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Abstract 

SYNTHESIS, CHARACTERIZATION, AND PHOTOPHYSICAL 

PROPERTIES OF PFNGX CHEMICAL SERIES IN CONJUGATED 

POLYELECTROLYTE COMPLEXES 

Gregory M. Pitch 

Conjugated polyelectrolytes (CPEs) absorb light, are soluble in aqueous media, and 

are amenable to forming higher-order architectures via non-covalent interactions. CPEs 

provide rapid coherent intra-chain exciton transfer due to delocalization of excited 

states and have pendant ionic sidechains that make them soluble in aqueous media and 

enable complexation with oppositely charged CPEs to form conjugated polyelectrolyte 

complexes (CPECs). CPECs as building blocks for multi-component light-harvesting 

systems approach panchromaticity and participate in rapid intra-chain and inter-chain 

electronic energy transfer (EET) for directionally guiding excited states towards a 

reaction center.  

To increase the density of and proximity between CPE chains in solution, high ionic 

strength conditions induce liquid-liquid phase separation, which form CPE rich and 

CPE poor phases. The CPE rich phase containing exciton donor-acceptor pairs will 

form the basis of a multicomponent light-harvesting fluid, which offers the ability to 

host components that would perform specific tasks such as chemical reactions or charge 

separation. Fluidity is necessary for diffusion of reactants in and out of the light-



 
 

xv 

harvesting scaffold. To this end, progress has been made forming complex light-

harvesting fluids with fully conjugated CPECs, albeit the phase of the system tends 

toward being more rigid than fluid. 

To combat the rigidity of the desired complex light-harvesting fluid, a brush-like 

polyfluorene-based exciton-donor CPE series was designed and synthesized to increase 

the polar-character of the CPEC. This copolymeric series has one monomer that 

contains pendant ionic sidechains and another monomer that is functionalized with 

oligoethylene glycol (oEG) sidechains with 3, 6, 9 , or 12 ethylene glycol (EG) units. 

The brush-like PFNGX series is highly water-soluble and remarkably stable at high 

ionic strength. To answer whether beyond a certain length of oEG sidechain, 

complexation and EET will be hindered, CPECs were formed using the synthesized 

exciton-donor PFNGX (3, 6, 9) series and a polythiophene-based exciton acceptor, and 

then interrogated with a combination of photoluminescence (PL) quenching 

experiments and photoluminescence excitation experiments. Complexation and EET 

between exciton donor-acceptor CPE pairs was found to be independent of oEG chain 

length, and led to a postulated CPEC structure which rationalize these findings. 
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Chapter 1 

INTRODUCTION 
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1.1 Introduction 

1.1.1 Overview 

The current state of environmental affairs, which involves burning fossil fuels to 

facilitate day to day societal activities, places future generations in an existential crisis. 

Gaseous carbon dioxide (CO2) is the product of fossil fuel combustion and the increase 

in the concentration of CO2 in the atmosphere has caused the temperature of the earth 

to rise.1 The increase in Earth’s average temperature has indirect effects such as sea-

level rise, increased drought, and stronger storm systems, all of which ultimately affect 

society’s well-being. Production of energy through alternative methods such as via 

geothermal, wind, and solar technologies all aim to reduce humanities dependency on 

the combustion of fossil fuels.1  

Out of all of the alternative energy technologies, solar has the advantage of not only 

being renewable but also abundant and predictable.2 Solar technologies have 

traditionally been constructed with inorganic materials such as silicon due to its cost 

and efficiency.3,4 However, the most abundant solar to energy conversion in nature 

occurs consistently via photosynthesis in plants.5,6 Many years of evolution have 

developed light harvesting systems that are robust and highly efficient due to an 

intricate arrangement and proximity of organic components. Photosynthetic light-

harvesting antennae scavenge incoming light by absorbing photons of various 

wavelengths and generate excited states that are funneled to reaction centers.5,6 Here, 
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the electronic excited states are converted into separated charges, participate in 

sequential electron transfers, and eventually becomes stored as electro-chemical 

potential. Therefore, it would be less than ideal to overlook photosynthetic organisms 

as inspiration for synthetic light harvesting applications. It is to this end that the concept 

of utilizing light harvesting antennae arranged into higher order architectures via non-

covalent interactions is exploited. 

For this purpose, a promising class of semiconducting polymers are conjugated 

polyelectrolytes (CPEs) since they absorb light, are soluble in aqueous media, and are 

amenable to forming higher-order architectures via non-covalent interactions. CPEs 

have conjugated backbones that provide rapid coherent intra-chain exciton transfer due 

to delocalization of excited states.7–13 Additionally, CPEs have pendant ionic side 

chains that make them aqueous soluble and able to complex with oppositely charged 

CPEs. A cationic poly(fluorene-alt- phenylene) CPE is shown in Figure 1.1.  

 

 

Figure 1.1 Chemical structure of cationic poly(fluorene-alt-phenylene) 
CPE with coulombically bound iodide anions. 
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Oppositely charged CPE complexes (CPECs) have additional properties that are 

important for use in a multi-component light-harvesting system, such as the possibility 

for the light-harvesting system to be panchromatic and the ability to perform rapid 

inter-chain electronic energy transfer (EET).7–12 The desire to create a panchromatic 

light-harvesting system arises from needing to harvest incident light at all visible 

wavelengths in order to maximize the system’s light-harvesting efficiency. Intra-chain 

and inter-chain EET provide methods for directionally guiding excited states towards 

a reaction center.8,9 A CPEC formed from a cationic poly(fluorene-alt- phenylene) CPE 

coulombically bound to an anionic poly(thiophene) CPE is shown in Figure 1.2.  

 

The Ayzner lab aims to create a complex light-harvesting fluid from exciton donor- 

acceptor CPECs in the limit of high ionic strength. The goal is to create a light-

harvesting fluid via associative phase separation that will form the foundation of a light-

 
Figure 1.2 CPEC formed from a cationic poly(fluorene-alt- phenylene) 
CPE coulombically bound to an anionic poly(thiophene) CPE. Cartoon is 
shown with respective counterions. 
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harvesting scaffold. This desired fluid phase would be concentrated in CPE and would 

offer the ability to host components that would perform specific tasks, such as chemical 

reactions or charge separation. Along with retaining its modular capabilities, fluidity is 

necessary for diffusion of reactants in and out of the light-harvesting scaffold. Progress 

has been made in forming complex light-harvesting fluids with fully conjugated 

CPECs, however the phase of the system tends towards being more rigid than fluid. 

Along with the CPE having limited solubility due to electrostatic screening of its 

pendant ionic side chains when complexed with oppositely charged CPECs at ionic 

stoichiometry, the state of the phase has been attributed to the CPE partaking in many 

hydrophobic and !-stacking interactions. Our central hypothesis is that fluidity and 

stability must come from polar-but-nonionic side chains that do not participate in ionic 

inter-CPE complexation. 

To combat the rigidity of the desired complex light-harvesting fluid, a new series 

of exciton-donor CPEs was designed and synthesized to increase the polar character of 

the CPEC. This series is a polyfluorene-based alternating copolymer where one 

monomer contains pendant ionic side chains and the other monomer is functionalized 

with oligoethylene glycol (oEG) side chains with 3, 6, 9, or 12 ethylene glycol (EG) 

units. The brush-like PFNGX series, where X is the number of EG units in the oEG 

chain appended to the polymer backbone, is highly water-soluble and remarkably stable 

at high ionic strength. Polymer repeat units for the PFNGX (3, 6, 9, 12) series are shown 

in Figure 1.3. 
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 Photophysical and structural characterization of isolated chains of PFNGX (3, 6, 

9) series in aqueous solution were carried out to interrogate the optical properties and 

chain microstructures of each of the polymers. This was followed up with formation of 

oppositely charged artificial light-harvesting antennae, using the synthesized exciton-

donor PFNGX (3, 6, 9) series and a polythiophene-based exciton acceptor that is 

common to all exciton donors. This was done to answer a secondary and more readily 

attainable hypothesis: beyond what length of oEG side chains will complexation and 

EET will be hindered? The next sections will help elucidate the important properties of 

CPEs and their role as important building blocks in modular light-harvesting systems. 

1.1.2 Conjugated Polyelectrolytes as Light-harvesting Antennae 

Along with being classified as semi-conducting, organic materials are inexpensive 

and non-crystalline, which make them widely applicable for large-scale synthesis, 

solution processability, and deposition onto flexible substrates.14 CPEs are commonly 

 

Figure 1.3 Polymer repeat units for PFNGX series ( X = 3, 6, 9, 12). 
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used as materials for light-harvesting applications due to their processability and charge 

transfer properties.15 Due to being polymeric and having a conjugated backbone via 

alternating double bonds, their electronic states are delocalized. Conjugation 

essentially arises from constructive overlap of p orbitals on adjacent monomers.  

When atomic orbitals constructively and destructively interact to form molecular 

orbitals, the valence electrons from each contributing atomic orbital populate the 

molecular orbitals up until the number of electrons are exhausted. This leads to an 

orbital becoming the highest occupied molecular orbital (HOMO). The next highest 

energy level which is unoccupied is referred to as the lowest unoccupied molecular 

orbital (LUMO).16 This has huge implications for the electronic properties of organic 

molecules which effectively deems them as semi-conductive materials since an input 

of energy is needed to induce electronic transitions from the HOMO to the LUMO and 

higher-lying unoccupied energy levels. The probability of a photoexcitation to occur 

between and initial and final state λ#$	 is to a good approximation described by Fermi’s 

Golden Rule, shown with Equation 1.1,17 

&#$ = (2π ℏ, -|/#$|01$                                                      (1.1) 

where 1$ represents the density of final states and ℏ represents the reduced Planck’s 

constant. /#$ is the transition dipole moment which describes the interaction of the 

dipole moment operator with the initial and final wavefunctions in the presence of a 

constant electric field.17 
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Another notable property of organic materials is that the binding energy of a 

photoexcited electron to its hole in the HOMO band is quite large, meaning that the 

dissociation of the electron from the bound hole is not a spontaneous process. For 

polyfluorene with alkyl side chains, the exciton binding energy has been reported as 

0.2-0.3 eV.18–20 This prevents thermal energy from dissociating the excited electron 

from the formed hole.17 This net-neutral coulombically bound electron-hole pair is 

referred to as an exciton.17 Two types of excitons exist: a Frenkel exciton and a 

Wannier-Mott exciton. The Frenkel exciton is localized to a few monomers, has a 

binding energy between 0.1- 1.0 eV, and is the common type of coulombically bound 

net-neutral excited state found in organic semiconductors. The Wannier-Mott exciton, 

characterized by having a smaller binding energy of ~ 0.01 eV, is a consequence of 

electrostatic screening of the bound charges from existing in a high dielectric material. 

This results in the Wannier-Mott exciton spanning multiple unit cells.17  

Excitons generated on a polymer may undergo intra-chain EET if the nearby 

chromophores (intra-chain) are lower in energy than the segment of polymer chain 

from which the Frenkel exciton was originally generated.11 A principal aspect of 

creating a light-harvesting system is for photogenerated excitons to quickly migrate to 

lower energy segments of polymer chain, so that energy can be focused at a reaction 

center.6 Migration has to occur quickly as to increase the probability that excitons reach 

a reaction center before geminate recombination occurs. The microstructure of the 

polymer chain influences the energetic landscape of the chromophores that surround a 

photogenerated exciton and ultimately dictates the migration pathways available.11 
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Since the side chains are not conjugated to the aromatic backbone of the polymer, 

aliphatic side chains do not electronically couple to the CPE. However, depending on 

the identity of the side- 

chain and the specific conjugated backbone, a CPE will adopt a certain solution 

state microstructure. This is very important because the overall microstructure of the 

polymer chain has direct implications for the electronic properties of the polymer, 

which ultimately affects the light-harvesting efficiency when incorporated into a 

device.9,21 Various CPEs can have chain microstructures that vary widely because of 

their inherent persistence lengths: quantities that describe the flexibility of a polymer. 

Polymer chains that are shorter than the persistence length can effectively be 

characterized as a rigid rod.22 Polymer chains that are longer than the CPEs persistence 

length can adopt various conformations, such as a randomly coiled microstructure.9   

Organic materials interact with surrounding matter via non-covalent van der Waals 

interactions. To understand the origin of their microstructure and in turn their electronic 

properties, it is therefore important to think about the types of interactions in which 

chemical moieties participate. Polymer backbones that are comprised of fused aromatic 

ring systems have very long persistence lengths which not only impact the chain 

microstructure but also affect the propensity of polymer chains to participate in solution 

state aggregation.7,21 Aggregation occurs as a result of π-	π interactions between 

aromatic moieties. In contrast, other CPEs have conjugated backbones that allow for 

high degrees of rotation, which limit aggregation.9,10  
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Besides π -	π interactions, other notable non-covalent interactions that affect the 

microstructure of a polymer chain are hydrophobic, dipole-dipole, dipole induced-

dipole, London-dispersion, and cation-	π.23 Each of these arises from interactions 

between specific chemical moieties or chemical species. Aliphatic side chains interact 

in a plethora of ways depending on their chemical environment. Specifically, non-polar 

moieties interact with other non-polar groups in a repulsive manner at close distances 

via a nucleus- nucleus coulombic repulsion, and attractively at distances commensurate 

with the sum of the van der Waals radii.23 Side chains with pendant ionic groups interact 

with partially or fully charged moieties such as conjugated systems or other pendant 

ionic side chains. These interactions are attractive or repulsive depending on the sign  

and magnitude of the charge, as well as the distance between charges.23  

1.1.3 Conjugated Polyelectrolyte Complexes 

Oppositely charged CPEs interact attractively to form CPECs largely via 

electrostatic interactions between ionic side chains. These complexes, consisting of 

exciton-donor and exciton-acceptor CPEs, are the building blocks utilized in our 

artificial light-harvesting systems because they form polymeric assemblies that can 

directionally guide excited state energy via intra and inter-chain EET. Light-harvesting 

systems with CPECs have a high percentage of photo-active components, due to light 

absorption properties of each CPE. Additionally, light-harvesting becomes more 

efficient when each CPE absorbs visible light at complementary energies. 

Panchromaticity of light-active components in a CPEC may also lead to an overlap of 
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the fluorescence spectrum of the exciton-donor and the absorption profile of the 

exciton-acceptor, which is one of the driving factors of EET. 

The critical mechanism for inter-chain EET in CPECs is via Förster Resonant 

Energy Transfer (FRET), which is a non-radiative energy transfer process that can 

occur if the fluorescence spectrum of the exciton-donor and the absorption spectrum of 

the exciton-acceptor have significant overlap.8 However, the distance between a 

chromophore’s wavefunctions and the spatial orientation between transition dipole 

moments also dictates if and with what quantum efficiency the exciton donor transfers 

electronic energy to the exciton-acceptor.24 Efficient FRET requires that the exciton 

donor and the exciton acceptor are separated by distances on the order of 10 nm. The 

FRET rate constant is given as Equation 1.2, 

k34 = k5 6
78
7
9
:
= ;

<=
8 6

78
7
9
:
                                           (1.2) 

where >5?  is the fluorescence excited state lifetime of the donor in the absence of the 

acceptor. The exciton donor’s decay rate in the absence of energy transfer is equal to 

k5 =
;
<=
8  , R represents the distance between donor and acceptor, and R? is the Förster 

radius. The Förster radius is the distance from the exciton donor at which the 

spontaneous decay from the donor excited state and energy transfer to the exciton 

acceptor have equal probability.24 The transfer efficiency Φ34 is mathematically 

defined in equation 1.3.24 
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	Φ34 =
BCD

(B=FBCD)	
= ;

;F(7 78⁄ )I
                                      (1.3) 

The Förster radius, also known as the critical transfer distance, is given by Equation 

1.4.24 

R?: = ( J(KL;?)
;0MNOPQ

- (R
ST=
LU

- J                                             (1.4) 

NA is Avogadro’s number, and n is the average refractive index of the medium. The 

orientation factor,	κ, physically represents the orientation of transition dipole moments 

of the exciton donor and exciton accepting chromophores. Equation 1.5 mathematically 

defines the orientation factor. In this equation µY⃗ 5 and µY⃗ [ are the magnitudes of the 

transition dipole moment vectors of the donor and the acceptor respectively.24 

Moreover, r⃗ is the mutual displacement vector pointing from donor to acceptor.24  

κ = ]YY⃗ =∙]YY⃗ Q_`(]YY⃗ =∙aY⃗ )(]YY⃗ Q∙aY⃗ )
]=]Q

                                                (1.5) 

J is the spectral overlap integral which is represented in terms of wavelength, and is 

determined with Equation 1.6,24  

Jb = ∫ I	eb5
∗ε[(λ)λhdλ                                               (1.6) 

where I	eb5
∗
is the fluorescence intensity of the excited donor normalized to unit spectral 

area and ε[(λ) is the molar absorption coefficient in terms of wavelength.24  
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FRET has been mathematically defined for donor-acceptor molecules that are small 

in comparison to the large distance that separates them. However, CPECs are formed 

from polymer chains that are separated by distances that are commensurate with or 

smaller than the size of each chromophore. Therefore, inter-chain EET in CPECs is not 

perfectly described by Förster’s equations.24  

Creating multi-component light-harvesting fluids in the limit of high ionic-strength 

via associative phase separation concentrates CPE chains into a CPE-rich phase. This 

brings CPE chains close in proximity to each other exacerbates the difficulties in 

describing inter-chain EET with FRET. Nevertheless, associative phase separation of 

CPECs is desirable to form multi-component light harvesting fluids that could function 

as photophysically active compartments in a larger overarching system or as fluid 

exciton guiding scaffolds for artificial electron transport chains and molecular 

catalysis.  

Associative phase separation of exciton donor-acceptor CPEs to form a fluid light-

harvesting system has yet to be realized. We hypothesize that this is because associative 

phase separation is most often formed between CPEs at ionic stoichiometric 

equivalence. Complexation between oppositely charged CPEs yields a CPEC with an 

overall net-charge. This occurs until a molar ratio between CPEs that correspond to 

equivalent amount of positive and negative charges. Below ionic equivalency, 

interactions between a CPE’s pendant ionic side chains and nearby polar solvent 

molecules help solubilize the mostly non-polar conjugated polymer.25 However, upon 
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electrostatically induced complexation between components at ionic stoichiometry, the 

absence of an overall net charge of the CPEC reduces its solubility in polar solvents.8 

Reduced solubility of CPECs is exacerbated at high ionic strengths due to electrostatic 

screening of charges on the pendant ionic side chains, which ultimately makes CPEs 

behave more like their neutral derivatives. Associative phase separation of a CPEC has 

led to rigid phases that lack the necessary fluidity to be used as exciton guiding 

scaffolds for artificial electron transport chains and molecular catalysis. 

To increase the aqueous solubility of the net-neutral CPECs and fluidity of a multi-

component light harvesting system, a series of exciton-donor CPEs was designed and 

synthesized. This series is a polyfluorene-based alternating copolymer where one 

monomer contains pendant ionic side chains and the other monomer is functionalized 

with oEG side chains with 3, 6, 9 , or 12 EG units. oEG side chains offer additional 

hydrogen-bonding interactions with water molecules that stabilize the overall net-

neutral CPEC in high ionic strength media. Photophysical and structural 

characterization of isolated chains of PFNGX (3, 6, 9) series in aqueous solution were 

carried out to interrogate the optical properties and chain microstructures of each 

polymer. Then an artificial light-harvesting system was formed with oppositely 

charged CPEs, using the synthesized exciton-donor PFNGX (3, 6, 9) series and a 

polythiophene-based exciton acceptor that was common to all exciton donors. This was 

done to interrogate whether beyond a certain length of oEG sidechain, complexation 

and EET would be hindered. The next section will detail how the PFNGX (3, 6, 9, 12) 

series of exciton-donor CPEs were synthesized. 
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1.2 Synthesis 

1.2.1 Synthetic Overview 

Suzuki coupling was used to synthesize a series of exciton-donor polyfluorene-

based alternating copolymers. Suzuki coupling forms a new carbon-carbon bond 

between the aryl groups of aryl halides and aryl boronic acids in the presence of a 

palladium catalyst.26 The general reaction scheme for a Suzuki coupling reaction is 

shown in Figure 1.4. 

 

The polyfluorene-based alternating copolymer was formed between a diborylated 

fluorene monomer with bis-(trimethyl propyl ammonium) pendant side chains and a 

dibrominated fluorene monomer with bis- (oEG) side chains with 3, 6, 9, or 12 EG 

units. After functionalization of each dibrominated fluorene monomer, one of the 

monomers needed to be borylated. Dibrominated (3,3’-dimethylamino-1-propyl) 

fluorene (FN) was borylated due to being common amongst all PFNGX polymers. 

Along with the practicality of borylating the common monomer, the dibrominated 

fluorene monomer functionalized with oEG side chains with 6 EG units (FG6) created 

a mixture of borylated products that was not separable. The following sections describe 

 

Figure 1.4 General Suzuki coupling reaction between 2,7-dibromo-
fluorene and bis-(2,7-boronic-ester)-fluorene. 
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the mechanism of tosylation, the catalytic cycle of Miyaura borylation, and the catalytic 

cycle of Suzuki coupling reactions.26,27  

1.2.2 Functional Group Conversion 

The preparation of reagents to enhance reactivity and obtain higher yields through 

increased reaction efficiency is very important. Alcohols are common functional 

groups that need to be converted to better leaving groups.28 Functional group 

conversion of primary and secondary alcohols with p-toluenesulfonyl chloride (TsCl) 

forms a tosylate, an excellent leaving group. 

Specifically, tosylation of oEG monomethyl ether was carried out with TsCl to form 

oEG monomethyl ether p-toluene sulfonate  (TGX) with (X = 3, 6, 9, or 12). This 

functional group conversion proceeds through deprotonation of the hydroxyl group, 

and subsequent nucleophilic attack at the sulfur atom, with concomitant release of 

chloride. The mechanism for this reaction is shown in Figure 1.5.28 Use of hydroxyl 

group conversion to the tosylate is heavily relied upon in this dissertation. 

