for polymeric materials and it 

is expected that this trend will continue for next-generation materials.  It is anticipated 

that the appeal of a one- or two-step method for the formation of crystalline donor-
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acceptor structures for low-cost renewable energy, such as those demonstrated in the 

preceding chapters will continue to drive materials research for energy-related research. 
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