 

Figure 1.5 Mechanism for hydroxyl group interconversion with p-
toluenesulfonyl chloride to form tosylate. 
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1.2.3 Miyaura Borylation Reactions 

The Miyaura borylation converts aryl bromides into aryl boronic acids or aryl 

boronic esters depending on the boron reagent. This extremely important reaction is 

used to prepare reagents for use in Suzuki cross-couplings. The Miyaura borylation is 

crucial in the synthesis of the PFNGX series, herein used to convert FN, into the 

diborylated analog (FNB).26,29,30 

Miyaura borylations are catalytic in palladium to form of the aryl boronic acids or 

aryl boronic esters. Reduction of a palladium(II) precatalyst is needed to form an 

activated palladium(0) species.27 The activated catalyst has an unsaturated coordination 

sphere which is able to host other species.27 In this dissertation [1,1’-

bis(diphenylphosphino)-ferrocene]dichloropalladium(II) (Pd(dppf)Cl2) is used 

exclusively because of its stability in air and precedent for borylation of fluorene 

monomers.25,30 A palladium precatalyst with a bidentate phosphorous-based ligand has 

been experimentally shown to undergo reduction of palladium with concomitant 

oxidation of the boron-boron bond.27 

The general catalytic cycle for Miyaura borylation with a simplified palladium(0) 

catalyst, aryl halide, bis(pinacolato)diboron (B2Pin2), and a weak base is shown in 

Figure 1.6.26 In the first step of the catalytic reaction mechanism, known as oxidative 

addition, an unsaturated palladium(0) complex uses two of its electrons and oxidatively 

inserts itself between an sp2 carbon-halogen bond. In this step, the palladium catalyst 

changes oxidation state from 0 to II, while acquiring two additional bonds, one to an  
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aryl sp2 carbon and the other to a halogen atom.26 The second step in the catalytic cycle 

is that an acetate moiety replaces the halogen bound to the palladium catalyst.26 

Transmetalation is the next step in the catalytic cycle and is the process by which 

the acetate on the palladium catalyst is swapped for a boron-containing compound. A 

purposed transmetalation transition state between palladium catalyst with acetate and 

B2Pin2 is shown in Figure 1.7. The carbonyl of the acetate moiety associates with the 

open p-orbital of boron. The electrons that form the boron-boron bond in diboronic 

ester are used to bond pinacol boronic ester with palladium.  The bond between the 

oxygen of acetate and palladium breaks and forms a new carbon-oxygen double bond.  

 

 
Figure 1.6 Miyaura borylation catalytic cycle with simplified activated 
palladium catalyst (L2Pd(0)), aryl halide (Ar-X), bis(pinacolato)diboron 
(B2Pin2), and weak base (KOAc).29 
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Simultaneously, the double bond of the original carbonyl of acetate breaks and is used 

to bond with boron.  

In the fourth step of the catalytic cycle, the boron-containing compound forms a 

bond to the aryl group. This occurs through what is known as reductive elimination, in 

which the palladium atom’s oxidation state changes from II back to 0.26,27,29 This occurs 

concomitantly with dissociation from the boron atom and the sp2 carbon atom, to form 

a bond between the sp2 carbon and the boron atom of the pinacol boronic ester.29  

In this dissertation, borylation occurred through the use B2Pin2. When B2Pin2 is 

used alongside a base and a bisphosphine Pd(II) species such as Pd(dppf)Cl2, rapid 

reduction of ligated Pd(II) to ligated Pd(0) occurs. Additionally, pinacol boronic ester 

is beneficially used as a masking group to stabilize the boryl group and increase the 

shelf life of the Miyaura borylation product. Moreover, the methyl protons on the 

pinacol ester show a distinct signal in nuclear magnetic resonance (NMR) spectroscopy 

and are very useful in verifying that the substrate was borylated. However, this reagent 

 
Figure 1.7 Transmetalation and reductive elimination for Miyaura 
borylation catalytic cycle between generic aryl palladium(II) acetate 
adduct and generic diboronic ester. The green solid line indicating the 
newly formed carbon- boron bond.26,27 
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suffers due to low atom economy. Specifically, the pinacol does not end up in the cross-

coupled product and is not even utilized in the cross-coupling. More about this last 

point will be discussed in the dedicated section on Suzuki coupling.26,27,29 

1.2.4 Suzuki Coupling Reactions  

Suzuki coupling is an important reaction pathway used to form sp2 carbon-carbon 

bonds. It is utilized in the synthesis of PFNGX CPE series via coupling FNB with FGX 

(X = 3, 6, 9, 12) in the presence of a palladium catalyst and a carbonate base. The 

catalytic cycle for Suzuki- Miyaura coupling is very similar to Miyaura borylation and 

is shown in Figure 1.8.  

 
Figure 1.8 Suzuki catalytic cycle with simplified activated palladium 
catalyst (L2Pd(0)), aryl halide (Ar-X), and aryl boronic ester (Ar-
B(OH)2).29 
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Some aryl boronic esters do not facilitate Suzuki transmetalation and must be 

converted into the analogous boronic acids for coupling to occur. This is true for the 

aryl pinacol boronic ester used in this dissertation.31 Specifically, the methyl groups on 

the pinacol boronic ester are too sterically demanding for efficient bonding between 

the oxygen atom of the pinacol and the ligated palladium(II) catalyst. For Suzuki 

coupling to occur, the pinacol ester must be removed and converted into a boronic acid 

species under basic aqueous conditions.31 Shown in Figure 1.9 is a schematic for cross-

coupling between a generic aryl palladium(II) adduct and a generic aryl boronic acid 

species capable of transmetalation.  

 

The mechanistic details regarding the role of the base in the transmetalation step of 

Suzuki coupling has been debated for many years. However, the oxo-palladium 

pathway, which is shown in Figure 1.9, has been experimentally determined as 

kinetically favored in comparison to the boronate and the oxo-palladium boronate 

pathways. Each of these aforementioned pathways have a trihydroxyboronate species 

 

Figure 1.9 Suzuki coupling between generic aryl palladium(II) 
hydroxide adduct and generic aryl boronic acid. The green dashed lines 
represent bonds that are in the process of forming, with the green solid 
line indicating the newly formed sp2 carbon- carbon bond.31 
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that has been regarded as detrimental to the coupling process by not allowing 

transmetalation to occur through the 4-membered transition state.26 

1.3 Characterization Techniques 

1.3.1 Overview 

Photophysical characterization of isolated chains of PFNGX (3, 6, 9)  in aqueous 

solution was carried out to determine the influence of the EG chain length on the optical 

properties and chain microstructure. Absorption spectroscopy was used to investigate 

the spectral shift between the fluorene monomers and their polymeric form, as well as 

verify that the optical density (OD) was below 0.1 to insure the validity of the 

photoluminescence (PL) measurements. Steady-state PL measurements were used to 

gain insight into the fundamental optical properties, and was used to estimate the 

relative microstructure of isolated PFNGX chains in aqueous solution.  

Oppositely charged artificial light-harvesting CPECs were formed between 

PFNGX and poly(butyl-carboxylate)-thiophene (PTAK) at three molar charge ratios to 

interrogate the effect of EG chain length of PFNGX (3, 6, 9) series on the evolution of 

complexation and EET. More specifically, the aforementioned complexation was done 

to interrogate whether beyond a certain length of oEG sidechain, complexation and 

EET will be hindered. Absorption spectroscopy was also carried out on dilute solutions 

of CPEC to determine the optical absorption profiles for each component in solution. 

Just as was done for the isolated chains of PFNGX, absorption measurements were 
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carried out to verify whether the concentration of each component was dilute enough 

to provide trustworthy PL data. Exciton-donor PL quenching experiments were also 

carried out for the CPECs formed between PFNGX (3, 6, 9) and PTAK at three molar 

charge ratios to measure the evolution of exciton-donor PL quenching. 

Photoluminescence excitation (PLE) measurements were carried out on dilute solutions 

of CPEC to interrogate if EET occurred; radiative emission was enhanced when 

PFNGX was excited directly. The next sections will detail the important concepts of 

the aforementioned techniques used to characterize the photophysical properties and 

microstructure of isolate chains of PFNGX (3, 6, 9) and respective CPECs. 

1.3.2 Absorption Spectroscopy 

The interaction between electromagnetic radiation and matter is interrogated with 

spectroscopic techniques. Organic molecules have a subset of molecular orbitals that 

are filled with electrons which may become promoted to higher-lying unoccupied 

molecular orbitals upon the interaction with electromagnetic radiation.17 This 

interaction is an absorption process when a subset of wavelengths is absorbed by the 

molecule and promotes ground state electrons to energetically higher unoccupied 

molecular orbitals. The absorption cross-section σ and molar extinction coefficient ε[ 

are experimental parameters that describe the strength of a molecules absorption 

process and are shown in Equation 1.7 and Equation 1.8,17 

I(ω, ℓ) = I(ω, 0)e_p(q)ℓP                                           (1.7) 
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I(ω, ℓ) = I(ω, 0)10_sQ(q)ℓtu                                      (1.8) 

where, I(ω, 0) is the frequency-dependent incident light intensity before interacting 

with the sample, I(ω, ℓ) is the frequency-dependent incident light after interacting with 

the sample a distance ℓ into the sample in cm, and	ω is the frequency of the incoming 

radiation. In Equation 1.7, N is the concentration of the solute and has units of 

molecules per cubic centimeter, whereas σ is the absorption cross-section, which has 

units of square centimeters per molecule. While Equation 1.8, is written in terms of 

molar extinction coefficient ε[ and has units of L	∙	mol-1	∙	cm-1. Additionally, the 

concentration of absorbers Cw has units of moles per liter. 

Rearrangement of Equation 1.8, leads to the formation of Equation 1.9,17 

log 6{(q,?)
{(q,ℓ)

9 = ε[(ω)ℓCw                                           (1.9) 

and allowing log 6{(q,?)
{(q,ℓ)

9 to equal the absorbance A, one obtains a familiar equation: the 

Beer-Lambert law represented by Equation 1.10.17 

					A = ε[(ω)ℓCw                                                      (1.10) 

1.3.3 Photoluminescence Spectroscopy 

Absorption of a photon by a molecule leads to promotion of an electron to a higher-

lying state. The excited electron will eventually relax back to the ground state via non-

radiative and radiative emission. E1 represents the ground electronic state and E2 
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represents the first electronic excited state; each with respective number densities N1 

and N2: R12 and R21 are per-unit-volume rates for upward and downward transitions 

respectively.17 Upward transitions can occur via absorption of electromagnetic 

radiation, whereas downward transitions occur via both stimulated and spontaneous 

emission. The rate of upward transition R12 is shown in Equation 1.11, where B12 is the 

rate constant for absorption and ρa~�(ω) represents the energy density of the incident 

electromagnetic field.17 

  R;0 = N;B;0ρa~�(ω)                                             (1.11) 

The rate of downward transition, R21 is shown with Equation 1.12, where B21 is the rate 

constant for stimulated emission and A21 is the rate constant for spontaneous emission. 

The total downward transition rate is the sum of stimulated and spontaneous emission 

rates.17 

      R0; = N0B0;ρa~�(ω) +	N0A0;                                      (1.12) 

Rate constants B12, B21, and A21 are known as the Einstein coefficients. Both B12 and 

B21 depend on the energy density at the transition frequency (ω) and where A21 is 

independent of the electromagnetic radiation.17 

The ratio of the populations of the two states obeys the Boltzmann distribution 

when observed at thermal equilibrium as per Equation 1.13,17 

       PS
PÉ
= exp 6_(3S_3É)

BÜ4
9 = exp	 6_ℏq

BÜ4
9                                   (1.13) 
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where, ℏ is the reduced Plank’s constant, T is temperature in units of Kelvin, and kB is 

the Boltzmann constant. At equilibrium the total upward transition rate from some 

energy level is equal to the total downward transition to that level. This condition yields 

Equation 1.14.17 

    ρa~�(ω) = 6 [SÉ
áÉS àâä(ℏq BÜ4⁄ )_áSÉ

9                                        (1.14) 

Next, an expression for the Einstein coefficients can be related to molecular properties 

and observables, and therefore a frequency-dependent upward transition rate per 

molecule for randomly oriented absorbers can be shown as Equation 1.15,17  

R;0
(;) = N|]SÉ|S

`LSs8ℏS
	ρa~�(ω)                                              (1.15) 

If Equation 1.15 is multiplied by the number density of molecules in state E1 and is set 

equal to Equation 1.11, the following relation is acquired and is shown via Equation 

1.16.17 

B0; =
N|]SÉ|S

`LSs8ℏS
                                                  (1.16) 

Equation 1.17 shows a relation between B21 and A21.  

		[SÉ
áSÉ

= ℏLãqã

NSåS
                                                     (1.17) 

Therefore, Equation 1.16 rewritten in terms of A21 and the transition dipole moment is 

shown with Equation 1.18.17 
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A0; =
Lqã|]SÉ|S

`Ns8ℏåã
                                              (1.18) 

In this equation, the units for A are inverse seconds, n is the frequency dependent 

refractive index of the medium, ε? is the permittivity of free space, and c is the speed 

of light.17 

The energy of a photon in the wavelengths of the visible spectrum is about 100 

times greater than káT, and therefore when a photon with this magnitude of energy is 

absorbed, the excited molecule will need to redistribute its energy to return to thermal 

equilibrium. When the amount of energy absorbed promotes an electron from the 

ground state into a higher-lying electronic and vibrational state, multiple processes can   

dissipate the absorbed energy.17 There are five processes that a molecule in the excited 

state can utilize to dissipate energy; three non-radiative and two radiative. The three 

non-radiative processes are intramolecular vibrational relaxation (IVR), internal 

conversion (IC), and intersystem crossing (ISC). The two radiative processes include 

fluorescence (photoluminescence) and phosphorescence. A useful way to visualize 

these processes is through a Jablonski diagram, which is shown in Figure 1.10.17 

The diagram is read from the bottom left starting with an organic molecule that 

exists in the ground electronic and vibrational states at room temperature. This 

molecule is shown to be in a ground-state closed-shell singlet, S0. Upon photon 

absorption, an electron from S0 will be promoted into an excited vibrational level of an 

excited singlet excited state Sn. For the purpose of exploring each of the possible 
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relaxation processes, the excited state was chosen to be the second excited singlet state, 

S2.  

 

This diagram will be used to illustrate the different transitions among ground and 

excited states.17 A highly probable outcome of this excitation is to stay in the S2, 

undergo IVR by redistribution of vibrational energy from an excited vibrational level 

to a lower vibrational level, and subsequently give up that amount of energy to its 

surroundings. For larger organic molecules, the time scale of this process is on the order 

of a few picoseconds (ps). This is compared to light emission, which occurs on 

hundreds of ps to 1 ns timescales.  

A transition between two electronic states with the same spin multiplicity is known 

as internal conversion. It competes with or immediately follows IVR. Figure 1.10 

shows that once the excited state becomes vibrationally relaxed to the ground 

 
Figure 1.10 Jablonski diagram showing absorption processes, intramolecular 
vibrational relaxation (IVR), internal conversion (IC), intersystem crossing 
(ISC), fluorescence, and phosphorescence. 
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vibrational level of S2, IC may occur between S2 and a vibrationally excited state of the 

next lower electronic excited state, S1. This transition is a competitive process to that 

of IVR because it often occurs on a picosecond timescale.17  

Once relaxed to the lowest vibrational state of S1, three processes can occur, IC to 

a very highly excited vibrational level of S0, ISC to a high lying vibrational state of an 

electronic state with different spin multiplicity T1, or direct fluorescence to the lowest 

electronic state S0. All three of these processes compete, but usually the dominant 

process for redistribution of energy is fluorescence from S1 to S0. Fluorescence can 

occur between the lowest vibrational state of S1 to the ground vibrational level, first 

excited vibrational level, or second excited vibrational level of the electronic ground 

state S0. Internal conversion from the ground vibrational state of S1 to a very highly 

excited vibrational level of S0 is unlikely because the transition is slow due to being a 

transition between widely different vibrational quantum numbers.17  

Intersystem crossing is not competitive because of slow timescales varying from 

picoseconds to microseconds. Optical transitions between singlet and triplet states are 

also weak due to spin selection rules. However, if ISC does occur from the ground 

vibrational level of S1 to a higher-lying vibrational level of T1, then just like with IC 

from S2 to a higher-lying vibrational level of S1, the process is followed by IVR to the 

lowest vibrational level of that electronic excited state. Lastly, once in T1, 

phosphorescence can occur, albeit very slowly, which takes the excited triplet back 

down to the ground electronic state.17 
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Michael Kasha and co-workers detailed spectroscopic observables for aggregated 

dye molecules; this model has been expanded upon to yield a diagnostic tool to infer 

the average microstructure of a polymer.15,32,33 The main premise is that a monomer’s 

transition dipole moment can couple constructively or destructively with nearby 

transition dipole moments. Kasha and co-workers argue that coulombic coupling 

between transition dipole moments can be treated as a vector sum.32 Coupling leads to 

a splitting of the first excited state, and is shown in Figure 1.11.32  

 

Either the head-to-tail or head-to-head combination of transition dipole moments 

occupy the upper state, and depends on the sign of the coulombic coupling term JCoul. 

A mathematical approximation of JCoul is given by Equation 1.19,33 

 

Figure 1.11 Energy level diagram for Kasha’s J- and H- aggregate (dimer) 
model. Solid lines represent energy levels with allowed transitions that 
couple to the ground state. Dashed black lines represent energy levels with 
disallowed transitions that do not couple with the ground state.    
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JtéèK ≈
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hîï7ã
                                      Equation 1.19 

where, ñ is the transition dipole moment of identical chromophores, R is the 

intermolecular distance between mass centers, and ó is the angle between ñ and R.33 

Depending on the orientation of and the angle between each transition dipole moment, 

the coulombic coupling term JCoul changes sign, which in turn dictates whether the non-

zero (symmetric) combination of transition dipole moments occupies the upper or 

lower state. These two scenarios arise from differences in ó.15 

The excited state associated with the anti-symmetric combination of transition 

dipole moments does not couple to the ground state because the total transition dipole 

moment for that excited state is zero.15,32,33 If the anti-symmetric state occupies the 

lower of the two excited states, radiative emission from the lowest vibrational level of 

the anti-symmetric excited state to the lowest vibrational level of the ground state is 

restricted. If the lowest excited state corresponds to the symmetric combination of 

transition dipole moments, then radiative emission is not restricted.15,32,33 The 

spectroscopic observable to determine the angle between nearby transition dipole 

moments is the relative oscillator strength of the 0-0 transition compared with the 

oscillator strength of the 0-1 transition. Applied to polymeric systems, if the ratio of 

oscillator strengths between the 0-0 transition and the 0-1 transition is greater than 1; 

the backbone of the polymer is more extended and is described as a J-aggregating 

polymer chain. If the ratio of oscillator strengths between the 0-0 transition and the 0-
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1 transition is less than 1, the polymer has a coiled microstructure and is described as 

an H-aggregating polymer chain.15,32,33 

1.3.4 Photoluminescence Excitation Spectroscopy 

PLE measurements were used to detect EET between PFNGX (donor) and PTAK 

(acceptor); the observable for this was whether radiative emission from PTAK in a 

CPEC was enhanced when PFNGX was directly excited. This measurement involves 

excitation in a range of wavelengths and detects emission at a single wavelength. 

Therefore, by exciting wavelengths that are primarily ascribed to PFNGX only, and 

detecting radiative emission at a wavelength associated with radiative emission from 

PTAK only, unambiguous evidence of EET can be observed. Each exciton-donor 

polymer was complexed with PTAK at 3 molar charge ratios to observe the evolution 

of EET. The chosen ratios, spanned a range from low molar charge ratio of acceptor, 

to molar charge ratios of acceptor that approached ionic stoichiometry.  

The overall functional form of the excitation intensities in a PLE measurement 

often takes a similar functional form as the absorption profile obtained with absorption 

spectroscopy.34 This is because the intensity of radiative emission at an excitation 

wavelength correlates well with the excited state population at that excitation 

wavelength. 

1.3.5 Time-Resolved Photoluminescence Spectroscopy 
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Time-resolved photoluminescence (TRPL) spectroscopy is a technique used to help 

elucidate the photoluminescence (fluorescence) lifetimes of an emitter. TRPL 

measurements were carried out on isolated polymer chains of PFNGX (3, 6, 9) in 

aqueous media to elucidate the fluorescence lifetimes. The emission rate will depend 

on the rate of depopulation from the excited state to the ground state with a rate constant 

of A21. This relationship is shown in Equation 1.20.17 

N0(t) = 	N0(0)exp	(−A0;t)                                     (1.20) 

Taking the inverse of the rate constant for spontaneous emission yields τa~�, which 

is the natural radiative lifetime. When the excited state undergoes spontaneous 

emission, the radiative lifetime can be written in terms of the transition dipole moment 

using Equation 1.21.17 

     τa~� =
;
[SÉ

= `Ns8ℏåã

Lqã|]SÉ|S
                                           (1.21) 

For the condition of spontaneous emission from an excited state to more than one lower 

energy state j; depopulation of state 2 with respect to time is equal to the rate constant 

for spontaneous emission to each state j, multiplied by the number density of the 

emitting excited state summed over each state j.17 This relation is shown in Equation 

1.22. 

_�PS
�õ

= ∑ A0ùN0ù                                            (1.22) 



 34 

Similarly, Equation 1.23 has a functional form of a decreasing exponential. 

N0(t) = 	N0(0)exp	(−t τa~�, )                                   (1.23) 

The natural radiative lifetime can be expressed with Equation 1.24 as the inverse of the 

spontaneous emission rate constants summed over j final states.17 

τa~� = 1 ∑ A0ùù⁄                                              (1.24) 

1.4 Conclusion 

The introductory chapter in this dissertation has served to bring the audience up to 

speed with the concepts, techniques, and methodologies needed to complete the 

experimental work in the following three chapters. Section 1.1 discussed the 

overarching reasons why CPEs were utilized as the primary material to carry out light-

harvesting investigations. Some points that were touched upon are the electronic 

structure and structure-property relationships of CPEs, electronic transitions, 

solubilization of CPEs, CPE complexation, and FRET. 

In section 1.2, the background synthetic information and concepts that were utilized 

in this dissertation were explored. The section began with discussion of the functional 

group conversion of hydroxy group tosylation. The next two sections covered Miyaura 

borylation reactions and Suzuki coupling reactions. The purpose of this section was to 

prime the audience with relevant synthetic knowledge to enable reasoning as to why 

the following reactions were carried out to synthesize the PFNGX chemical series 
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utilized in this dissertation. Chapter 2 describes the procedures and results of PFNGX 

(3, 6, 9, 12) synthesis. 

Many different characterization techniques used to study CPEs and CPECs were 

discussed in section 1.3. Photophysical characterization techniques were discussed 

such as absorption, photoluminescence, photoluminescence excitation, and time-

resolved photoluminescence spectroscopies. These characterization techniques were at 

the crux of the experiments carried out to determine the optical properties and polymer 

chain microstructure of the synthesized CPEs. Characterization of CPECs was carried 

out to ultimately determine whether beyond a certain length of oEG sidechain, 

complexation and EET would be hindered. This aspect will be covered in more detail 

in chapter 3. 

In chapter 4, synchrotron-based small angle X-ray scattering measurements to 

elucidate the morphology of polymer thin films are discussed. The two main 

characterization techniques utilized in this chapter are grazing incidence X-ray 

diffraction (GIXD) and resonant elastic X-ray scattering (REXS). GIXD measurements 

were carried out to interrogate the !-stacking and lamellar distances between polymer 

chains, as well as the distribution of orientations of polymer crystallites in thin films. 

REXS measurements were carried out to determine nanometer length-scales of donor-

acceptor polymer/small-molecule acceptor thin films. Each of these techniques along 

with detailed analysis will be covered in chapter 4. 
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Chapter 2 

SYNTHESIS 
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2.1  Synthetic Overview 

2.1.1 Methodology, Materials, and Measurements 

Herein is described the synthetic procedures adapted to create the PFNGX series, 

polyfluorene-based copolymers used in this dissertation as exciton donors in CPECs. 

The reaction scheme for the synthesis of this series is shown in Figure 2.1.1–6 

 

 

This series of A-B repeating polyfluorene copolymers, contain one co-monomer 

providing ionic functionality, and another co-monomer providing neutral side groups 

for enhancing the aqueous solubility of the CPE series.1  

Before starting to actively synthesize the monomers, the first thing that was needed 

was to prepare the oligo ethylene glycol (oEG) reagents as the tosylates to create a more 

 

Figure 2.1 Synthetic scheme for PFNGX series.1–6 
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reactive oEG reagent.2 Next came attaching the oEG chains to the fluorene monomer, 

this was carried out by creating a nucleophilic fluorene species with a base and 

attacking the oEG at the carbon bearing the tosyl group.3  

Reactions were then carried out to synthesize the amine-containing fluorene 

monomer. This was accomplished by turning the fluorene into a nucleophile with a 

base and having it attack dimethyl aminopropyl chloride hydrochloride. The fluorene 

nucleophile displaced the chloride on the propyl chain to append the dimethylamino 

propyl chain to the fluorene monomer.4,5 Each of the two aforementioned nucleophilic 

reactions formed disubstituted fluorene monomers. Next, the amine-containing 

fluorene monomer (FN) was borylated via a Miyaura borylation reaction to form 

(FNB). Coupling between the fluorene with the oEG side chains (FGX) (X = 3, 6, 9, 

12) and the borylated fluorene monomer (FNB) was carried out to form the neutral 

conjugated polyelectrolytes (nPFNGX) (X = 3, 6, 9, 12).4,5 This was followed by in situ 

quaternization of the tertiary amine of nPFNGX with methyl iodide.1,6 

Reagents and materials were used as received from the following distributors: 2,7-

dibromofluorene and 4-toluenesulfonyl chloride were obtained from Oakwood 

Chemical. Poly[3-(potassium-4-butanoate)thiophene-2,5-diyl] regioregular was 

obtained from Rieke Metals. Bis(pinacolato)diboron >98% and 1,4-dioxane 

(anhydrous, 99.8%) were obtained from Alfa Aesar. Triethylene glycol monomethyl 

ether (>98.0%), hexaethylene glycol monomethyl ether (>96.0%), and nonaethylene 

glycol monomethyl ether (>93.0%) were obtained from TCI America Inc. 

Tetraethylammonium bromide 100% was obtained from Chem-Impex International 
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Inc. Palladium catalyst [1,1’-bis(diphenylphosphino)ferrocene] dichloropalladium (II), 

dimethyl aminopropyl chloride hydrochloride (96%), sodium hydride (60% dispersed 

in mineral oil), and dimethylformamide (anhydrous, 99.8%) were obtained from 

Sigma-Aldrich. Methyl iodide (99.5%), tetrahydrofuran (HPLC grade), and 

dichloromethane (99.5%)  were obtained from Spectrum Chemical. Sodium hydroxide, 

sodium hydroxide solution (50% w/w), potassium carbonate (anhydrous, 99.7%), 

triethylamine (99%), diethyl ether (99%), methanol (99.9%), acetone (HPLC grade), 

chloroform (99.9%), ethyl acetate (99.5%), hexanes (98.5%), and potassium acetate 

(>99%) were obtained from Fisher Chemical. Dimethyl sulfoxide (99.7%) was 

obtained from Acros Organics. Chemglass pressure tubes were used for 

polymerizations (48 mL -  part number CG-1880-04), and quaternization (350 mL - 

part number CG-1880-12). Polyvinylidene difluoride filters (450 nm) were obtained 

from Lab Safety Supply and polytetrafluoroethylene filters (450 nm) were obtained 

from Cole-Parmer. CDCl3 (D 99.8%) and D2O (D 99.9%) were both purchased from 

Cambridge Isotope Laboratories. Nuclear magnetic resonance (NMR) spectra of the 

monomers were collected on a Bruker Avance III HD 4 channel 500 MHz NMR, and 

spectra of the polymers were collected on a Bruker Avance III HD 4 channel 800 MHz 

NMR with a cryoprobe. 
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2.2  Preparation of Reagents 

2.2.1 Reagent TG3  

Synthesis of (1-(p-tosyl)-3,6,9- trioxodecane) To a clean and dried 25 mL round 

bottom flask placed in an ice bath, a Teflon coated stir bar, sodium hydroxide (NaOH, 

683 mg, 17.1 mmol), deionized water (DI H2O, 3.5 mL, 193.9 mmol), triethylene glycol 

monomethyl ether (G3OH, 1.00 g, 6.1 mmol), and tetrahydrofuran (THF, 7.0 mL, 86.3 

mmol) were added and allowed to react for 30 minutes. Next, p-tolyl sulfonyl chloride 

(PTSC, 2.11 g, 11.1 mmol) was added under an atmosphere of nitrogen (N2(g)) and 

reacted for 12 hours. Upon completion, the reaction contents were dumped into 8.7 mL 

of cold DI H2O, followed by extraction of the product with dichloromethane (DCM, 2 

x 4.5 mL). The organic layer was washed with DI H2O (2 x 4.5 mL),  brine (1 x 4.5 

mL), and subsequently dried over sodium sulfate (Na2SO4). The anhydrous organic 

layer was decanted away from the drying agent and concentrated under reduced 

pressure to provide the product TG3 as a colorless oil (77 yield, 1.50 g).2 Figure 2.2: 

TG3 1H NMR (500 MHz, CDCl3): ! 7.79-7.77 (d, 2H), 7.33-7.31 (d, 2H), 4.14 (t, 2H), 

3.67 (t, 2H), 3.59 (m, 2H), 3.57 (s, 4H), 3.51 (t, 2H), 3.35 (s, 3H), 2.43 (s, 3H) Figure 

2.3: TG3 13C NMR (500 MHz, CDCl3): ! 144.8, 133.1, 129.8, 128.0, 71.9, 70.7, 70.6, 

69.3, 68.7, 59.0, 21.6. 
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Figure 2.2 TG3 1H NMR with trace amount of DCM, THF, and Acetone. 

 
Figure 2.3 TG3 13C NMR  
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2.2.2 Reagent TG6 

Synthesis of (1-(p-tosyl)-3,6,9,12,15,18- hexaoxononadecane) To a clean and dried 

25 mL round bottom flask placed in an ice bath, a Teflon coated stir bar, NaOH (1.2 g, 

30.0 mmol), DI H2O (6.0 mL, 332.4 mmol), hexaethylene glycol monomethyl ether 

(G6OH, 3.00 g, 10.3 mmol), and THF (12.0 mL, 148.0 mmol) were added and allowed 

to react for 30 minutes. Next, PTSC (3.47 g, 18.2 mmol) was added under an 

atmosphere of N2(g) and reacted for 12 hours. Upon completion, the reaction contents 

were dumped into 16 mL of cold DI H2O, followed by extraction of the product with 

DCM (4 x 10 mL). The organic layer was washed with DI H2O (2 x 10 mL),  brine (1 

x 10 mL), and subsequently dried over Na2SO4. The anhydrous organic layer was 

decanted away from the drying agent and concentrated under reduced pressure to 

provide the product TG6 as a colorless oil (99% yield, 4.56 g).2 Figure 2.4: TG6 1H 

NMR (500 MHz, CDCl3): ! 7.80-7.79 (d, 2H), 7.35-7.33 (d, 2H), 4.16 (t, 2H), 3.68 (t, 

2H), 3.63 (m, 14H), 3.58 (s, 4H), 3.54 (t, 2H), 3.37 (s, 3H), 2.44 (s, 3H) Figure 2.5: 

TG6 13C NMR (500 MHz, CDCl3): ! 144.9, 133.2, 130.0, 128.1, 72.1, 70.9, 70.8, 70.7, 

70.7, 70.7, 70.7, 69.4, 68.8, 68.1, 59.2, 25.8, 21.8. 
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Figure 2.4 TG6 1H NMR with trace amount of DCM, THF, and water.  

 

Figure 2.5 TG3 13C NMR  
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2.2.3 Reagent TG9 

Synthesis of (1-(p-tosyl)-3,6,9,12,15,18,21,24,27- nonaoxooctacosane To a clean 

and dried 25 mL round bottom flask placed in an ice bath, a Teflon coated stir bar, 

NaOH (0.80 g, 20.0 mmol), DI H2O (4.0 mL, 222 mmol), nonaethylene glycol 

monomethyl ether (G9OH, 3.00 g, 7.0 mmol), and THF (8.0 mL, 98.6 mmol) were 

added and allowed to react for 30 minutes. Next, PTSC (2.40 g, 12.6 mmol) was added 

under an atmosphere of N2(g) and reacted for 12 hours. Upon completion, the reaction 

contents were dumped into 16 mL of cold DI H2O, followed by extraction of the 

product with DCM (4 x 10 mL). The organic layer was washed with DI H2O (2 x 10 

mL),  brine (1 x 10 mL), and subsequently dried over Na2SO4. The anhydrous organic 

layer was decanted away from the drying agent and concentrated under reduced 

pressure to provide the product TG9 as a colorless oil (99% yield, 4.06 g).2 Figure 2.6: 

TG9 1H NMR (500 MHz, CDCl3): ! 7.80-7.79 (d, 2H), 7.35-7.33 (d, 2H), 4.16 (t, 2H), 

3.68 (t, 2H), 3.65- 3.64 (m, 22H), 3.61 (m, 4H), 3.58 (s, 4H), 3.54 (s, 2H), 3.37 (s, 3H), 

2.44 (s, 3H) Figure 2.7: TG9 13C NMR (500 MHz, CDCl3): ! 144.9, 133.2, 130.0, 

128.1, 72.1, 70.9, 70.8, 70.7, 70.7, 69.4, 68.8, 68.1, 59.2, 25.8, 21.8. 
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Figure 2.6 TG9 1H NMR with trace amount of DCM, THF, and water.  

 

Figure 2.7 TG9 13C NMR  
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2.2.4 Reagent TG12 

Synthesis of (1-(p-tosyl)-3,6,9,12,15,18,21,24,27,30,33,36- dodecaoxohepta-

contane To a clean and dried 25 mL round bottom flask placed in an ice bath, a Teflon 

coated stir bar, NaOH (0.600 g, 15.0 mmol), DI H2O (3.0 mL, 166.2 mmol), 

dodecaethylene glycol monomethyl ether (G12OH, 3.00 g, 5.35 mmol), and THF (6.0 

mL, 74.0 mmol) were added and allowed to react for 30 minutes. Next, PTSC (1.84 g, 

9.65 mmol) was added under an atmosphere of N2(g) and reacted for 12 hours. Upon 

completion, the reaction contents were dumped into 16 mL of cold DI H2O, followed 

by extraction of the product with DCM (4 x 10 mL). The organic layer was washed 

with DI H2O (2 x 10 mL),  brine (1 x 10 mL), and subsequently dried over Na2SO4. 

The anhydrous organic layer was decanted away from the drying agent and 

concentrated under reduced pressure to provide the product TG12 as a colorless oil 

(97% yield, 3.71 g).2 Figure 2.8: TG12 1H NMR (500 MHz, CDCl3): ! 7.75-7.73 (d, 

2H), 7.30-7.29 (d, 2H), 4.10 (d, 2H), 3.63 (t, 2H), 3.59 (m, 34H), 3.57 (m, 4H), 3.53 (s, 

4H), 3.49 (t, 2H), 3.32 (s, 3H), 2.40 (s, 3H) Figure 2.9: TG12 13C NMR (500 MHz, 

CDCl3): ! 144.8, 133.1, 129.9, 128.0, 72.0, 70.8, 70.6, 70.5, 69.3, 68.7, 59.1, 21.7. 
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Figure 2.8 TG12 1H NMR with trace amount of DCM, THF, and water.  

 
Figure 2.9 TG12 13C NMR  
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2.3  Synthesis of Monomers 

2.3.1 Monomer FN 

Synthesis of (2,7-dibromo-9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene) To 

a clean, dried, 100 mL two neck round bottom flask, a Teflon coated stir bar, dimethyl 

sulfoxide (DMSO, 30.9 mL, 434.6 mmol), 2,7- dibromofluorene (F, 2 g, 6.2 mmol), 

tetrabutylammonium bromide (TBAB, 39.8 mg, 0.12 mmol), and 4 mL of a 50 wt. % 

aqueous sodium hydroxide solution (50 wt. % aq. NaOH, 4 mL, 154.3 mmol) was 

added under an atmosphere of N2(g). An additional aliquot of DMSO (10.5 mL, 145.1 

mmol) was added to the reaction flask, followed by dimethyl aminopropyl chloride 

hydrochloride salt (DAPCl, 2.6 g, 16.4 mmol). The reaction was stirred and heated at 

60 °C for 12 hours. Reaction progress was monitored by thin-layer chromatography 

(TLC). DI H2O (40 mL, 2.216 mmol) was added to the reaction flask to dissolve 

precipitated salts as well as to solvate DMSO. The product (FN) was extracted from 

the wet DMSO layer with diethyl ether (Et2O, 8 x 25 mL), washed with a 10 wt. % 

aqueous NaOH (2 x 50 mL). The organic layer was washed with DI H2O (3 x 50 mL), 

followed by a brine wash (1 x 50 mL), and then dried over Na2SO4. Concentration of 

the anhydrous organic layer under reduced pressure lead to crude solid which was 

purified with a silica gel column (Hexanes: Ethyl Acetate: Triethylamine, 49:49:2) to 

obtain FN (59% yield, 1.81 g).4,5 Figure 2.10: FN 1H NMR (500 MHz, CDCl3): ! 7.52-

7.50 (d, 2H), 7.47 (s, 2H), 7.45-7.44 (d, 2H), 2.03 (s, 12H), 1.99 (m, 8H), 0.77 (m, 4H) 
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Figure 2.11: FN 13C NMR (500 MHz, CDCl3): ! 152.2, 139.3, 130.6, 126.3, 121.8, 

121.4, 59.7, 55.5, 45.5, 37.7, 22.2. 

 

 

 

Figure 2.10 FN 1H NMR  

 

Figure 2.11 FN 13C NMR  
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2.3.2 Monomer FNB 

Synthesis of (2,7-diboryl pinacol ester-9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-

fluorene) To a clean, dried, 100 mL two neck round bottom flask, a Teflon coated stir 

bar, dimethylformamide (DMF, 39 mL, 505.8 mmol), FN ( 1 g, 2.0 mmol), 

bis(pinacolato)diboron (B2Pin2, 2.26 g, 8.9 mmol), potassium acetate (KOAc, 3.53 g, 

17.8 mmol), [1,1’-Bis(diphenyl-phosphino)ferrocene]dichloro-palladium(II) 

(Pd(dppf)Cl2, 0.296 g, 0.40 mmol) were added under an atmosphere of N2(g). The 

contents of the reaction were stirred and heated at 80 °C for 24 hours. Reaction progress 

was monitored by TLC. Upon completion, the reaction was concentrated to dryness, 

and the crude solid was extracted with hot HPLC-grade hexanes (7 x 100 mL). The 

combined hexanes layer was filtered, concentrated to dryness, reextracted with hot 

hexanes, and re-concentrated to dryness. Acetone was used to extract the product from 

the re-dried hexanes layer and was allowed to crystallize out of the solution as an off-

white solid. The crystals of FNB were collected via filtration and washed with a 

minimal amount of cold acetone to obtain FNB (55% yield, 0.6647 mg).4,5 Figure 2.12: 

FNB 1H NMR (500 MHz, CDCl3): ! 7.80-7.78 (d, 2H), 7.78 (s, 2H), 7.71-7.70 (d, 2H), 

2.06 (m, 4H), 1.99 (m, 4H), 1.98 (s, 12H), 1.37 (s, 24H), 0.75 (m, 4H) Figure 2.13: 

FNB 13C NMR (500 MHz, CDCl3): ! 149.4, 144.0, 134.3, 129.1, 119.8, 84.0, 59.2, 

54.7, 44.6, 37.4, 31.1, 25.1. 
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Figure 2.12 FNB 1H NMR with trace amount of acetone and hexanes.  

 

Figure 2.13 FNB 13C NMR  



 56 

2.3.3 Monomer FG3 

Synthesis of (2,7-dibromo-9,9-bis-(2-(2-(2-methoxy-ethoxy) ethoxy) ethyl)- 

fluorene) To a clean and dried 25 mL round bottom flask, a Teflon coated stir bar, F 

(204.0 mg, 0.63 mmol), anhydrous DMF (3 mL, 38.7 mmol), and sodium hydride  (60% 

w/w dispersed in mineral oil NaH, 80 mg, 2.0 mmol) were added under an inert 

atmosphere of N2(g). After 30 minutes, the bright red solution was allowed to react at 

60 °C for 12 hours with previously prepared TG3 (500 mg, 1.6 mmol). After quenching 

the remaining NaH with DI H2O (2 mL), the reaction was extracted with DCM (4 x 20 

mL). Dried the combined organic layer over Na2SO4. The anhydrous organic layer was 

decanted away from the drying agent. While stirring, a mixture consisting of 95% DCM 

with 5% Methanol (MeOH) was used to wash the product from the Na2SO4 slurry. The 

DCM: MeOH solution was decanted from the Na2SO4, and combined with the organic 

layer. The organic layer was concentrated under reduced pressure to provide a semi-

crude solid which was purified further via a silica gel column (DCM: Ethyl Acetate, 

80:20) to obtain FG3 (68.7% yield, 266.8 mg).3 Figure 2.14: FG3 1H NMR (500 MHz, 

CDCl3): ! 7.53 (d, 2H), 7.51-7.50 (d, 2H), 7.47-7.45 (d, 2H), 3.51 (m, 8H), 3.39 (t, 

4H), 3.34 (s, 6H), 3.20 (t, 4H), 2.78 (t, 4H), 2.33 (t, 4H) Figure 2.15: FG3 13C NMR 

(500 MHz, CDCl3): ! 151.1, 138.6, 130.8, 126.9, 121.8, 121.4, 72.0, 70.6, 70.6, 70.2, 

66.9, 59.1, 52.1, 39.6. 
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Figure 2.14 FG3 1H NMR  

 

Figure 2.15 FG3 13C NMR  
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2.3.4 Monomer FG6 

Synthesis of (2,7-dibromo-9,9-bis-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethyl)- fluorene) To a clean and dried 50 mL round bottom 

flask, a Teflon coated stir bar, F (870 mg, 2.69 mmol), anhydrous DMF (15 mL, 193.7 

mmol), and NaH in 60% w/w dispersed in mineral oil (400 mg, 10.0 mmol) were added 

under an inert atmosphere of N2(g). After 30 minutes, the bright red solution was 

allowed to react at 60 °C for 12 hours with previously prepared TG6 (3.0 g, 6.7 mmol). 

After quenching the remaining NaH with DI H2O (20 mL), the reaction was extracted 

with DCM (4 x 50 mL). Dried the combined organic layer over Na2SO4. The anhydrous 

organic layer was decanted away from the drying agent. While stirring, a mixture 

consisting of 95% DCM with 5% MeOH was used to wash the product from the Na2SO4 

slurry. The DCM: MeOH solution was decanted from the Na2SO4, and combined with 

the organic layer. The organic layer was concentrated under reduced pressure to 

provide a semi-crude solid which was purified further via a silica gel column (Ethyl 

Acetate: MeOH, 99:1), followed by (Ethyl Acetate: MeOH, 90:10). Since the 

percentage of MeOH in the solvent used to elute the aggregated fraction of FG6 was 

10%, FG6 was dissolved in chloroform (CHCl3) to help precipitate out the once 

dissolved silica gel. The CHCl3 solution was then filtered to remove the precipitate, 

and concentrated under reduced pressure to obtain FG6 (52.4% yield, 1.23 g).3 Figure 

2.16: FG6 1H NMR (500 MHz, CDCl3): ! 7.53 (d, 2H), 7.52-7.50 (d, 2H), 7.47-7.46 

(d, 2H), 3.64 (m, 12H), 3.61 (m, 8H), 3.58 (m, 4H), 3.54 (t, 8H), 3.38 (m, 4H), 3.37 

(m, 6H), 3.19 (t, 4H), 2.77 (t, 4H), 2.33 (t, 4H) Figure 2.17: FG6 13C NMR (500 MHz, 
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CDCl3): ! 151.0, 138.6, 130.8, 126.8, 121.7, 121.3, 72.0, 70.7, 70.6, 70.5, 70.2, 66.9, 

59.1, 52.0, 39.6. 

 

 

 

Figure 2.16 FG6 1H NMR with trace amount of water. 

 

Figure 2.17 FG6 13C NMR  
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2.3.5 Monomer FG9 

Synthesis of (2,7-dibromo-9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene) To a clean 

and dried 50 mL round bottom flask, a Teflon coated stir bar, F (670 mg, 2.1 mmol), 

anhydrous DMF (12 mL, 155 mmol), and NaH in 60% w/w dispersed in mineral oil 

(210 mg, 5.3 mmol) were added under an inert atmosphere of N2(g). After 30 minutes, 

the bright red solution was allowed to react at 60 °C for 12 hours with previously 

prepared TG9 (3.0 g, 5.2 mmol). After quenching the remaining NaH with DI H2O (15 

mL), the reaction was extracted with DCM (4 x 50 mL). Dried the combined organic 

layer over Na2SO4. The anhydrous organic layer was decanted away from the drying 

agent. While stirring, a mixture consisting of 95% DCM with 5% MeOH was used to 

wash the product from the Na2SO4 slurry. The DCM: MeOH solution was decanted 

from the Na2SO4, and combined with the organic layer. The organic layer was 

concentrated under reduced pressure to provide a semi-crude solid which was purified 

further via a silica gel column (Ethyl Acetate: MeOH, 90:10). Since the percentage of 

MeOH in the solvent used to elute the aggregated fraction of FG9 was 10%, FG9 was 

dissolved in CHCl3 to help precipitate out the once dissolved silica gel. The CHCl3 

solution was then filtered to remove the precipitate, and concentrated under reduced 

pressure to obtain FG9 (30.0% yield, 0.710 g).3 Figure 2.18: FG9 1H NMR (500 MHz, 

CDCl3): ! 7.53 (d, 2H), 7.52-7.50 (d, 2H), 7.47-7.46 (d, 2H), 3.64 (m, 44H), 3.58 (m, 

4H), 3.54 (t, 8H), 3.37 (m, 10H), 3.18 (t, 4H), 2.77 (t, 4H), 2.33 (t, 4H) Figure 2.19: 
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FG9 13C NMR (500 MHz, CDCl3): ! 151.0, 138.6, 130.8, 126.8, 121.7, 121.4, 72.0, 

70.7, 70.7, 70.6, 70.6, 70.5, 70.1, 66.9, 60.5, 59.1, 52.0, 39.6. 

 

 

 

Figure 2.18 FG9 1H NMR with trace amount of THF and EtOAc. 

 

Figure 2.19 FG9 13C NMR  
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2.3.6 Monomer FG12 

Synthesis of (2,7-dibromo-9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy -

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) 

ethoxy) ethyl)- fluorene) To a clean and dried 50 mL round bottom flask, a Teflon 

coated stir bar, F (550 mg, 1.7 mmol), anhydrous DMF (10 mL, 136 mmol), and NaH 

in 60% w/w dispersed in mineral oil (200 mg, 5.0 mmol) were added under an inert 

atmosphere of N2(g). After 30 minutes, the bright red solution was allowed to react at 

60 °C for 12 hours with previously prepared TG12 (3.0 g, 4.2 mmol). After quenching 

the remaining NaH with DI H2O (15 mL), the reaction was extracted with DCM (4 x 

50 mL). Dried the combined organic layer over Na2SO4. The anhydrous organic layer 

was decanted away from the drying agent. While stirring, a mixture consisting of 95% 

DCM with 5% MeOH was used to wash the product from the Na2SO4 slurry. The  

DCM: MeOH solution was decanted from the Na2SO4, and combined with the organic 

layer. The organic layer was concentrated under reduced pressure to provide a semi-

crude solid which was purified further via a silica gel column (Ethyl Acetate: MeOH, 

85:15), followed by (Ethyl Acetate: MeOH, 50:50). Since the percentage of MeOH in 

the solvent used to elute the aggregated fraction of FG12 was 15-50%, FG12 was 

dissolved in CHCl3 to help precipitate out the once dissolved silica gel. The CHCl3 

solution was then filtered to remove the precipitate, and concentrated under reduced 

pressure to obtain FG12 (76.1% yield, 1.80 g).3 Figure 2.20: FG12 1H NMR (500 MHz, 

CDCl3): ! 7.53 (d, 2H), 7.52-7.50 (d, 2H), 7.47-7.46 (d, 2H), 3.64 (m, 68H), 3.58 (m, 

4H), 3.55 (t, 8H), 3.38 (m, 10H), 3.18 (t, 4H), 2.77 (t, 4H), 2.33 (t, 4H) Figure 2.21: 



 63 

FG12 13C NMR (500 MHz, CDCl3): ! 150.9, 138.4, 130.7, 126.7, 121.6, 121.2, 71.9, 

70.6, 70.5, 70.5, 70.4, 70.0, 66.8, 59.0, 51.9, 39.5. 

 

 

 
Figure 2.20 FG12 1H NMR  

 
Figure 2.21 FG12 13C NMR  
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2.4  Synthesis of Neutral Polymers 

2.4.1 Polymer nPFNG3- Batch 1 

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-methoxy-ethoxy) ethoxy) ethyl)- fluorene] To a clean and dried 15 

mL pressure tube, a Teflon coated stir bar, FG3 (500 mg, 0.81 mmol), FNB (480 mg, 

0.82 mmol), potassium carbonate (K2CO3, 1.35 g, 9.8 mmol), 1,4- dioxane (Dioxane, 

7 mL, 90.4 mmol), DI H2O (5.0 mL, 277.0 mmol), and Pd(dppf)Cl2 (6 mg, 0.008 mmol) 

were added. The reaction solution as well as the head space was flushed with N2(g). 

The pressure vial was capped quickly, placed into a silicon oil bath, stirred, and heated 

at 100 °C for 48 hours. To stop the reaction, the stirring function was turned off, the 

bottom water layer was removed, and an aliquot of nPFNG3 dispersed in dioxane was 

removed for further characterization. The polymer in dioxane (1 mL) was pipetted into 

DI H2O (10 mL) to induce precipitation of nPFNG3. The water was decanted from the 

polymer and nPFNG3 was dried via vacuum filtration.1,6 Figure 2.22: nPFNG3- Batch 

1 1H NMR (800 MHz, CDCl3): ! 7.82-7.70 (br, 1.00 H), 3.70 (br, 1.11 H), 3.64 (br, 

0.12 H), 3.52 (br, 0.35 H), 3.45 (br, 0.85 H), 3.13 (br, 0.91 H), 2.93 (br, 0.26 H), 2.79 

(br, 0.04 H), 2.57 (br, 0.19 H), 2.47 (br, 0.09 H), 2.42 (br, 0.14 H), 2.18 (br, 0.12 H), 

2.11 (br, 0.32 H), 2.06 (br, 0.98 H), 0.97- 0.89 (br, 0.30 H) Figure 2.23: nPFNG3- 

Batch 1 13C NMR (800 MHz, CDCl3): ! 151.5, 150.0, 141.0, 140.5, 139.6, 131.6, 
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129.1, 128.4, 126.9, 126.6, 121.7, 121.5, 120.4, 72.0, 70.7, 70.6, 69.8, 68.7,	67.2, 66.5, 

66.3, 62.8, 62.4, 59.9, 59.1, 55.3, 51.6, 45.5, 40.1, 38.1, 29.8, 22.3. 

 

 

 
Figure 2.22 nPFNG3- Batch 1 1H NMR  

 
Figure 2.23 nPFNG3- Batch 1 13C NMR  
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2.4.2 Polymer nPFNG6- Batch 1 

Polymerization of nPFNG6: poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-

fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) ethoxy) 

ethoxy) ethyl)- fluorene] nPFNG6 Batch 1: To a clean and dried 15 mL pressure tube, 

a Teflon coated stir bar, FG6 (500 mg, 0.57 mmol), FNB (344.08 mg, 0.58 mmol), 

K2CO3 (0.950 g, 6.9 mmol), Dioxane (5 mL, 64.6 mmol), DI H2O (3.4 mL, 221.6 

mmol), and Pd(dppf)Cl2 (4 mg, 0.005 mmol) were added. The reaction solution as well 

as the head space was flushed with N2(g). The pressure vial was capped quickly, placed 

into a silicon oil bath, stirred, and heated at 100 °C for 48 hours. To stop the reaction, 

the stirring function was turned off, the bottom water layer was removed, and an aliquot 

of nPFNG6 dispersed in Dioxane was removed for further characterization. The 

polymer in Dioxane (1 mL) was pipetted into DI H2O (10 mL) to induce precipitation 

of nPFNG6. The water was decanted from the polymer and nPFNG6 was dried via 

vacuum filtration.1,6 Figure 2.24: nPFNG6- Batch 1 1H NMR (800 MHz, CDCl3): ! 

7.83-7.71 (br, 1.00 H), 3.62 (br, 2.28 H), 3.52 (br, 1.15 H), 3.44 (br, 0.51 H), 3.35 (br, 

0.65 H), 3.28 (br, 0.40 H), 2.91 (br, 0.34 H), 2.56 (br, 0.33 H), 2.18 (br, 0.82 H), 2.10 

(br, 0.93 H), 1.00- 0.87 (br, 0.31 H), Figure 2.25: nPFNG6- Batch 1 13C NMR (800 

MHz, CDCl3): ! 151.2, 150.0, 140.9, 140.5, 140.3, 139.5, 126.9, 126.7, 121.78, 121.5, 

120.4, 72.1, 70.6, 70.2, 67.3, 67.2, 66.3, 62.4, 59.7, 59.2, 55.2, 54.5, 51.5, 45.2, 44.5, 

40.1, 37.9, 22.0, 21.1. 
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Figure 2.24 nPFNG6- Batch 1 1H NMR  

 
Figure 2.25 nPFNG6- Batch 1 13C NMR  
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2.4.3 Polymer nPFNG9- Batch 1 

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] nPFNG9 Batch 1: To a clean and 

dried 15 mL pressure tube, a Teflon coated stir bar, FG9 (500 mg, 0.44 mmol), FNB 

(260 mg, 0.44 mmol), K2CO3 (0.780 g, 5.6 mmol), Dioxane (4 mL, 54.4 mmol), DI 

H2O (3.0 mL, 166.2 mmol), and Pd(dppf)Cl2 (3.0 mg, 0.004 mmol) were added. The 

reaction solution as well as the head space was flushed with N2(g). The pressure vial 

was capped quickly, placed into a silicon oil bath, stirred, and heated at 100 °C for 48 

hours. To stop the reaction, the stirring function was turned off, the bottom water layer 

was removed, and an aliquot of nPFNG9 dispersed in Dioxane was removed for further 

characterization. The polymer in Dioxane (1 mL) was pipetted into DI H2O (10 mL) to 

induce precipitation of nPFNG9. The water was decanted from the polymer and 

nPFNG6 was dried via vacuum filtration.1,6 Figure 2.26: nPFNG9- Batch 1 1H NMR 

(800 MHz, CDCl3): ! 7.81-7.69 (br, 1.00 H), 3.68 (br, 3.27 H), 3.61 (br, 4.43 H), 3.52 

(br, 1.90 H), 3.43 (br, 0.62 H), 3.35 (br, 0.83 H), 3.27 (br, 0.49 H), 2.90 (br, 0.33 H), 

2.54 (br, 0.30 H), 2.09 (br, 0.47 H), 2.04 (br, 1.08 H), 0.95- 0.86 (br, 0.23 H) Figure 

2.27: nPFNG9- Batch 1 13C NMR (800 MHz, CDCl3): ! 151.4, 150.0, 140.9, 140.4, 

139.4, 131.6, 128.9, 128.3, 126.8, 126.6, 121.6, 121.4, 120.3, 72.0, 70.6, 70.1, 67.2, 

62.6, 59.9, 59.1, 55.2, 51.5, 45.5, 40.0, 38.0, 29.8. 
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Figure 2.26 nPFNG9- Batch 1 1H NMR  

 
Figure 2.27 nPFNG9- Batch 1 13C NMR  
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2.4.4 Polymer nPFNG3- Batch 2 

Polymerization poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-co-

[9,9-bis-(2-(2-(2-methoxy-ethoxy) ethoxy) ethyl)- fluorene] of nPFNG3 Batch 2: To a 

clean and dried 48 mL pressure tube, a Teflon coated stir bar, FG3 (620 mg, 1.01 

mmol), FNB (580 mg, 0.99 mmol), K2CO3 (1.68 g, 12.2 mmol), Dioxane (10.0 mL, 

136.0 mmol), DI H2O (6.0 mL, 332.4 mmol), and Pd(dppf)Cl2 (10 mg, 0.01 mmol) 

were added. The reaction solution as well as the head space was flushed with N2(g). 

The pressure vial was capped quickly, placed into a silicon oil bath, stirred, and heated 

at 100 °C for 24 hours. To stop the reaction, the stirring function was turned off, the 

bottom water layer was removed, and an aliquot of nPFNG3 dispersed in Dioxane was 

removed for further characterization. The polymer in Dioxane (1 mL) was pipetted into 

DI H2O (10 mL) to induce precipitation of nPFNG3. The water was decanted from the 

polymer and nPFNG3 was dried via vacuum filtration.1,6 Figure 2.28: nPFNG3- Batch 

2 1H NMR (800 MHz, CDCl3): ! 7.82-7.70 (br, 1.00 H), 3.52 (br, 0.40 H), 3.45 (br, 

0.88 H), 3.31 (br, 1.09 H), 2.93 (br, 0.27 H), 2.80 (br, 0.09 H), 2.56 (br, 0.19 H), 2.48 

(br, 0.12 H), 2.24 (br, 0.24 H), 2.11 (br, 0.37 H), 2.05 (br, 1.34 H), 0.96 (br, 0.29 H) 

Figure 2.29: nPFNG3- Batch 2 13C NMR (800 MHz, CDCl3): ! 151.5, 150.0, 141.0, 

140.5, 139.5, 126.8, 126.6, 121.7, 121.5, 72.0, 70.7, 70.6, 70.2, 67.3, 59.9, 59.1, 55.3, 

51.5, 45.5, 40.1, 38.1, 22.4. 
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Figure 2.28 nPFNG3- Batch 2 1H NMR with trace amount of pinacol. 

 
Figure 2.29 nPFNG3- Batch 2 13C NMR  
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2.4.5 Polymer nPFNG6- Batch 2 

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- 

fluorene] To a clean and dried 48 mL pressure tube, a Teflon coated stir bar, FG6 (880 

mg, 1.00 mmol), FNB (580 mg, 0.99 mmol), K2CO3 (1.73 g, 12.5 mmol), Dioxane 

(10.0 mL, 136.0 mmol), DI H2O (6.0 mL, 332.4 mmol), and Pd(dppf)Cl2 (10 mg, 0.01 

mmol) were added. The reaction solution as well as the head space was flushed with 

N2(g). The pressure vial was capped quickly, placed into a silicon oil bath, stirred, and 

heated at 100 °C for 24 hours. To stop the reaction, the stirring function was turned off, 

the bottom water layer was removed, and an aliquot of nPFNG6 dispersed in Dioxane 

was removed for further characterization. The polymer in Dioxane (1 mL) was pipetted 

into DI H2O (10 mL) to induce precipitation of nPFNG6. The water was decanted from 

the polymer and nPFNG6 was dried via vacuum filtration.1,6 Figure 2.30: nPFNG6- 

Batch 2 1H NMR (800 MHz, CDCl3): ! 7.80-7.70 (br, 1.00 H), 3.62 (br, 2.06 H), 3.52 

(br, 1.42 H), 3.44 (br, 0.44 H), 3.35 (br, 0.66 H), 3.28 (br, 0.35 H), 2.91 (br, 0.29 H), 

2.56 (br, 0.22 H), 2.23 (br, 0.34 H), 2.11 (br, 0.37 H), 2.05 (br, 1.45 H), 0.96- 0.88 (br, 

0.34 H) Figure 2.31: nPFNG6- Batch 2 13C NMR (800 MHz, CDCl3): ! 151.5, 150.0, 

141.0, 140.4, 139.7, 126.9, 121.7, 121.5, 120.4, 72.1, 70.6, 70.2, 67.3, 67.2, 60.0, 51.5, 

45.5, 45.4, 40.1, 38.2, 38.1, 29.8, 22.4. 
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Figure 2.30 nPFNG6- Batch 2 1H NMR with trace amount of pinacol. 

 
Figure 2.31 nPFNG6- Batch 2 13C NMR  
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2.4.6 Polymer nPFNG9- Batch 2  

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] To a clean and dried 48 mL pressure 

tube, a Teflon coated stir bar, FG9 (1140 mg, 1.00 mmol), FNB (580 mg, 0.99 mmol), 

K2CO3 (1.73 g, 12.5 mmol), Dioxane (10.0 mL, 136.0 mmol), DI H2O (6.0 mL, 332.4 

mmol), and Pd(dppf)Cl2 (10 mg, 0.01 mmol) were added. The reaction solution as well 

as the head space was flushed with N2(g). The pressure vial was capped quickly, placed 

into a silicon oil bath, stirred, and heated at 100 °C for 24 hours. To stop the reaction, 

the stirring function was turned off, the bottom water layer was removed, and an aliquot 

of nPFNG9 dispersed in Dioxane was removed for further characterization. The 

polymer in Dioxane (1 mL) was pipetted into DI H2O (10 mL) to induce precipitation 

of nPFNG9. The water was decanted from the polymer and nPFNG9 was dried via 

vacuum filtration.1,6 Figure 2.32: nPFNG9- Batch 2 1H NMR (800 MHz, CDCl3): ! 

7.78-7.69 (br, 1.00 H), 3.62 (br, 3.72 H), 3.53 (br, 1.51 H), 3.42 (br, 0.35 H), 3.36 (br, 

0.64 H), 3.26 (br, 0.43 H), 2.89 (br, 0.30 H), 2.56 (br, 0.32 H), 2.01 (br, 1.56 H), 0.96- 

0.88 (br, 0.36 H) Figure 2.33: nPFNG9- Batch 2 13C NMR (800 MHz, CDCl3): ! 207.1, 

140.8, 127.4, 120.5, 72.1, 70.7, 70.2, 67.2, 60.1, 59.2, 45.5, 38.0, 31.1, 29.8, 22.3. 
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Figure 2.32 nPFNG9- Batch 2 1H NMR with trace amount of acetone, 
water, and pinacol. 

 
Figure 2.33 nPFNG9- Batch 2 13C NMR  



 76 

2.4.7 Polymer nPFNG12- Batch 2 

Polymerization of poly([9,9-bis(3’-(N,N-dimethyl-amino)-propyl)-fluorene]-alt-

co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] To 

a clean and dried 48 mL pressure tube, a Teflon coated stir bar, FG12 (1430 mg, 1.02 

mmol), FNB (580 mg, 0.99 mmol), K2CO3 (1.68 g, 12.2 mmol), Dioxane (10.0 mL, 

136.0 mmol), DI H2O (6.0 mL, 332.4 mmol), and Pd(dppf)Cl2 (10 mg, 0.01 mmol) 

were added. The reaction solution as well as the head space was flushed with N2(g). 

The pressure vial was capped quickly, placed into a silicon oil bath, stirred, and heated 

at 100 °C for 24 hours. To stop the reaction, the stirring function was turned off, the 

bottom water layer was removed, and an aliquot of nPFNG12 dispersed in Dioxane 

was removed for further characterization. The polymer in Dioxane (1 mL) was pipetted 

into DI H2O (10 mL) to induce precipitation of nPFNG12. The water was decanted 

from the polymer and nPFNG12 was dried via vacuum filtration.1,6 Figure 2.34: 

nPFNG12- Batch 2 13C NMR (800 MHz, CDCl3): ! 7.82-7.69 (br, 1.00 H), 3.63 (br, 

9.36 H), 3.54 (br, 3.13 H), 3.42 (br, 0.82 H), 3.37 (br, 1.32 H), 3.27 (br, 0.90 H), 2.90 

(br, 0.60 H), 2.78 (br, 0.22 H), 2.56 (br, 0.44 H), 2.44 (br, 0.28 H), 2.23 (br, 0.32 H), 

2.04 (br, 2.04 H), 0.95- 0.88 (br, 0.45 H) Figure 2.35: nPFNG12- Batch 2 13C NMR 

(800 MHz, CDCl3): ! 150.1, 140.2, 127.0, 126.10, 121.6, 120.3, 72.1, 70.7, 70.2, 67.3, 

60.1, 59.2, 45.5, 38.1, 29.9. 
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Figure 2.34 nPFNG12- Batch 2 1H NMR with trace amount of water and 
pinacol. 

 
Figure 2.35 nPFNG12- Batch 2 13C NMR  
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2.5  Synthesis of Conjugated Polyelectrolytes 

2.5.1 Conjugated Polyelectrolyte PFNG3- Batch 1 

Conjugated Polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-methoxy-ethoxy) ethoxy) ethyl)- fluorene] 

In-situ quaternization of nPFNG3 occurred via the addition of methyl iodide (MeI, 4.0 

mL, 64.3 mmol) directly to the remaining dioxane layer containing nPFNG3. After 

reacting for 2 hours, a small aliquot of DI H2O was added to help dissolve the 

precipitated polymer. The reaction was heated to 50 °C for 5 days and DI H2O was 

added until there was no more headspace in the pressure vial. After 5 days, the 

remaining MeI was quenched with a solution of NaOH. Upon addition of NaOH, some 

of the newly formed PFNG3 precipitated out of the solution. The solution along with 

some precipitate was dialyzed via Snakeskin dialysis tubing (10,000 MWCO) 

submerged in a vat of DI H2O. The DI H2O was replaced with fresh DI H2O every day 

for 5 days. After 5 days, the dialyzed solution of PFNG3 was concentrated under 

reduced pressure, filtered, transferred into a 50 mL Falcon tube, and lyophilized to yield 

PFNG3 as a yellow solid (60 mg, 9.4% yield).1,6 Figure 2.36: PFNG3- Batch 1 1H 

NMR (800 MHz, D2O): ! 8.05- 7.91 (br, 1.00 H), 3.41 (br, 1.59 H), 3.27 (br, 2.55 H), 

3.12 (br, 0.85 H), 3.00 (br, 0.39 H), 2.81 (br, 3.47 H), 2.65 (br, 0.13 H), 2.41 (br, 0.09 

H), 1.21- 1.14 (br, 0.12 H) Figure 2.37: PFNG3- Batch 1 13C NMR (800 MHz, CDCl3): 
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! 215.6, 161.1, 150.4, 140.6, 140.0, 127.4, 121.6, 120.9, 70.9, 69.3, 68.9, 67.0, 66.5, 

58.0, 54.6, 52.5, 51.9, 38.7, 38.3, 35.3, 30.2, 30.1, 29.96, 29.87, 29.7,	29.6, 29.5, 17.6.	

 

 

 
Figure 2.36 PFNG3- Batch 1 1H NMR with trace amount of acetone.  

 
Figure 2.37 PFNG3- Batch 1 13C NMR  
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2.5.2 Conjugated Polyelectrolyte PFNG6- Batch 1 

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethyl)- fluorene] In-situ quaternization of nPFNG6 occurred via the 

addition of methyl iodide (MeI, 2.5 mL, 40.2 mmol) directly to the remaining dioxane 

layer containing nPFNG6. After reacting for 2 hours, a small aliquot of DI H2O was 

added to help dissolve the precipitated polymer. The reaction was heated to 50 °C for 

5 days and DI H2O was added until there was no more headspace in the pressure vial. 

After 5 days, the remaining MeI was quenched with a solution of NaOH. Upon addition 

of NaOH, some of the newly formed PFNG6 precipitated out of the solution. The 

solution along with some precipitate was dialyzed via Snakeskin dialysis tubing 

(10,000 MWCO) submerged in a vat of DI H2O. The DI H2O was replaced with fresh 

DI H2O every day for 5 days. After 5 days, the dialyzed solution of PFNG6 was 

concentrated under reduced pressure, filtered, transferred into a 50 mL Falcon tube, 

and lyophilized to yield PFNG6 as a dark yellow solid (240 mg, 40.1% yield).1,6 

Figure 2.38: PFNG6- Batch 1 1H  NMR (800 MHz, D2O): ! 8.06- 7.93 (br, 1.00 H), 

3.59 (br, 4.79 H), 3.43 (br, 0.84 H), 3.31 (br, 1.55 H), 3.24 (br, 0.74 H), 3.01 (br, 0.64 

H), 2.84 (br, 3.25 H), 2.65 (br, 0.43 H), 2.41 (br, 0.20 H), 1.25- 1.16 (br, 0.16 H) Figure 

2.39: PFNG6- Batch 1 13C NMR (800 MHz, CDCl3): ! 215.7, 161.3, 150.4, 149.8, 

140.6, 140.2, 127.4, 126.8, 121.7, 121.1, 120.9, 71.0, 69.5, 69.0, 67.1, 66.3, 58.0, 54.6, 

52.5, 51.9, 38.7, 35.4, 30.2, 30.1, 30.0, 29.9, 29.7, 29.6, 17.8, 17.6. 
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Figure 2.38 PFNG6- Batch 1 1H NMR with trace amount of acetone.  

 
Figure 2.39 PFNG6- Batch 1 13C NMR  
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2.5.3 Conjugated Polyelectrolyte PFNG9- Batch 1  

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] In-situ 

quaternization of nPFNG9 occurred via the addition of methyl iodide (MeI, 1.5 mL, 

24.1 mmol) directly to the remaining dioxane layer containing nPFNG9. After reacting 

for 2 hours, a small aliquot of DI H2O was added to help dissolve the precipitated 

polymer. The reaction was heated to 50 °C for 5 days and DI H2O was added until there 

was no more headspace in the pressure vial. After 5 days, the remaining MeI was 

quenched with a solution of NaOH. Upon addition of NaOH, some of the newly formed 

PFNG6 precipitated out of the solution. The solution along with some precipitate was 

dialyzed via Snakeskin dialysis tubing (10,000 MWCO) submerged in a vat of DI H2O. 

The DI H2O was replaced with fresh DI H2O every day for 5 days. After 5 days, the 

dialyzed solution of PFNG9 was concentrated under reduced pressure, filtered, 

transferred into a 50 mL Falcon tube, and lyophilized to yield PFNG9 as a brown solid 

(60 mg, 10.4% yield).1,6 Figure 2.40: PFNG9- Batch 1 1H NMR (800 MHz, D2O): ! 

8.07- 7.95 (br, 1.00 H), 3.63 (br, 5.21 H), 3.57 (br, 2.61 H), 3.50 (br, 0.63 H), 3.44 (br, 

0.71 H), 3.34 (br, 1.49 H), 3.25 (br, 0.48 H), 3.16 (br, 0.48 H), 3.10 (br, 0.19 H), 3.02, 

(br, 0.37 H), 2.93 (br, 0.34 H), 2.85 (br, 2.72 H), 1.26 (br, 0.13 H) Figure 2.41: PFNG9- 

Batch 1 13C NMR (800 MHz, CDCl3): ! 215.7, 161.6, 150.4, 149.8, 140.5, 139.8, 
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127.3, 126.8, 121.6, 120.9, 70.1, 71.0, 69.6, 69.0, 67.1, 66.37, 62.48,	58.1, 54.6, 52.6, 

51.8, 38.6, 35.4, 29.8, 17.9. 

 

 

 
Figure 2.40 PFNG9- Batch 1 1H NMR with trace amount of acetone.  

 
Figure 2.41 PFNG9- Batch 1 13C NMR  
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2.5.4 Conjugated Polyelectrolyte PFNG3- Batch 2 

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-methoxy-ethoxy) ethoxy) ethyl)- fluorene] 

The Dioxane containing nPFNG3 was transferred into a 350 mL pressure vessel. Then 

quaternization occurred via the addition of methyl iodide (MeI, 1.0 mL, 16.1 mmol) 

directly to the remaining dioxane layer containing nPFNG3. The cap was threaded onto 

the pressure vessel, heated to 80 °C for 24 hours, and allowed to cool back down to 

room temperature before the cap was unscrewed. An aliquot of DI H2O (200 mL) was 

added to help dissolve the precipitated polymer. The cap was threaded back onto the 

pressure vessel and was reheated to 80 °C for an additional 3 days. After which, the 

pressure vessel was cooled down to room temperature and uncapped. Once the cap was 

removed, the reaction contents were reheated to 80 °C to remove unreacted MeI from 

the reaction and reduced the volume of the reaction to 250 mL. The polymer solution 

was then dialyzed via a dialysis flask (10,000 MWCO) submerged in a vat of DI H2O. 

The DI H2O was replaced with fresh DI H2O every day for 5 days. After 5 days, the 

dialyzed solution of PFNG3 was concentrated under reduced pressure, filtered, 

transferred into a 50 mL Falcon tube, and lyophilized to yield a minimal amount of 

PFNG3 (< 10 mg, 0.0% yield).1,6 
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2.5.5 Conjugated Polyelectrolyte PFNG6- Batch 2 

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) ethoxy) 

ethoxy) ethoxy) ethyl)- fluorene] The Dioxane containing nPFNG6 was transferred into 

a 350 mL pressure vessel. Then quaternization occurred via the addition of methyl 

iodide (MeI, 1.0 mL, 16.1 mmol) directly to the remaining dioxane layer containing 

nPFNG6. The cap was threaded onto the pressure vessel, heated to 80 °C for 24 hours, 

and allowed to cool back down to room temperature before the cap was unscrewed. An 

aliquot of DI H2O (200 mL) was added to help dissolve the precipitated polymer. The 

cap was threaded back onto the pressure vessel and was reheated to 80 °C for an 

additional 3 days. After which, the pressure vessel was cooled down to room 

temperature and uncapped. Once the cap was removed, the reaction contents were 

reheated to 80 °C to remove unreacted MeI from the reaction and reduced the volume 

of the reaction to 250 mL. The polymer solution was then dialyzed via a dialysis flask 

(10,000 MWCO) submerged in a vat of DI H2O. The DI H2O was replaced with fresh 

DI H2O every day for 5 days. After 5 days, the dialyzed solution of PFNG6 was 

concentrated under reduced pressure, filtered, transferred into a 50 mL Falcon tube, 

and lyophilized to yield PFNG6 as a dark yellow solid ( 270 mg, 26.0% yield).1,6 

Figure 2.42: PFNG6- Batch 2 1H NMR (800 MHz, D2O): ! 8.05- 7.91 (br, 1.00 H), 

3.57 (br, 8.18 H), 3.52 (br, 6.09 H), 3.46 (br, 2.13 H), 3.30 (br, 4.98 H), 3.22 (br, 2.16 

H), 3.00 (br, 2.01 H), 2.81 (br, 11.01 H), 2.66 (br, 1.57 H), 2.34 (br, 1.23 H), 1.17 (br, 

0.26 H) Figure 2.43: PFNG6- Batch 2 13C NMR (800 MHz, CDCl3): ! 215.4, 150.9, 



 86 

140.6, 140.0, 127.3, 121.8, 120.9, 71.0, 69.6, 69.0, 67.1, 66.3, 58.1, 52.6, 38.7,	35.3,	

30.2, 17.6. 

 

 
Figure 2.42 PFNG6- Batch 2 1H NMR with trace amount of dioxane and 
acetone. 

 
Figure 2.43 PFNG6- Batch 2 13C NMR  
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2.5.6 Conjugated Polyelectrolyte PFNG9- Batch 2  

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethyl)- fluorene] The Dioxane 

containing nPFNG9 was transferred into a 350 mL pressure vessel. Then quaternization 

occurred via the addition of methyl iodide (MeI, 1.0 mL, 16.1 mmol) directly to the 

remaining dioxane layer containing nPFNG9. The cap was threaded onto the pressure 

vessel, heated to 80 °C for 24 hours, and allowed to cool back down to room 

temperature before the cap was unscrewed. An aliquot of DI H2O (200 mL) was added 

to help dissolve the precipitated polymer. The cap was threaded back onto the pressure 

vessel and was reheated to 80 °C for an additional 3 days. After which, the pressure 

vessel was cooled down to room temperature and uncapped. Once the cap was 

removed, the reaction contents were reheated to 80 °C to remove unreacted MeI from 

the reaction and reduced the volume of the reaction to 250 mL. The polymer solution 

was then dialyzed via a dialysis flask (10,000 MWCO) submerged in a vat of DI H2O. 

The DI H2O was replaced with fresh DI H2O every day for 5 days. After 5 days, the 

dialyzed solution of PFNG9 was concentrated under reduced pressure, filtered, 

transferred into a 50 mL Falcon tube, and lyophilized to yield PFNG6 as a brown solid 

( 320 mg, 24.6% yield).1,6 Figure 2.44: PFNG9- Batch 2 1H NMR (800 MHz, D2O): ! 

8.06- 7.93 (br, 1.00 H), 3.63 (br, 2.66 H), 3.58 (br, 2.27 H), 3.34 (br, 0.67 H), 3.28 (br, 

0.17 H), 3.22 (br, 0.17 H), 2.98 (br, 0.17 H), 2.80 (br, 1.65 H), 2.68 (br, 0.06 H), 2.36 

(br, 0.28 H), 1.17 (br, 0.38 H) Figure 2.45: PFNG9- Batch 2 13C NMR (800 MHz, 
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CDCl3): ! 151.2, 140.6, 139.8, 128.4, 127.1, 121.7, 120.8, 71.8, 71.0, 69.6,	67.1, 66.6,	

66.3, 60.4, 58.1, 54.3, 52.6, 38.7, 35.2, 30.2, 17.7.		

  

	

 
Figure 2.44 PFNG9- Batch 2 1H NMR with trace dioxane and acetone. 

 
Figure 2.45 PFNG9- Batch 2 13C NMR  
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2.5.7 Conjugated Polyelectrolyte PFNG12- Batch 2  

Conjugated polyelectrolyte poly([9,9-bis(3’-(N,N,N-trimethyl-ammonium)-

propyl)-fluorene]-alt-co-[9,9-bis-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-(2-methoxy-ethoxy) 

ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) ethoxy) 

ethyl)- fluorene] The Dioxane containing nPFNG12 was transferred into a 350 mL 

pressure vessel. Then quaternization occurred via the addition of methyl iodide (MeI, 

1.0 mL, 16.1 mmol) directly to the remaining dioxane layer containing nPFNG12. The 

cap was threaded onto the pressure vessel, heated to 80 °C for 24 hours, and allowed 

to cool back down to room temperature before the cap was unscrewed. An aliquot of 

DI H2O (200 mL) was added to help dissolve the precipitated polymer. The cap was 

threaded back onto the pressure vessel and was reheated to 80 °C for an additional 3 

days. After which, the pressure vessel was cooled down to room temperature and 

uncapped. Once the cap was removed, the reaction contents were reheated to 80 °C to 

remove unreacted MeI from the reaction and reduced the volume of the reaction to 250 

mL. The polymer solution was then dialyzed via a dialysis flask (10,000 MWCO) 

submerged in a vat of DI H2O. The DI H2O was replaced with fresh DI H2O every day 

for 5 days. After 5 days, the dialyzed solution of PFNG12 was concentrated under 

reduced pressure, filtered, transferred into a 50 mL Falcon tube, and lyophilized to yield 

PFNG12 as a brown solid ( 880 mg, 56.4% yield).1,6 Figure 2.46: PFNG12- Batch 2 

1H NMR (800 MHz, D2O): ! 8.06- 7.92 (br, 1.00 H), 3.66 (br, 136.84 H), 3.60 (br, 

80.32 H), 3.36 (br, 24.95 H), 3.10 (br, 11.13 H), 2.82 (br, 48.60 H), 2.67 (br, 3.95 H), 

2.35 (br, 2.27 H), 1.17 (br, 2.83 H) Figure 2.47: PFNG12- Batch 2  13C NMR (800 
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MHz, CDCl3): ! 215.4, 150.7, 140.0, 127.1, 121.8, 120.8, 71.7, 71.0, 69.6, 67.1, 66.3,	

58.1, 55.9, 54.4, 52.6, 51.9, 38.7, 35.3, 30.2, 17.7. 

 

 

Figure 2.46 PFNG12- Batch 2 1H NMR with trace amount of dioxane and 
acetone. 

 
Figure 2.47 PFNG12- Batch 2 13C NMR  
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2.6  Conclusion 

This chapter describes the synthesis of a CPE series with enhanced aqueous 

solubility. Two batches of PFNGX have been synthesized via a sequence of tosylation, 

SN2, Miyaura borylation, Suzuki cross-coupling, and quaternization reactions.1–6 The 

first batch consisted of a PFNGX series where X was equal to 3, 6, or 9. The second 

batch consisted of the same series but also included X equals 12.  

The first observable is that when working with oEG chain lengths beyond 6 

ethylene glycol units, crystallization was inhibited. Recrystallization of FG3 was 

possible, albeit difficult, however FG6, FG9, and FG12 could not be crystallized. 

Monomers FG6 through FG12 oiled out of the solvent even when allowed to cool very 

slowly from hot DCM: hexanes (solvent: antisolvent) mixtures.  

For reactions where sodium hydride was used as the base, an unquenched crude 

reaction mixture could not be used directly as the TLC sample. This was attributed to 

a product that was likely charged and interacted strongly with the silica on the TLC 

plate. The way to solve this issue was to remove a small portion of the reaction mixture, 

quench it with water, and dry it over sodium sulfate. The quenched reaction mixture 

was decanted from the sodium sulfate and was then used to spot onto the TLC plate. 

This allowed for the neutral product to travel from the baseline, allowing the reaction 

progress to be monitored.  

The next point is that even with the extremely polar elution solvents (such as 

methanol and water), monomer FN could not be eluted from a silica gel column. Use 

of triethylamine to deprotonate acidic sites on the silica gel allowed for elution of the 
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amine-containing molecule. This can be used as an advantage since other impurities 

without an amine functionality would elute easily with polar solvent in the absence of 

triethylamine while the amine-containing product would stay bound. This effect was 

exacerbated by the product having two pendant amine moieties and therefore 

potentially acting as bidentate with the acidic sites on the silica gel. FN would stay 

bound to the column even if one amine became unbound and the product would only 

elute if both amine groups did not participate in binding to the silica gel.  

Rather than borylating FN with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane and n-butyl lithium, borylation of the amine-containing product 

occurred through nonconventional means with B2Pin2, Pd(dppf)Cl2, and KOAc in 

DMF. The reason the latter was chosen was to minimize the hazards in the laboratory, 

since n-butyl lithium is a liquid pyrophoric reagent. However, this nonconventional 

route was originally thought of as not viable for borylation of a tertiary amine-

containing aryl-bromide, due to having quite similar reaction conditions to the 

Buchwald-Hartwig coupling. However, use of B2Pin2 turns out to be a highly robust 

method for borylation, as these conditions were first applied to the other dibrominated 

fluorene monomers, and successful on a multi-gram scale. 

Silica gel chromatographic purification was not successful for the borylated amine-

containing product. When attempting to elute the product from the column, only 

degraded materials were obtained. This suggests that the competing triethylamine 

added to the elution solvent was non-innocent, either forming a Lewis acid-base adduct 

with the boron of the boronic ester or acting as a nucleophile and attacking the boron 
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with concomitant displacement of the pinacol ester. Instead, the borylated amine-

containing product was purified by recrystallization in acetone with very satisfying 

yields of > 60%. 

As mentioned in the previous chapter, the electronic properties and the 

conformation of conjugated polymers are intimately tied. Polymerization conditions 

were explored with the aim to create very high molecular weight polymers. Three 

different solvents were tested: toluene, anisole, and dioxane. Various polymerization 

durations spanning from 1 to 7 days were explored at 100 ℃. The palladium catalyst, 

base, and molar equivalents were not varied. Two notable outcomes lead to the choice 

of dioxane as the solvent with a reaction time of 1-2 days. The first outcome was that 

according to UV-vis absorption spectroscopy, the chromophore length was invariant 

with regard to the polymerization conditions. The neutral polymer intermediate was 

desired, in order to interrogate its properties before being quaternized. Precipitation to 

isolate the neutral polymer requires a polymerization solvent that is miscible with 

water;  the anti-solvent. However, after precipitating the polymer, it was extremely 

difficult to completely redissolve it in hot dioxane, the same solvent from which it had 

just been polymerized. This is attributed to making very long polymer chains, with a 

high propensity to become entangled. Therefore, since the polymerization time didn’t 

seem to affect the chromophore length, two polymerization durations were chosen to 

maximize the yield of soluble polymers, as there was not any use in making a polymer 

that cannot be studied in solution or solution-processed into solid-state materials. 
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Upon in-situ quaternization of the nPFNGX series to form the PFNGX series, 

quenching of the excess methyl iodide reagent was required for a safe work-up. 

Therefore, an aqueous solution of sodium hydroxide was used to quench the methyl 

iodide, forming methanol and sodium iodide. While this looks reasonable on paper, it 

resulted in precipitation of the polymers. It was desirable to keep the polymers 

dissolved, since dialysis was to be used for the purification of the final PFNGX series. 

The precipitation of the polymers greatly hindered the amount of polymer that was able 

to be dialyzed and therefore the overall yields suffered. During the second batch of 

polymerizations, heat was used to quench the reactions since methyl iodide is extremely 

volatile, with a boiling point of 42 ℃. This allowed for much higher yields to be 

obtained of the polymers, since the polymers stayed dissolved. 

The yields of the various PFNGX derivatives provided insight into the 

polymerization conditions. Although batch dependent polymerization conditions were 

held constant in the synthesis of each PFNGX derivatives, yields varied. The conditions 

that favored the formation of PFNG12 were not the conditions suitable to form PFNG3 

in high yields. This was particularly accute when quaternizing the neutral polymers. 

The original procedure for quaternization stated that after methyl iodide was added to 

the reaction vessel, water should be added to help dissolve the precipitates. To keep 

everything the same across the chemical series, the same volume of water was added 

to each vessel. Precipitation of the increasingly insoluble polymer occurred. However, 

each polymer required a slightly different solvent environment to redissolve. This was 
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seen in the very low yield for PFNG3: less than 10 mg were obtained compared to 

PFNG12, where 880 mg of material was obtained. 

Lastly, when characterizing the chemical series by NMR, the use of the 800 MHz 

NMR spectrometer under very high concentrations and many scans were needed to 

obtain a carbon-13 NMR that included the aromatic resonances. However, this led to 

aggregation of the NMR sample and therefore the resulting proton NMR spectra 

showed only weak aromatic signals, making the peaks difficult to integrate. This was 

challenging as the aromatic protons were used as a reference to determine the number 

of sidechains successfully appended to the fluorene core. 

The target exciton-donor CPE series was successfully synthesized and purified. 

This allowed for interrogation of the effect of oEG chain length on complexation of 

PFNGX to PTAK, and on EET between PFNGX and PTAK. The next chapter will 

describe the results from complexation and EET experiments. 
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Chapter 3 

Aqueous Light Harvesting Antennae based on Brush-Like Conjugated 

Polyelectrolyte Complexes: Self-Assembly and Electronic Energy Transfer 
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3.1  Introduction 

Constructing a complex artificial light-harvesting systems that can mimic core 

aspects of natural light-harvesting organelles is a chemical grand challenge. Such a 

system should exhibit panchromatic light absorption and the ability to rapidly move 

electronic excited states (excitons) through space. Exciton migration increases the 

probability that photon energy will eventually be converted to chemical potential 

energy of spatially separated electron/hole pairs. 

It is highly desirable to be able to construct such an artificial light-harvesting system 

in water – the most environmentally benign medium. However, this desideratum 

imposes significant additional constraints. This includes the need to impart aqueous 

solubility to molecular semiconductors that possess the propensity for hydrophobic and 

π-stacking interactions, as well as the need to ensure that their hierarchical assemblies 

are stable. Among examples that satisfy these requirements, a particularly elegant one 

is an aqueous light-harvesting antenna developed by the Tovar group. They used small-

molecule organic semiconductors decorated with peptidic side chains to build in 

specific aggregation motifs while retaining sufficient aqueous solubility. π-Stacking 

interactions between adjacent organic semiconductors within the assembly gave rise to 

an electronic coupling and resultant exciton motion down the stacking axis.  

The Ayzner lab has shown that electrostatic assemblies of conjugated 

polyelectrolytes (CPEs), water-soluble semiconducting polymers, hold substantial 

promise as primary building blocks of complex aqueous light-harvesting systems.1,2 
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First, CPEs support highly delocalized electronic states, which leads to rapid intrachain 

exciton motion down the CPE chain over distances that are large compared to the 

monomer length. Second, oppositely charged CPEs that function as an exciton 

donor/acceptor pair may be readily electrostatically assembled to form artificial light-

harvesting antennae that exhibit ultrafast (sub-250 fs) exciton transfer. Finally, and 

crucially, we argue that associative phase separation of aqueous polyelectrolyte 

assemblies provides a tractable and relatively simple pathway to complex, multi-

component and multi-functional light-harvesting systems.1–3 Our lab has recently 

showed that associative phase separation of one conjugated and one non-conjugated 

polyelectrolyte allowed us to form colloidal gels with tunable photophysical properties 

that were sensitive to specific cation-π interactions.4 

However, of particular interest is the formation of a liquid complex-coacervate 

phase, which is a dense, highly polyelectrolyte-enriched liquid. Forming such a 

coacervate via phase separation from oppositely charged CPEs that function as an 

exciton donor/acceptor pair would constitute a major step towards light-harvesting soft-

matter complexity. Such coacervates could function as photophysically active 

compartments in a larger overarching system or as fluid exciton-transferring scaffolds 

for an artificial electron transport chain and molecular catalysts.  

Such a CPE-based liquid coacervate has not yet been observed. We hypothesize 

that this is because associative phase separation is most often induced at ionic 

stoichiometry of oppositely charged polyelectrolytes. With CPEs, this leads to a net-
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neutral complex with many hydrophobic and potentially π-stacking interactions. The 

result is a solid- or gel-like assembly. Our central hypothesis is that fluidity and stability 

must come from polar-but-nonionic side chains that do not directly participate in ionic 

inter-CPE complexation. To increase the aqueous solubility of a net-neutral inter-CPE 

complex, we synthesized a chemical series of polyfluorene-based CPEs with one ionic 

monomer and one co-monomer bearing oligoethylene glycol (oEG) side chains with 3, 

6 and 9 ethylene glycol (EG) units. These brush-like CPEs are highly water-soluble 

and remarkable stable at high ionic strength. We interrogated their self-assembly in 

isolated solution using a combination of solution scattering methods. Oppositely 

charged artificial light-harvesting antennae using the synthesized exciton-donor CPE 

series and a poly(butyl-carboxylate)-thiophene (PTAK) exciton-acceptor that was 

common to all the exciton donors were then formed. Remarkably, the efficiency of 

electronic energy transfer from the donor to the acceptor CPE does not effectively 

decrease, even for the longest 9-EG derivative. This illustrates that the CPE 

microstructure in the complex is such that the long brush-like side chains do not present 

any appreciable steric hindrance to alignment of CPE transition dipole moments. 

However, we show that the onset of associative phase separation does in fact depend 

on oEG length. Our observations have intriguing implications for the construction of 

light-harvesting complex fluids based on CPEs.  

3.2  Experimental Methods 

3.2.1 Monomer Synthesis, Suzuki Coupling, and Quaternization 
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A polyfluorene-based exciton-donor CPE series varying in the length of oEG side 

chains (PFNGX), where X represents the number of ethylene glycol units in the oEG 

side chain, was synthesized and is shown in Figure 3.1. PFNGX is formed via Suzuki 

coupling reactions between a dibrominated fluorene monomer functionalized with oEG 

side chains (FGX) (X = 3, 6, 9), and a diborylated (3,3’-dimethylamino-1-propyl) 

fluorene derivative (FNB). This was followed with in situ quaternization of pendant 

alkyl amines on the dibrominated (3,3’-dimethylamino-1-propyl) fluorene co-

monomer (FN). Purity of synthesized products were evaluated with proton (1H) and 

carbon  (13C) nuclear magnetic resonance (NMR) spectroscopy. 

3.2.2 Sample Preparation 

Stock solutions of 3 mg/mL PFNGX, and 1 mg/mL PTAK were prepared with 

HPLC grade water (Sigma-Aldrich) degassed with Ar (g). These solutions were 

wrapped in aluminum foil, stirred with a Teflon stir bar at 650 r.p.m., and heated at 70 

 

Figure 3.1 Polymer repeat units for PFNGX series ( X = 3, 6, 9). 
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℃ for 6 hours. Upon cooling to room temperature the stock solutions were filtered 

through 450 nm polyvinylidene difluoride (PVDF) filters. Dilute solutions of exciton-

donor CPE controls and exciton-donor-acceptor conjugated polyelectrolyte complexes 

(CPECs) were prepared in 1.5 mL natural microcentrifuge tubes (Seal Rite), wrapped 

in aluminum foil, stirred with a Teflon stir bar at 650 r.p.m., and heated at 70 ℃ in a 

sand bath for 6 hours. The concentration of PFNGX was held constant at 1.33 x 10-5 

M. With respect to PFNGX, the concentration of PTAK in the CPECs required to form 

molar charge percentages of 25%, 50%, 75% were 6.65 x 10-6 M, 1.33 x 10-5 M, and 

2.00 x 10-5 M respectively. 

3.2.3 UV-vis Spectroscopy 

Optical density (OD) measurements were collected of dilute PFNGX CPEs and 

CPECs on a UV-2700 Shimadzu spectrometer. Spectra were collected in transmission 

geometry scanning through wavelengths of 300 - 800 nm at 1.0 nm increments. 

Samples were measured in a 1 mm quartz cuvette.  

3.2.4 Steady-State Photoluminescence Spectroscopy 

Photoluminescence (PL) measurements were collected of dilute PFNGX CPEs and 

CPECs in a 1 mm quartz cuvette on a Horiba Fluoromax-4 spectrometer in a right angle 

geometry. The excitation wavelength was set to 375 nm and emission wavelengths 

were collected from 350 - 800 nm in 1 nm increments, with excitation and emission slit 

widths of 1nm. 
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3.2.5 Time-Resolved Photoluminescence Spectroscopy 

Time-resolved photoluminescence (TRPL) measurements were collected of dilute 

PFNGX CPEs, carried out on a custom built laser table setup to elucidate the excited 

state kinetics of each polymer. Based on absorption spectroscopy, the excitation 

wavelength was chosen to be 375 nm. In order to reduce the chance of scattering, a cut-

on filter was used on the detection arm at 400 nm, while the detector was set to collect 

intensity at 475 nm. The measurements were collected in right-angle geometry with 

samples loaded into a 1 mm quartz cuvette. Excitation and detection polarizers were 

offset from each other by 54.7˚ to nullify the effects polarization. FluoroTools DecayFit 

™ software was used to calculate the decay times and a double exponential model was 

used to fit the data. 

3.2.6 Small-Angle X-ray Scattering 

Small-angle X-ray Scattering (SAXS) was conducted at Stanford Linear Accelerator 

Center (SLAC) at Stanford Synchrotron Radiation Laboratory (SSRL). SAXS data was 

used to investigate the contributions of increasing oEG chain length to bulk solution 

ordering. Samples were irradiated with high energy X-rays (11 keV) and scattering was 

collected with a Dectris Pilatus3 X 1M detector, with a distance of 1.7 meters. Each 

sample was irradiated for 16 x 1 second exposures. The intensity of these images were 

plotted against scattering vector q. Data was background subtracted and averaged with 

the use of the SAXSPipe SASTools. 
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3.2.7 Dynamic Light Scattering 

Dynamic light scattering (DLS) was used to investigate the radius of gyration and 

diffusion coefficients of the charged polymer series. DLS measurements were carried 

out using a 637 nm light source and scattered intensity was collected at angles: 45˚, 

67˚, 90˚, 112˚, and 135˚. For DLS measurements, all samples were made with high-

performance liquid chromatography (HPLC) grade water, thus a refractive index of 

1.33 was used. The time window layouts were chosen to fully capture the decay in 

intensity with a first delay of 0.500 "s and a last delay of 1 x 105 "s. All measurements 

were averaged over 5 minutes to produce robust statistical results. 

3.2.8 Photoluminescence Excitation Spectroscopy 

Photoluminescence excitation (PLE) measurements were collected of dilute 

PFNGX CPEs and CPECs in a 1 mm quartz cuvette on a Horiba Fluoromax-4 

spectrometer in a right angle geometry. Excitation wavelengths were scanned from 300 

- 800 nm in 1 nm increments, with excitation and emission slit widths of 2 nm. 

3.3  Results 

3.3.1 Photophysics of Aqueous CPE Solutions 

Figure 2.1 shows the synthetic scheme and the chemical structures of our CPE 

chemical series. After synthesizing and characterizing our CPE series via 1H and 13C 

NMR, we then examined their photophysics and chain microstructures. Absorption 
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spectroscopy and PL spectroscopy measurements are discussed first. Then the solution 

chain structure was interrogated using a combination of small-angle X-ray scattering 

(SAXS) and angle-dependent dynamic light scattering (DLS) experiments. Finally, the 

electronic energy transfer (EET) efficiency of our PFNX polymers was investigated by 

complexing them with an oppositely charged polythiophene-based CPE, which serves 

as the common exciton-acceptor.   

Panel A of Figure 3.2 shows the OD of each monomer and its corresponding CPE. 

FNX labels oligoethyleneglycol-containing dibromofluorene monomers, while FNB 

represents the pinacol boryl ester of the dimethylaminopropyl fluorene monomer. All 

monomers absorb in the UV and have very similar absorption spectra. As expected, 

PFNG3, PFNG6, and PFNG9 display strongly redshifted spectra compared to the 

monomers, with λmax values of 388 nm, 391 nm, and 393 nm , respectively. There is a 

 

Figure 3.2 (A) Normalized OD of monomers required for synthesis of 
fluorene-based CPEs, as well as normalized OD of PFNGX CPEs. (B) 
Normalized PL intensities for PFNGX CPEs 
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subtle monotonic redshift of λmax from PFNG3 to PFNG6 to PFNG9, which suggests 

that the mean chromophore length is slightly longer for each successive polymer.  

Panel B of Figure 3.2 shows peak-normalized PL spectra for the three polymers 

following excitation at 375 nm. The position of the emission maximum is nearly 

unchanged across the CPE series. However, there is small a difference in the PL 

intensity ratio corresponding to the 0-0 and 0-1 vibronic peaks, #$$ #$%⁄ . Specifically, 

#$$ #$%⁄  for PFNG9 is ~5% larger than the other two CPEs. The larger #$$ #$%⁄  emission 

ratio is indicative of PFNG9 chromophores being slightly more extended in solution, 

whereas evidently PFNG3 and PFNG6 have similar polymer conformations on 

average. 

 
Figure 3.3 Time-resolved decays for PFNGX chemical series. The 
concentration of each polymer was 1.33 x 10-5 M. The excitation wavelength 
was 375 nm, and the emission wavelength was 475 nm. 
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Figure 3.3 shows time-resolved PL decays for the polymer series following 

excitation near the peak of the OD spectrum, along with the instrument response 

function (IRF). The deconvolved decays are biexponential with one dominant PL 

lifetime component. The average PL lifetimes are similar for the three polymers, but 

PFNG9 appears to have a long-lifetime component with a slightly larger amplitude.  

3.3.2 CPE Coil Microstructure in Salt-Free Aqueous Solutions 

Having characterized the photophysical properties of the CPE solutions, we 

interrogated the structural characteristics of the polyelectrolyte coils in salt-free 

aqueous solutions. We began by measuring diffusion dynamics using angle-dependent 

DLS. This technique uses a monochromatic wavelength of 637 nm to illuminate a 

sample. The particles in the sample interact and scatter the light in all directions, and a 

detector that sweeps over a set of angles collects the scattered signal.5  

Diffusing particles are characterized by a diffusion coefficient ('(), and is related 

to the hydrodynamic size of the particles in solution. Diffusion of macromolecular 

particles through a solution is transitory and leads to fluctuations of scattered light. 

More specifically, larger particles diffuse more slowly than smaller particles; because 

of this difference in diffusion, a sample’s  D* can be determined.5 Scattered light will 

interact with scattered light from other particles in a sample and results in a time 

dependent interaction that can be monitored. In DLS experiments, the rate of 

fluctuations of scattered light can be related to the motion of the particle and therefore 

can be leveraged to determine a D*. The measurable quantity in a DLS experiment is 
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an intensity correlation function G,(τ), which can be expressed as an average of the 

product of intensities at t and a later time (t + τ). This relationship is shown in Equation 

3.1, where τ is the lag time between two time points.5 

		G,(τ) = 〈I(t)I(t + τ)〉                                               (3.1) 

Measurements as a function of scattering angle allow us to interrogate the 

dependence of the effective diffusion coefficient '899 on the scattering vector length : 

at low wavenumbers of order 10-3 Å-1. Figure 3.4 shows that '899 = '899(:) for all 

three CPEs.  

 

 

Figure 3.4 Angle-dependent DLS of PFNGX (3, 6 , 9) at 45°, 67°, 90°, 112°, 
and 135°. 
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At an angle of 67°, which provides representative D(q) values for PFNGX (3, 6, 9) 

series, D(q) values are determined as 2.59 x 10-8 cm2/s, 2.58 x 10-8 cm2/s, and 2.01 x 

10-8 cm2/s, respectively. The effective diffusion coefficient for polyelectrolyte 

solutions may be written as Equation 3.2. 

'899(:) =
=>
?(@)

                                                     (3.2) 

where '$ is the free particle diffusion coefficient, and A(:) is the static structure factor 

of the solution. Thus, differences in '899(:) for the three CPEs likely reflect 

differences in their respective solution structure, which may reflect both intrachain 

structure and interactions between different CPE chains.  

 

Figure 3.5 Small-angle X-ray scattering (SAXS) of CPE solutions. (A) 
Reduced SAXS intensities as a function of scattering vector length q. Sloped 
lines indicate fits to the linear regions, and vertical lines correspond to the 
intersection point of low-q and high-q linear fits. The green dotted line shows 
the fit obtained using the indirect Fourier transform (IFT) (B) Pair-distance 
distribution function (PDDF) obtained in a model-independent manner the 
IFT.  
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The fact that DLS measurements on PFNG9 appear to differ significantly from the 

other two CPEs suggests that a deeper exploration of solution scattering is in order. To 

this end, we performed small-angle X-ray scattering measurements on our CPE 

solutions, the results of which are shown in Figure 3.5.  

Figure 3.5A shows the reduced scattering intensities as a function of : on a double-

logarithmic scale for aqueous solutions of the PFNGX polymers at the same molar 

monomer concentration. PFNG3 and PFNG6 solutions have qualitatively similar 

curves. The monotonically decreasing intensity shows two linear regions, each with a 

different slope corresponding to a different power-law exponent. For PFNG3, the low-

: and high-: regions have slopes of –2.53 and –1.22, respectively, with the intersection 

point :∗ = 0.0275 Å-1. For PFNG6, the low-: and high-: regions have slopes of –2.30 

and –1.55, respectively, with the intersection point :∗ = 0.0171 Å-1.  A high-: slope of 

~ –1 is indicative of rod-like scaling. The :∗ that corresponds to a transition from ~ –2 

to ~ –1 scaling can be used to crudely estimate the polymer persistence length (CD) via 

:∗CD~3.5. This estimate gives a value of CD for PFGN3 and PFNG6 as ~13 nm and ~21 

nm, respectively. These values correspond to approximately 8 repeat units for PFGN3 

and 12 repeat units for PFNG6. Although these crude absolute values are likely 

overestimates, the change in relative magnitude is likely trustworthy. 

The SAXS curve for PFNG9 does not qualitatively resemble that of PFNG3 and 

PFNG6. At : ~ 0.01 Å-1 the scattering intensity displays a Guinier-like plateau before 

increasing further at lower :. Thus, although we performed linear fits to both the low-
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: and high-: regions (slopes of –1.95 and –1.37, respectively), we did not attempt to 

extract a CD estimate. Instead, the appearance of a Guinier-like plateau allows us to use 

the indirect Fourier transform to fit the curve over the entire :-range above the low-: 

linear region. This assumes that the scattering intensity is due to a single scattering 

“particle” and not an interacting assembly. Although our polymer concentrations are 

relatively dilute, the assumption of no inter-polyelectrolyte interactions in salt-free 

aqueous solutions may be questionable. Nevertheless, under this simplifying 

assumption, we extract the pair-distance distribution function (PDDF) for PFNG9 in a 

model-independent manner, which is shown in Figure 3.5B. We do not attempt to 

interpret the fine structure of the PDDF. Instead, we note that the general shape is 

consistent with a quasi-cylindrical particle, and the distance at which the PDDF goes 

to zero can be approximately associated with the size of the scattering inhomogeneity. 

This gives a value of ~25 nm for PFNG9.  

3.3.3 Energy Transfer in PFNGX Inter-CPE Complexes 

With structural and photophysical information about isolated PFNGX solutions in 

hand, we went on to elucidate the influence of the increasing oEG side chain length on 

EET. To do so, we formed aqueous CPECs composed of the cationic PFNGX and an 

anionic polythiophene-based CPE, PTAK. Given the spectral overlap between the OD 

spectrum of PTAK and the PL spectrum of PFNGX, the PFNGX’s serve as exciton 

donors while PTAK serves as the exciton acceptor.1,2,6 To evaluate whether PFNGX 

excitons were undergoing EET to PTAK, we first fixed the donor polymer  
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concentration at 1.33 x10-5 M and varied the relative ionic charge ratio between 

PFNGX and PTAK from 1:0.00 (donor control) to 1:0.75. Figure 3.6A shows OD 

spectra of PFNG6 in isolation as well as with increasing PTAK concentration. CPEC 

absorption spectra show a characteristic and well-separated peak for each component 

of the complex. The relatively narrow band near 390 nm corresponds to PFNG6, while 

the broader peak centered about 520 nm corresponds to PTAK. As expected, the PTAK 

OD increased monotonically with increasing PTAK concentration, which is indicated 

by the upward-facing arrow. Corresponding OD spectra for PFNG3 and PFNG9 

CPECs are shown in the Appendix in Figure A1.1. The molar concentration of each 

 
Figure 3.6 (A) Optical densities of PFNG6, and PFNG6 CPECs formed with 
PTAK at molar charge percentages of 25%, 50%, 75%. (B) Stern-Volmer 
analysis with error bars for PFNGX CPEs. Specifically, PFNG3 (orange 
circles), PFNG3 power law fit (orange-solid line), PFNG3 linear fit (orange- 
dashed line), PFNG6 (blue diamonds), PFNG6 power law fit (blue-solid 
line), PFNG6 linear fit (blue- dotted dashed line), PFNG9 (green triangles), 
PFNG9 power law fit (green-solid line), PFNG9 linear fit (green- dotted 
line). 
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donor polymer was dilute enough such that its OD was kept < 0.1 to ensure reliability 

of PL quenching measurements. We find that the PL intensity of donor CPEs decreases 

monotonically as the acceptor CPE concentration increases. This observation is 

consistent with EET from PFNGX to PTAK.1,2,6,7 To quantify the extent of donor PL 

quenching, we performed Stern-Volmer analysis of the quenching data.6,8 This consists 

of plotting the ratio of the PL intensity of the unquenched donor CPE control, #$, to the 

intensity of the donor in the presence of the quencher, #, as a function of acceptor 

concentration. The PL intensity value was chosen to be at the emission wavelength 

corresponding to the maximum of the PL spectrum (419 nm). Figure 3.6B shows the 

Stern-Volmer plots for the three exciton donor CPEs as a function of molar PTAK 

concentration. It is clear that over the full range of PTAK concentrations, 

corresponding to the 1:0.00 through 1:0.75 ionic charge ratio range, #$ #⁄  departs from 

linearity for all three PFNGX derivatives. Nevertheless, at low acceptor concentrations, 

#$ #⁄  is locally linear. We were able to fit the intensity ratio over the entire concentration 

range using a simple power-law functional form according to Equation 3.2, 

 

 #$ #⁄ = (F/F$ + 1)I                                                       (3.2) 

 

where F is the acceptor concentration, F$ is the unit concentration, and J is the sole 

fitting parameter. We find that J is 1.58 x 105, 1.28 x 105, and 1.68 x 105 for PFNG3, 

PFNG6, and PFNG9, respectively. For completeness, we also fit the low-F region to a 
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linear form to extract the Stern-Volmer constant, K?L. Given the nonlinear behavior 

over the entire F range, we chose to be particularly conservative and to consider only 

the first two data points in the linear analysis. The slope of the linear fit to the #$ #⁄  vs. 

[PTAK] plot gives K?L, which is a quantitative measure of quenching efficiency. The 

K?L values determined from the analysis for PFNG3, PFNG6, and PFNG9 are 2.03 x 

105 M-1, 7.34 x 104 M-1, and 1.90 x 105 M-1, respectively. The corresponding donor PL 

quenching spectra for PFNG3, PFNG6, and PFNG9 CPECs are shown in the Appendix 

in Figure A1.2.  

Although the quenching of donor PL by the acceptor CPE is consistent with EET,1–

3 there are other mechanisms, such as excited-state electron transfer, that could also 

give rise to donor PL quenching. To establish whether we indeed observed EET 

between PFNGX and PTAK, we measured steady-state photoluminescence excitation 

(PLE) spectra for each CPEC.6,9 In this experiment, the PL intensity was measured at 

a fixed emission wavelength corresponding to emission by the acceptor CPE alone. We 

then varied the excitation wavelength across the full absorption spectrum of the CPEC 

while detecting only acceptor PL at the fixed PTAK emission wavelength.  

PLE spectra of PFNG3, PFNG6, and PFNG9 each complexed with PTAK at a 

PFNGX/PTAK ionic molar charge ratio of 25% are shown in Figure 3.7A, with the 

emission wavelength fixed at 680 nm. In Figure 3.2B, the PFNGX chemical series 

emits extremely weakly at 680 nm. In the CPEC where PFNGX emission is strongly 

quenched, emission from exciton donor CPEs at 680 nm is negligible. Figure 3.7A  
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shows that photoexcitation of all three PFNGX/PTAK CPECs at photon wavelengths 

where strong donor absorption occurs, namely between 350 nm and 440 nm, ultimately 

gives rise to radiative relaxation at 680 nm. Spectra were normalized to the signal 

corresponding to the peak of the PTAK absorption region ~ 520 nm. The PLE spectrum  

is seen to effectively trace out the CPEC absorption spectrum (Figure 3.7A).6,9 Taken 

together with the observation of strong donor PL quenching, the PLE spectrum is 

unambiguous evidence that excitons initially created on the donor undergo EET to the 

PTAK acceptor during their excited-state lifetimes.  

Since the Stern-Volmer plots showed significant departure from linearity at the high 

end of the PTAK concentration range, corresponding to a 75% molar charge ratio, it is 

intriguing to evaluate whether the PLE spectrum also undergoes changes between 25% 

 

Figure 3.7 (A) Normalized photoluminescence excitation spectra of PFNGX 
CPECs formed with PTAK at molar charge percentages of 25%. (B) 
Normalized photoluminescence excitation spectra of PFNGX CPECs formed 
with PTAK at molar charge percentages of 75%. 
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and 75% PTAK. PLE spectra of PFNG3, PFNG6, and PFNG9 CPECs at a 75% molar 

charge ratio are shown in Figure 3.7B. It is notable that in the linear Stern-Volmer 

regime, all three donor CPEs exhibit very similar EET efficiencies, as judged by the 

height of the peak at low excitation wavelengths, corresponding to absorption by the 

donor CPEs. However, for the conditions that fall outside of the linear regime, there is 

a clear difference in EET among the three PFNGX derivatives. The relative 

contribution from the low-wavelength peak decreases monotonically as a function of 

oligoethyleneglycol side chain length. Concomitantly, the region corresponding to 

direct PTAK excitation undergoes a subtle redshift. PLE spectra of PFNG3, PFNG6, 

and PFNG9 CPECs at a 50% molar charge ratio are shown in Figure A1.3. 

3.4  Discussion 

We found that the steady-state PL spectra and time-resolved PL decays for the three 

CPEs were quite similar. The vibronic ratios of the PL spectra are consistent with a 

highly extended backbone. The crude CD estimates from SAXS data are similarly 

consistent with this interpretation. Interestingly, we found that CD increased from 

PFNG3 to PFGN6, which suggests that the oEG length influences the polymer 

backbone extension in salt-free aqueous solution, consistent with the small redshift in 

OD. We also found that both :-dependence of '899 and the SAXS intensity was 

qualitatively different from PFNG9 compared to the other two derivatives. We believe 

these observations point towards self-assembly of PFNG9, which challenges our 

assumption of no inter-chain interactions in SAXS analysis. The fact that the vibronic 
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ratio for PFNG9 is slightly larger than that of PFNG3 and PFNG6 suggests that the 

structure of the assembly is not that of a simple H-aggregate. The latter would be 

expected to show a substantially diminished #$$ #$%⁄  value.  

Our original hypothesis was that the EET efficiency between an exciton-donor and 

an exciton-acceptor CPE would decrease with increasing oEG length. We reasoned that 

longer oEG chains would eventually hinder complexation between oppositely charged 

CPEs. It is intriguing that these oEG length differences did not in fact influence the 

EET efficiency at low acceptor CPE mole ratios, as the PLE spectra for all three CPEs 

were effectively identical, and the K?L estimates were relatively similar. This has 

 

Figure 3.8  Cartoon of hypothesized inter-CPE complex structure with 
PFGN9 as the exciton donor and PTAK as the acceptor.  
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implications for the inter-chain structure that the donor/acceptor complex must assume, 

which is summarized in the postulated cartoon in Figure 3.8. It must be the case that 

PFNGX polymers arrange in the complex so as to point the oEG side chains away from 

the exciton acceptor for all three oEG lengths. This implies that the PFNGX backbone 

remains relatively straight in the inter-CPE complex despite the quite large, brush-like 

nonionic side chain size in PFNG9. Our initial expectation that this would induce 

substantial coiling of the exciton donor was proven incorrect.  

 Although the EET efficiency was independent of oEG length at low acceptor/donor 

charge mole ratios, at a charge mole ratio of 0.75, intriguing differences in both the 

Stern-Volmer plots and PLE spectra emerged. First, the J exponent from power-law 

fits to Stern-Volmer curves was largest for PFNG9. Second, the PTAK PLE spectrum 

for PFNG9 differed from that of PFNG6 in both the decrease in the low-wavelength 

peak amplitude corresponding to EET from PFNG9 to PTAK, along with a redshift in 

the long-wavelength (PTAK absorption) region. 

Why did the Stern-Volmer plot diverge as [PTAK] was increased? What this 

corresponds to is the onset of phase separation, which we expect as the charge mole 

ratio between the cationic and anionic CPEs approaches unity. It is interesting that 

although all three donor CPEs behaved identically within CPECs at low acceptor mole 

fractions, differences emerged near the onset of phase separation. The fact that PFNG9 

clearly distinguished itself implies that the oEG chains are non-innocent when the inter-

CPE correlation length begins to diverge near the phase transition. At this point the 
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few-chain complex grows into a large and eventually macroscopic inter-chain network 

of proximal exciton donors and acceptors, thus forming a highly excitonically 

interconnected state. Based on the PLE and Stern-Volmer results, this in turn implies 

that we should expect significant differences in the behavior of the concentrated dense 

phases of these complexes as the polymer and salt concentration are increased.  

3.5  Conclusion 

In this work we synthesized a chemical series of exciton-donor CPEs with variable 

lengths of oEG side chains. The motivation behind this alternating co-polymer series 

was to make CPEs with functionalized fluorene monomers: one with pendant ionic side 

chains and one with polar nonionic side chains, for increased stability in high-ionic-

strength solutions. For the 9EG side chain, we do in fact find remarkable stability in 

solutions with salt (LiBr, tetraethylammonium bromide) concentrations in the 1-5 M 

range. In the absence of oEG side chains, a similar fluorene-alt-phenylene polymer is 

highly unstable against phase separation in isolated solution. In salt-free solutions, we 

find that oEG length influences the polymer persistence length, with the longest oEG 

derivative evidently inducing self-assembly. However, when electrostatically coupled 

with an exciton-acceptor CPE, the EET efficiency was independent of oEG length on 

the exciton donor, which implies that even very large oEG side chains do not interfere 

with efficient exciton transfer.  

A very intriguing finding is that the oEG length does influence both the apparent 

onset of phase separation and the structure of the inter-CPE complex near this phase 
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transition. The reason we are interested in increasing the stability of these synthesized 

exciton-donor CPEs in high-salt solution is our desire to form light-harvesting inter-

CPE complex fluids. Such fluids can serve as precursors for hierarchical light-

harvesting systems via a relatively simple thermodynamic pathway of associative phase 

separation. The fact that the oEG side chain influences  this associative phase 

separation has intriguing implications for the tunability of the structure of and dynamics 

within these systems. Our current work is focusing on the phase behavior and exciton 

transfer within such CPE macrostates in the high ionic strength and high polymer 

concentration limits.  
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Chapter 4 

MORPHOLOGY CHARACTERIZATION  

VIA X-RAY SCATTERING EXPERIMENTS 
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4.1  Organic Photovoltaics 

Traditionally, the most common organic photovoltaics (OPVs) have utilized 

conjugated polymer/fullerene blends which have been solution-processed to form bulk-

heterojunction (BHJ) thin films.1,2 The conjugated polymer has the role of an exciton-

donor in thin film OPVs. Upon photo-excitation, the polymer generates an exciton, due 

to the high binding energies of ~ 0.5 eV.3–5 The exciton participates in intra-chain and 

inter-chain migration until either the excited electron recombines with its bound hole 

in the ground-state, or the excited electron dissociates from its bound hole. This 

competitive process between geminate recombination and charge separation is 

influenced by the excited-state lifetime of the exciton.1,2,6 Separation of the excited 

electron from its bound hole is initiated through interaction with an acceptor molecule; 

the energy of the acceptor molecule’s LUMO must be lower than that of the donor.6 

Fullerene derivatives are the quintessential acceptor molecules due to having the 

appropriate energy levels to induce separation of charges in excitons, as well as having 

isotropic charge transport via their 3-dimensional geometry of frontier orbitals.7 

BHJ architectures have highly-interpenetrating networks of donor-acceptor (D-A) 

phases with the necessary nanometer length scales to increase the efficiency of an 

organic solar cell.1,2,6,8 This type of D-A architecture increases the probability that a 

generated exciton in the donor phase will migrate to a D-A interface during the 

exciton’s lifetime and therefore increases the probability of generating separated charge 
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carriers. The interpenetrating network of D-A phases also provides a continuous 

pathway for free charge carriers to reach the electrodes.1,2,6,8  

These soft-matter systems, which are spin-cast from D-A blend solutions, span a 

wide range of morphologies. The morphology of polymer/small-molecule BHJ thin 

films depends on many variables such as chemical structures of D-A, the concentration 

of D-A, solvent volatility, spin-coating conditions, additives, and post-processing 

conditions.1,2,6,8 Since the morphology of the BHJ architecture influences the efficiency 

of the OPV, interrogating the morphology of polymer thin films in terms of the length 

scales of D-A phase separation, is of utmost importance. 

4.2  Synchrotron Based Grazing Incidence X-ray Diffraction 

Grazing incidence X-ray diffraction (GIXD) is a technique that probes the length 

scales of molecular packing and crystallite orientations of organic molecules in the 

solid-state, specifically thin films formed on a substrate. A large flux of energy is 

needed to generate enough scattering in samples with low-Z atoms like C, N, and O. 

Therefore, synchrotron radiation light sources are often used to generate X-ray 

scattering data for thin film organics.9 A highly collimated beam of X-rays is used to 

strike the sample at an extremely shallow angle. To investigate the surface of the 

sample and limit scattering contributions from the substrate, an angle above the critical 

angle ("#) of the organic material and below the α& of the silicon or glass substrate is 

required. This technical aspect of GIXD arises because X-rays cannot enter a sample if 



 127 

the incident angle is below the α& of the material. Moreover, this requirement arises 

because the complex refractive index (n) is slightly below the value of 1. The equation 

for the complex index of refraction is shown in Equation 4.1, 

     n = 1 − δ	 + 	iβ                                                    (4.1) 

where δ is the real part of the complex index of refraction, and β is the complex part 

of the complex index of refraction, accounting for absorption.9 

Scattering of light from particles can occur either as Thompson scattering (elastic) 

or Compton scattering (inelastic).10 Inelastic scattering occurs when an incoming 

photon collides with an electron and transfers some of its energy to the electron. This 

type of scattering does not provide structural information because the scattered waves 

are incoherent. In contrast, elastic scattering does provide structural information since 

the scattered photons produce coherent waves that can interact constructively and 

destructively.10 These interactions encode structural details via bright and dark spots 

on a detector. 

GIXD provides information on the angstrom length scale and helps determine the 

orientation of crystallite populations present in thin films. Amorphous samples do not 

have defined repeating distances and will scatter X-rays over a wide range of reciprocal 

space. Crystalline or semi-crystalline samples that have some long range order on the 

angstrom length scale will provide bright spots on the 2D detector in reciprocal space. 

These bright spots are known as Bragg reflections and arise from the constructive 
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interference of scattered X-rays off of crystalline planes. Equation 4.2 makes explicit 

the relationship between reciprocal space and real space,9 

        Q = 12
3

                                                             (4.2) 

where, d represents the real-space distance in units of Å, and Q is the scattering vector 

length. The scattering vector can be described further as the difference between the 

incoming and outgoing wavevectors of X-rays. It is typical to express the scattering 

data as a function of scattering vector Q, which has a magnitude shown in Equation 

4.3.9 

						Q = 562
7
8 sin θ                                                           (4.3) 

The incident X-ray wavelength is ;, and < is half of the value of the scattering angle.9 

GIXD images taken of semi-crystalline polymers produce diffraction images with 

peaks that correspond to lamellar distances between side chains, and =-stacking 

distances between conjugated backbones. A cartoon of semi-crystalline polymer chains 

is shown in Figure 4.1. Scattering from a sample is detected on a 2-dimensional area 

detector; the vertical axis is labeled Qz and the horizontal axis is labeled Qxy. The 

outgoing scattering vectors with a component perpendicular to the substrate will be 

detected along the QZ axis, and outgoing scattering vectors with a component parallel 

to the substrate will be detected along the Qxy axis. The in-plane scattering vector, will 

be that of a true crystalline powder if the sample is randomly oriented in the XY-plane. 
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However, when the preferential alignment of polymer crystallites exist, then a 

difference in the in-plane scattering vector is seen for a sample that has been rotated in-

plane by 90°.9 The direction of the scattering vector is related to the orientation of the 

molecule in the sample, GIXD measurements are also sensitive to the distance between 

crystallographic planes in a sample, and therefore, this technique is also used to 

elucidate the angstrom length scales in a sample. 

4.2.1 Influence of Molecular Excluded Volume and Connectivity on the        

Nanoscale Morphology of Conjugated Polymer/Small Molecule Blends 

Besides the choice of donor and acceptor, there is a limited number of parameters 

that can be varied to influence the morphology of the resulting BHJ. Previous 

 
Figure 4.1 Cartoon of P3HT polymer chains: =-stacking between conjugated 
backbones and lamellar stacking of hexyl side chains. 
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investigations of the parameter space for polymer/fullerene BHJ OPVs produced 

devices with similarly disappointing power conversion efficiencies (PCE).6,11 To 

substantially increase the PCE, either the donor or acceptor should be changed. A major 

consideration when trying to find an acceptor molecule to replace the fullerene would 

be how the molecular geometry affects the resulting charge transfer and morphology 

of the blend.8  

This work investigates the influence of relatively small differences within a series 

of small molecule acceptors on the morphology of the resulting polymer/small 

molecule blends via X-ray scattering experiments. A series of nonplanar conjugated 

small molecule acceptors have been systematically altered to determine how the subtle 

molecular changes affect the resulting morphology on the angstrom scale.8 GIXD 

measurements probe the influence of the chemical structure of nonplanar conjugated 

small molecule acceptors has on the texture and orientation distribution of the polymer 

crystallites in the thin film.9 These experiments were carried out at SSRL at Beamline 

11.3. 

In this work, a small-molecule chemical series was used where each spirobifluorene 

(Sp) core was modified by the number and placement of peripheral side groups. Spiro-

bifluorene provides the small molecule with a pseudo spherical 3-dimensional 

molecular geometry, to attain an acceptor with a space-filling arrangement similar to 

that of fluorene, the quintessential acceptor molecule.8 The chemical series is 

comprised of 2,2’,7,7’-tetrakis[N,N-di(4-methoxy-phenyl)amino]-9,9’-spirobifluorene 
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(Sp-M), 2,7-bis[N,N-bis(4-methoxy-phenyl)-amino]-9,9’-spirobifluorene (Sp-Z), and 

2,2’-bis[N,N-bis(4-methoxyphenyl) amino]-9,9-spirobifluorene (Sp-E). These small 

molecule acceptors have similar types of molecular interactions and are weakly ordered 

in thin films.12 The conjugated polymer hosts used for this study were poly(3-

hexylthiophene) (P3HT) and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-

2-carboxylate-2,6-diyl)] (PTB7). Each of these conjugated polymers is semi-crystalline 

albeit having different chemical structures.6 The small-molecule series and their host 

conjugated polymers are shown in Figure 4.2.  

 

GIXD images were collected and analyzed to determine the influence that each 

small molecule has on the texture of the thin film. Briefly, the X-ray beam skims the 

surface of the thin film and is scattered by the electrons in the sample. The observable 

in this measurement is the scattering vector Q, which is quantified by a detector at a 

distance away from the sample.9,10 The diffraction image is then analyzed for the spatial 

arrangement of the scattering vector so that the real space distances attributed to 

 

Figure 4.2 Structures of (A) Sp-Z, (B) Sp-M, (C) Sp-E, (D) P3HT, (E) PTB7. 
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morphological features can be determined.9 Additionally, the placement of the 

scattering vector provides information on the orientation distribution of the polymer 

crystallites, with inherent implications on an OPVs PCE.  

GIXD images of neat P3HT and PTB7 have Bragg reflections associated with 

lattice planes for lamellar distances and π-stacking distances between polymer chains, 

shown in Figure 4.3. In the images, these distances are detected in reciprocal space and 

were converted to real space distances via Equation 4.2.9,10 For P3HT, the (100) Bragg  

 

reflection was located at a Q value of 0.38 Å@A, which is attributed to a real space 

lamellar distance between side chains of 16.5 Å. The (010) Bragg reflection was located 

at a Q value of approximately 1.67 Å@A, which is attributed to a real space π-stacking 

distance of 3.76 Å. Additionally, higher-order  Bragg reflections associated with 

 

Figure 4.3 (A) GIXD image for neat P3HT film. (B) GIXD image for neat 
PTB7 film. 
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lamellar stacking were also seen, indicating P3HT is a highly semi-crystalline 

polymer.10 The π-stacking peak for neat P3HT is located close to the Qxy axis, 

indicating that the polymer crystallites preferentially aligned edge-on to the substrate. 

For PTB7, the (100) Bragg reflection was found to have a Q value of 0.315 Å@A, which 

is attributed to a real space lamellar distance between side chains of 19.9 Å. The (010) 

Bragg reflection has a Q value of approximately 1.58 Å@A, attributed to a real space π-

stacking distance of 3.98 Å. The opposite orientation was found to be true for the neat 

PTB7 samples, where the crystallites aligned face-on to the substrate, as indicated by 

the (010) Bragg reflection near the Qz axis.10  

Depending on which small-molecule acceptor was incorporated into the blend, the 

π-stacking distance and the lamellar distances were not found to change dramatically. 

A more detailed understanding of the polymer/small molecule thin film texture was 

investigated by the orientation distribution function (ODF) of the blends.10 P3HT 

blends have a slightly more narrow edge-on component compared to that of the neat 

P3HT film, while the face-on fraction of crystallite population for P3HT blend samples 

are slightly larger than for the neat film. This means that of the amount of total 

crystalline material in each sample, blend films have a higher propensity to be found 

with a face-on orientation. The ODF plots for neat polymer and polymer/small 

molecule blends are shown in Figure 4.4. 
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In contrast, the neat film of PTB7 has a higher propensity to exist with a face-on 

orientation than their respective blend films. These qualitative results were 

quantitatively analyzed for the determination of face-on to edge-on ratios. For each 

sample, the area under the curve of the ODF was integrated from 45-85° (face-on) and 

5-45° (edge-on). The ODF also includes a sin (θ) correction factor to account for the 

crystalline density contributing to a given solid angle as a function of polar angle.10 The 

ODF was calculated from the ratio of these two integrals and is shown in  Equation 4.4. 

R = ∫ ODF	dθHI
6I ∫ ODF	dθ6I

IJ                                             (4.4) 

The results from these calculations are tabulated in Figure 4.5. 

 

Figure 4.4 (A) ODF of neat P3HT and P3HT blend films (B) ODF of neat 

PTB7 and PTB7 blend films. 
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4.2.2 Isoindigo-Based Binary Polymer Blends for Solution-Processing of 

Semiconducting Nanofiber Networks 

In this study, nanofibrous thin films were formed by blending an isoindigo-based 

semiconducting polymer with conjugation break spacers and a crystalline tie-polymer. 

These conditions provide thin films with low elastic moduli, low glass transition, 

excellent charge transport, and high crack-on-set strain. The crystalline tie-polymer is 

present to aid in the nucleation of nanofibers and ensure that the electronic properties 

of the material are maintained, while the matrix polymer aids in increasing the 

processability and flexibility of the thin film.13–15 Traditionally, insulating matrix 

polymers serve as a blending medium for guest species. In electronics, the guest species 

could be a conjugated polymer or crystalline small molecule. One way to possibly 

 P3HT 

Face-on : Edge-on Ratio 

PTB7 

Face-on : Edge-on Ratio 

Neat Film 0.13 1.22 

Blend with Sp-M 0.13 0.84 

Blend with Sp-Z 0.16 0.92 

Blend with Sp-E 0.15 0.92 

  Figure 4.5 Face-on : Edge-on ratios for neat polymers and polymer/small 
molecule blends. 
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increase the efficiency of an electronic device would be to increase the fraction of the 

active component in the device.13–15  

By using a conjugated polymer with deliberate conjugation break spacers as the 

matrix blended with a structurally similar crystalline tie-polymer, flexible thin films 

with electronic properties are formed. The chemical structures of the isoindigo-based 

crystalline tie-polymer (P1) and the matrix polymer (C3) are shown in Figure 4.6. 

 

The isoindigo matrix-polymer and the isoindigo crystalline tie-polymer were 

blended in ratios of 100:0, 90:10, 50:50, 10:90, and 0:100, and the texture of the 

resulting thin films were investigated by GIXD experiments at SSRL (Beamline 11.3). 

Figure 4.7 shows the resulting GIXD images.  

 

Figure 4.6 Structures of (A) Isoindigo crystalline tie-polymer (B) Isoindigo 
conjugation break spacer matrix-polymer. 
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The (100) Bragg reflections for each neat polymer thin film have slightly different peak 

positions but differ widely in their ODFs. The (100) Bragg reflection for the matrix 

polymer shows a bimodal crystallite orientation distribution, and since the reflections 

corresponding to lamellar and π-stacking are anti-correlated, the (010) Bragg reflection 

also shows a bimodal crystallite orientation distribution.10 The texture of the matrix-

polymer is in stark contrast to that of the crystalline tie polymer, where the texture of 

the crystalline tie-polymer is heavily edge-on. This is seen with the (100) Bragg 

reflection being located near the Qz axis.10  

 
Figure 4.7 GIXD images of (P1)Isoindigo crystalline tie-polymer, (C3) 
Isoindigo conjugation break spacer matrix-polymer, (90:10) Matrix-Tie Blend, 
(50:50) Matrix-Tie Blend, (10:90) Matrix-Tie Blend. 
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The progression of the thin films texture upon blending the matrix-polymer with 

the crystalline tie-polymer initially brings about a change from the bimodal crystallite 

orientation distribution in the pure matrix-polymer thin film to a more edge-on 

orientation in the 90:10 blend. This is then followed by a more isotropic crystallite 

orientation distribution for the 50:50 blend. Compared with that of the pure films, an 

increase in the crystallinity of the thin film was also observed in the 50:50 blend. This 

is true only if the sample volume probed by the X-ray beam was the same across all 

thin films.10 Furthermore, since the beam footprint and the incidence angle did not 

change between measurements of each sample, and because the processing conditions 

remained constant among the samples, the thickness of each thin film should also be 

very similar. This strongly suggests that the crystallinity of the 50:50 blend is higher 

than for the other films. 

The texture of the 10:90 film becomes even more bimodal than that of the 50:50 

blend with the addition of more crystalline tie-polymer, albeit the crystallinity 

seemingly diminishes, which was gleaned from the lower intensity of the broad (010) 

Bragg reflection. This broad halo seen most notably in the 50:50 blend implies that the 

nanofibrous structures are isotropic; since a broad halo indicates that the orientation of 

crystallites exist at all angles with respect to the substrate.9,10  

4.2.3 Semiconducting Polymer Blends that Exhibit Stable Charge Transport at 

High Temperatures 
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Organic semi-conductors usually display charge-transport mechanisms that are 

thermally activated due to the inherent nature of the distribution of trap states. Charge 

carriers will thermally hop between electronic states until they interact strongly with a 

defect site.16,17 Up until a point, excess thermal energy often helps overcome the 

trapping of charge carriers.18 However, extreme increases in temperature disrupt the 

integrity of the material by forming unstable morphologies. Attempts to create 

thermally robust morphologies via thermal annealing have not solved the problem of 

temperature-dependent charge-carrier mobilities.19 

The way to overcome the temperature-dependent mobility of charge carriers is to 

form a system where morphological features such as π-stacking distances are retained 

at high temperatures. This allows the thin film to retain ambient charge-carrier 

mobilities at elevated temperatures. Logistically, this occurs through the processing of 

a semicrystalline conjugated polymer with an insulating polymer with high glass-

transition temperatures (Tg).20 Conceptually, the insulating polymer locks in the 

morphology of the semicrystalline conjugated polymer, with concomitant  retention of  

the electronic properties. 

In this work, poly(N-vinyl carbazole) (PVK) was used as a high Tg insulating 

polymer and diketopyrrolopyrrole-thiophene (DPP-T; P1) was used as the 

semicrystalline conjugated polymer to provide high charge-carrier mobilities. The 

chemical structures of DPP-T and PVK are shown in Figure 4.8. The 55- 65 wt. % 

PVK blends were solution-processed via spin-coating, producing interpenetrating 
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channels between the conjugated polymer and DPP-T. These conditions formed 

materials that retained device performance at temperatures up to 220℃, where hole 

mobilities as high as 2.5 cm2/V∙s were measured.20 To investigate the molecular 

packing of the blended films, temperature-dependent GIXD experiments were carried 

out at SSRL (Beamline 11.3). 

 

Temperature-dependent GIXD experiments were carried out on a neat DPP-T film, 

a neat PVK film, and a 60 wt. % PVK blended film. Relative to neat DPP-T at ambient 

temperature, the π-stacking distance of the 60 wt. % PVK blended film contracted from 

3.70 Å to 3.64 Å. However, the π-stacking distance in both the pure DPP-T film and 

the 60 wt. % PVK film expanded with added thermal energy to distances of 3.79 Å and 

 

Figure 4.8 Structures of (A) Semicrystalline conjugated polymer (DPP-T), 
(B) Insulating polymer (PVK). 
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3.73 Å, respectively. The relative similarity in the π-stacking distances in the neat DPP-

T film at ambient conditions and the 60 wt. % PVK film at elevated temperatures 

explains the high hole mobilities detected in the blended PVK film over a range of 

temperatures. In contrast, upon blending DPP-T with 60 wt. % PVK, expansion of the 

lamellar packing distance is seen at room temperature and stays expanded at higher 

temperature. This has little bearing on the charge-carrier mobility, since the lamellar 

distance describes the distance between insulating side chains. Representative GIXD 

images of DPP-T, PVK, and the 60 wt. % PVK blended films at room temperature and 

200℃ are shown in Figure 4.9. 

 

 

Figure 4.9 GIXD images of (PVK) at 25℃, (PVK) 200℃, (DPP-T) at 25℃, 
(DPP-T) 200℃, (60 wt. % PVK) at 25℃, (60 wt. % PVK) 200℃. 
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The neat PVK film shows an isotropic π-stacking arrangement of the carbazole side 

chains. Additionally, the (010) Bragg reflection is very broad, indicative of the wide 

variety of π-stacking distances in the thin film. The orientation distribution of 

crystallites for the thin films of DPP-T show an edge-on orientation which is invariant 

with increasing thermal energy. This was observed in the GIXD image as a (100) Bragg 

reflection located near the Qz axis.10 Moreover, the 60 wt. % PVK blend thin film also 

shows invariant edge-on orientation with increasing temperature, with the (100) Bragg 

reflection located near the Qz axis.10 The main takeaway is that even though the π-

stacking distance becomes smaller for the 60 wt. % PVK blend compared with neat 

DPP-T, at elevated temperatures, there seems to be a negligible change in a film's ODF. 

4.2.4 Comparison of the Mechanical Properties of a Conjugated Polymer 

Deposited Using Spin Coating, Interfacial Spreading, Solution Shearing, and 

Spray Coating 

Applications that utilize semiconducting polymers as their active component are 

often thin films prepared by spin-casting from solution. However advantageous an 

organic material may be for an application, widespread adoption of a functional form 

needs to be amenable to large scale mass production. Spin-coating works well with 

small substrates; it is no surprise that spin-coating has been a widely adopted research 

technique. Spin-coating electronic devices is an easy way to investigate the 

fundamental chemistry of organic materials, since many small-scale devices that 

encompass the parameter space can be made and studied. The issue is the potential 
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relevance of these fundamental studies have for real-world applications. It is imperative 

to take a step back, and approach the organic electronic space with a new frame of 

reference. The mechanical properties of thin films of poly(2-heptylthiophene) (P3HpT) 

formed from scalable deposition processes were thus investigated. The chemical 

structure of P3HpT is shown in Figure 4.10. 

  

The mechanical properties and thin film morphologies of the following deposition 

techniques were compared in this study. Interfacial spreading is a technique where a 

polymer solution is drop-cast onto a surface of a liquid. The formed film can be 

transferred to a substrate via a stamping process, and layer-by-layer assemblies can be 

formed from sequential stamping.21,22 Solution shearing, also known as doctor-blading, 

is a process where a blade is used to coat a solute onto a substrate. This process creates 

a thin film with an aligned orientation along the direction of coating.23–25 Spray coating 

is a process in which a solution is atomized into droplets to coat a substrate.26 This 

creates thin films with similar hole mobilities to that of thin films deposited by spin-

coating, although the films formed from spray-coating are rougher.27,28 Spin-coated 

films are formed by drop-casting solutions onto a substrate and then spinning the 

 
Figure 4.10 Structures of P3HpT 
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substrate to remove excess organic material. This facilitates the evaporation of the 

solvent, solidifying the organic material into a thin film.6,29 

Since the mechanical properties of a polymer thin film depend on the molecular 

structure and the solid-state morphology, the morphologies of three scalable deposition 

processes were herein investigated. GIXD experiments were carried out to provide 

insight into the morphology of thin films deposited from solutions via spreading, 

solution shearing, and spray coating methods. GIXD images for each of the four 

deposition techniques are shown in Figure 4.11. 

 

Figure 4.11 GIXD images of P3HpT (A) spin coated, (B) spread, (C) shear, 
(D) spray coated. 
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The GIXD images for all of the deposition techniques show very similar π-stacking 

distances of ~ 3.93 Å, which were determined from a broad (010) Bragg reflection 

located at a Qz value of ~1.6 Å@A.9,10 The (010) Bragg reflections for spin-coated, 

interfacial spread, solution shear, and spray-coated were found to have Q values of 

0.352	Å@A, 0.349 Å@A, 0.349 Å@A, and 0.343 Å@A, respectively. These values correlate 

with real space distances of 17.85	Å, 18.00 Å, 18.00	Å, and 18.32	Å, respectively. The 

most impactful information gleaned from these GIXD images came from the 

investigation of the film’s texture via an ODF, which is shown in Figure 4.12. 

 

 

As seen in the ODF of the thin films formed from the four deposition techniques, 

the outlier was the spray coated film. The ODF of the spray-coated film describes a 

 
Figure 4.12 P3HpT ODF for spin coated, spread, shear, and spray coated 
deposition techniques. 
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thin film texture that is highly face-on to the substrate.9,10 Whereas, thin films deposited 

from interfacial spreading and solution shearing adopt a mostly face-orientation, 

although have edge-on character as well. The texture of the spin-coated films is the 

most isotropic of the four deposition methods, with a crystallite orientation distribution 

spanning a wide range of <.9,10  

4.3  Synchrotron Based Resonant Elastic X-ray Scattering Experiments 

In resonant elastic X-ray scattering (REXS), the absorption edge of an element in 

the sample is leveraged to create additional scattering contrast. GIXD is different from 

REXS in multiple ways; the starkest difference is that the X-rays in REXS are much 

less energetic, resulting in interactions with core electrons. Each element requires X-

rays of different energies to become resonant with its respective K-edge. This condition 

provides an increase in absorption of X-rays and leads to an increase in anomalous 

scattering. This technique is not only sensitive to the identity of the element but is also 

sensitive to the bonding environment around the element. These energies associated 

with an element’s K-edge are determined by carrying out near edge X-ray absorption 

fine structure (NEXAFS) measurements. 

The complex index of refraction has been mathematically described earlier with 

Equation 4.1. However, the dispersive and absorptive terms are also dependent on the 

energy of the incoming photon. Both δ and β are related to the complex scattering 

factor which is shown in Equations 4.5 and 4.6.30,31 
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           f = fA − 	if1                                                   (4.5) 

   f = fN − ∆f P 	+ 	i∆f PP                                             (4.6) 

In the small-angle or long-wavelength limit, Equation 4.7 holds,  

									δ − iβ = αλ1(fA − if1)                                             (4.7) 

where α = nRrT/2π, na equals the number density of atoms in the sample, and re equals 

the classical radius of an electron.32 The practical result is that near the absorption edge, 

the values of δ and β as a function of photon energy change rapidly, and the contrast 

and scattering strength are determined by ∆δ1 +	∆β1.30,31 

Logistically, this experiment is conducted at a specialized beamline at a 

synchrotron facility. The sample is arranged with a transmission geometry, and the 

sample-detector distance is set to achieve values of the scattering vector, such that the 

real space distances are of order 10-100 nm.30,31 

4.3.1 Evolution of Percolation Network in Polymer/ Small-Molecule Bulk-

Heterojunction Organic Solar Cells via Resonant Elastic X-ray Scattering 

The pertinent length scale for efficient exciton diffusion and dissociation is on the 

order of tens of nanometers. REXS is an X-ray scattering technique that has access to 

this length scale and leverages high powered, tunable soft energy X-rays from the 

advanced light source (ALS) at the Lawrence-Berkley national lab (LBNL), Beamline 
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11.01.2.30 The high powered X-ray source is needed to provide enough scattering 

contrast from low Z materials, while the soft energy of the synchrotron X-rays allows 

for resonant scattering to occur when tuned over an elemental absorption edge.30,31 

REXS was utilized to investigate the scattering contrast from a small molecule 

within a conjugated polymer host and therefore provides insight into the microstructure 

of the small molecule only. The sensitivity of this technique arises from choosing an 

energy resonant with the K-edge of an element only present in one component of the 

thin film. Three small molecules were each blended with two different semicrystalline 

conjugated polymers in order to investigate the nanometer length scales of small 

molecule phase separation present in the thin film.30,31 To observe the evolution of the 

small-molecules phase separation, each small molecule was blended with the host 

polymer at two molar concentrations.  

Three small molecules with distinct chemical structures were utilized in this study, 

a perylene diimide dimer (dPDI), [6,6]-phenyl-C71-butyric acid methyl ester  

(PC70BM), and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-

tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene 

(ITIC). Each of these small molecule acceptors has different molecular geometries and 

should pack differently into the same conjugated polymer host.8 The chemical 

structures of these small molecules and the two semicrystalline conjugated polymers 

are shown in Figure 4.13. 
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NEXAFS spectroscopic measurements were carried out on neat films of each 

component to identify the appropriate energies to utilize.30,31 NEXAFS spectra were 

collected for each component at energies associated with exciting a carbon 1s electron 

into an unoccupied orbital (K-edge) and a NEXAFS spectrum was also collected for 

ITIC at energies associated with exciting a nitrogen 1s electron into an unoccupied 

orbital (K-edge).30,31 These NEXAFS spectra are shown in Figure 4.14. The main 

determining factor for choosing a resonant energy to scatter at is to find a transition in 

one component of the thin film that is absent or very weak in another component 

present in the thin film blend. This became extremely straightforward when choosing 

an energy resonant with a nitrogen K-edge transition since the host polymer did not 

contain any nitrogen atoms. However, choosing the correct carbon energy that is  

 

Figure 4.13 Chemical Structures of  (A) P3HT, (B) PTB7, (C) PC70BM, (D) 
dPDI, and (E) ITIC. 
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particularly intense in a small molecule acceptor and not in the host polymer was more 

difficult.  

REXS data was collected at four positions on the thin film to acquire representative 

data of the morphology of the material. This was done for each sample at close (50 

mm) and far detector (150 mm) distances to access a wider range of scattering vector 

Q, and therefore a wider range of real space length scales. The acquired REXS data for 

P3HT:PC70BM at mole ratios of 1:0.5 and 1:1, along with REXS data for 

PTB7:PC70BM at mole ratios of 1:0.75 and 1:1.5 are shown in Figure 4.15. 

 

 

 

Figure 4.14 NEXAFS spectra of (A) P3HT, PTB7, PC70BM, dPDI, and ITIC 
at the carbon K-edge, along with (B) P3HT, PTB7, and ITIC at the nitrogen 
K-edge. 
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The resonantly enhanced scattering data for each polymer: small molecule thin film 

blend shows the evolution of the small molecule percolation network with increasing 

small molecule mole fraction. Panel A of Figure 4.15 shows that with increasing mole 

fraction of PC70BM in P3HT from 0.5 to 1, a feature located at a Q value of 0.0188 Å@A 

grows in intensity, and can be roughly quantified as a length scale of phase separation 

of 33.4 nm. A more interesting resonantly enhanced scattering signature can be seen in 

panel B, whereupon increasing the mole fraction of  PC70BM in PTB7 from 0.75 to 1.5, 

a feature located at a Q value of 0.0052 Å@A, which is representative of phase separation 

with a length scale of 120.8 nm, shifts to a smaller Q value of 0.0021 Å@A. This new 

feature has a representative length scale that is more than two times larger and is 

quantified as 299.2 nm. Upon increasing the mole fraction of the small molecule 

 

Figure 4.15 REXS at 284.2 eV (Carbon K-edge) stitched from close and far 
detector distances for (A) P3HT:PC70BM blends, and (B) PTB7:PC70BM 
blends.  
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acceptor in both blends, P3HT is resistant to large-scale phase separation of PC70BM, 

whereas PTB7 allows for more self-association of PC70BM. 

The reduced REXS data for P3HT:dPDI at mole ratios of 1:0.5 and 1:1, along with 

REXS data for PTB7:dPDI at mole ratios of 1:0.75 and 1:1.5 are shown in Figure 4.16. 

 

Both panels A and B show weak scattering with features that are not as pronounced 

as the ones observed in Figure 4.15. Regardless, upon increasing the mole fraction of 

dPDI in the P3HT thin film, a more prominent plateau takes form. The Q value for the 

increase in negative slope is approximately 0.0207	Å@A and correlates with a length 

scale of phase separation of approximately 30.4 nm. Panel B shows that upon 

increasing the mole fraction of dPDI in PTB7 from 0.75 to 1.5, another plateau is 

discernible, however the length scale for phase separation is not readily determined. In 

comparison to the evolution of the percolation network found in panel B of Figure 

 

Figure 4.16 REXS at 285.7 eV (Carbon K-edge) stitched from close and far 
detector distances for (A) P3HT:dPDI blends, and (B) PTB7:dPDI blends.  



 153 

4.15, the features in panel B of Figure 4.16 appear at a larger Q value. Indicating that 

dPDI was not able to form as extended phase-separated regions as PC70BM was able 

to form, in the same host matrix. 

REXS data for P3HT: ITIC at mole ratios of 1:0.5 and 1:1, and REXS data for 

PTB7: ITIC at mole ratios of 1:0.75 and 1:1.5 are shown in Figure 4.17. 

 

The lower mole fraction sample for P3HT: ITIC shows a broad and low-intensity 

peak at a Q value of approximately 0.0060 Å@A, whereas the higher mole fraction 

sample of ITIC in P3HT has a much stronger scattering signature at a Q value of 

approximately 0.0030 Å@A. This is indicative of an expansion of phase separation of 

the small molecule upon increasing the mole fraction of ITIC in P3HT. The two 

aforementioned Q values can be represented in real space as 104.7 nm and 209.4 nm, 

respectively. Panel B of Figure 4.17 shows a very similar evolution of phase separation 

 

Figure 4.17 REXS at 285.2 eV (Carbon K-edge) stitched from close and far 
detector distances for (A) P3HT:ITIC blends, and (B) PTB7:ITIC blends.  
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as seen in panel B of Figure 4.15. In this sample, the phase separation of ITIC in a 

PTB7 matrix becomes larger upon increasing the mole fraction of the small molecule. 

The approximate reciprocal space Q values for the lower and higher mole fraction of 

ITIC are 0.0086 Å@A and 0.0027 Å@A, respectively. Since the Q value decreased upon 

increasing the mole fraction of ITIC in PTB7, this indicated that the length scale of 

phase separation of ITIC in the PTB7 matrix became larger. Specifically, these lengths 

of phase separation were determined for the lower and higher mole fractions of ITIC 

as 73.1 nm and 232.7 nm, respectively. 

To leverage the elemental composition of ITIC in REXS experiments, energies 

associated with the nitrogen K-edge were used to induce resonant enhancement from 

only the small molecule.30,31 Both of the films used to obtain carbon K-edge REXS data 

were also used to obtain the nitrogen K-edge REXS data, albeit at different locations 

of the sample as to not probe previously exposed material. This data is shown in Figure 

4.18. 

An energy of 399.4 eV which corresponds to the nitrogen K-edge absorption was 

used to enhance the scattering data obtained from the sample due to the chemical 

composition of ITIC.30,31 The appearance of a very slight slope change in the scattering 

data in panel A makes it hard to accurately determine the size of the phase separation.  
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However, panel B shows a noticeable change in feature shape and position. The  

positions in reciprocal space for the lower and higher mole fraction of ITIC blended 

with PTB7 appears at Q values of 0.0091 Å@A and 0.0028 Å@A, respectively. The change 

in phase separation correlates well with the data obtained for the carbon K-edge 

resonant enhancement shown in panel B of Figure 4.17. Therefore, two things can be 

determined with high certainty. The first is that the energy of 285.2 eV which correlates 

with the carbon K- absorption edge was truly probing the length scale of the small 

molecule acceptor, due to having a significant contribution from ITIC at that energy. 

Secondly, the length scale of phase separation for ITIC in PTB7 can be confidently 

determined as increasing with increasing mole fraction of ITIC. The actual real-space 

values of phase separation determined are 69.5 nm and 224.3 nm, respectively. 

Compared with the values obtained for this sample in Figure 4.17 of 73.1 nm and 232.7 

 

Figure 4.18 REXS at 399.4 eV (Nitrogen K-edge) stitched from close and far 
detector distances for (A) P3HT:ITIC blends, and (B) PTB7:ITIC blends.  
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nm, the values obtained from resonantly enhanced scattering from the nitrogen K-edge 

of ITIC are very similar. 

4.4  Conclusion 

When organic materials are incorporated into a solid-state device, their morphology 

matters for a slew of reasons. In organic OPVs, the =-stacking distance, crystallite 

orientation, and phase-separated length scales between donor and acceptor all have an 

impact on the device performance.6,9,10 Organic materials should be able to withstand 

thermal abuse and retain their electronic, structural, and mechanical properties.15,19,21–

28,33,34 Since organics are often solution-processed, the resultant properties are also 

influenced by their deposition method. The morphology that the organic materials 

adopt in the solid-state needs to be robust and also facilitate the desired properties. 

It is imperative that an understanding of how the morphology of organics change 

in the solid-state with exposure to different environmental conditions, such as chemical 

composition, blending ratio, deposition conditions, increased temperature, and 

mechanical strain. The ultimate technique to investigate morphological changes 

brought about from exposure to different conditions is X-ray scattering because the 

wavelength of radiation can successfully interact and report on the state of molecular 

packing.9,10 X-ray scattering allows for investigations to occur over many length scales 

and is, therefore, a very important technique when needing to glean insight into the 

molecular orientations, packing, and arrangements.  
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GIXD experiments were utilized to determine packing distances at ambient and 

elevated temperatures.20 This technique was also used to investigate the influence of 

four different deposition methods, and for use on determining the crystallite orientation 

distributions of nanofibrous organic materials.35 The orientation and molecular packing 

of semi-conductive conjugated polymers are limiting aspects to device performance in 

organic electronics due to the need for close =-= interactions and isotropic or 

preferential anisotropic charge transport.35  

Compared to GIXD, REXS experiments probe longer length scales and have other 

advantages such as being element-specific. This technique leverages the enhancement 

of scattered electrons in the vicinity of an element’s absorption edge.30,31 These 

scattering techniques are complementary to each other, and should always be 

considered in unison if resources allow. However, a drawback to X-ray scattering 

experiments is that this methodology averages the morphological features over the 

entirety of the probed sample volume. That is why microscopy is often used alongside 

X-ray scattering techniques to parse out real space inhomogeneities or real space 

morphological variations in a sample.10 
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Supporting Information for  

Aqueous Light Harvesting Antennae based on Brush-Like Conjugated 

Polyelectrolyte Complexes: Self-Assembly and Electronic Energy Transfer 
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Figure A1.1 (A) Optical densities of PFNG3, and PFNG3 CPECs formed 
with PTAK at molar charge percentages of 25%, 50%, 75%. (B) Optical 
densities of PFNG9, and PFNG9 CPECs formed with PTAK at molar charge 
percentages of 25%, 50%, 75%. 

 
Figure A1.2 PL intensity quenching data for PFNGX excited at 375 nm 
in the presence of PTAK (A) PFNG3, (B) PFNG6, (C) PFNG9. 
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Figure A1.3 (A) Normalized photoluminescence excitation spectra of 
PFNGX CPECs formed with PTAK at molar charge percentages of 50%.  




