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ABSTRACT 
 
 The semiconducting properties of conjugated polymers are finding use in various 
optoelectronic applications, including chemical sensors and light-emitting diodes.  In this 
thesis, we investigate aggregation in conjugated polymers and how it affects the optical 
properties of these organic materials. 

We discuss how aggregation enhances exciton transport properties in 
fluorescent polymers, thereby increasing the probability of excitons reaching low-energy 
sites in the polymer.  A consequence of this aggregation-enhanced exciton migration is 
that low-energy defect sites in a conjugated polymer can dramatically alter the 
polymer’s fluorescence properties when it is in an aggregated state.  In a poly(p-
phenylene ethynylene) (PPE) that was previously proposed to form green-emitting 
excimers, we found that a small concentration of anthryl defects in the polymer emitted 
green fluorescence that was only noticeable when the polymer was in an aggregated 
state (otherwise the polymer was fluorescent blue).  After elucidating the origin of the 
green fluorescence, we purposely added more emissive anthryl units into the polymer to 
enhance the blue-to-green fluorescence color change that accompanied polymer 
aggregation.  Using this anthryl-doped conjugated polymer, we developed aggregation-
based chemical sensors that exhibited a visually noticeable fluorescence color change 
upon addition of poor solvents or biologically relevant, nonquenching, multicationic 
analytes (e.g., polyamines, neomycin) to the polymer solution. 
 We also studied the effects of aggregation on the optical properties of a chiral 
poly(p-phenylene vinylene) (PPV) derivative in solutions and in films.  We found that the 
organizations and functional properties existing in aggregated polymer solutions can be 
transferred to the film state by controlling the processing conditions.  Using the same 
polymer, we were able to obtain films with different architectures and luminescence 
properties simply by adjusting the spin-casting solvent and film annealing conditions.  
Controlling the organizations and functional properties of conjugated polymer films is 
important in the fabrication of conjugated polymer-based optoelectronic devices. 
 
Thesis Supervisor:  Timothy M. Swager 
Title: John D. MacArthur Professor and Head of the Chemistry Department 
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1.1 Conjugated Polymers 

 Since the discovery of their conductive properties in 1977,1 conjugated polymers 

have been the subject of intensive research.  This important discovery led to the Nobel 

Prize in Chemistry for 2000 being awarded to Shirakawa, MacDiarmid, and Heeger for 

their pioneering development of electrically conductive polymers.2-4  Conjugated 

polymers (also called conducting or semiconducting polymers) are, typically, organic 

macromolecules consisting of a backbone chain with alternating single and multiple 

bonds.  The interactions between the molecular orbitals along the backbone chain result 

in an extended system of delocalized π-electrons.  This conjugated π-electron system is 

responsible for the interesting electronic and optical properties exhibited from these 

organic materials.  Several common examples of π-conjugated polymers are shown in 

Figure 1.1. 
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Figure 1.1 Common examples of π-conjugated polymers. 
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Conjugated polymers possess a unique combination of properties that set them 

apart from other materials: they have the mechanical properties and processing 

advantages of polymers, and they can also exhibit the electronic properties of metals 

and semiconductors.  Another advantage that conjugated polymers have over inorganic 

materials is that their structures and properties can be easily tailored by organic 

synthesis.  The diverse properties of conjugated polymers are finding use in a variety of 

applications including light-emitting diodes, field-effect transistors, chemical sensors, 

electromechanical actuators, and solar cells.  Several monographs have been recently 

written about the synthesis, properties, and applications of conjugated polymers, and 

the interested reader is directed to a selection of these references for a more 

comprehensive introduction and review.5-11  In this chapter, we will introduce only the 

fundamental details and prior research that are directly relevant  to this thesis. 

 

 

1.2 Photophysical Processes in Conjugated Polymers 

 In a small molecule containing an isolated double bond, a π-electron can be 

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

molecular orbital (LUMO) by the absorption of a photon with energy greater than the 

energy gap, Eg, between the two frontier orbitals (Figure 1.2).  In comparison, a similar 

molecule containing conjugated double bonds will have a HOMO higher in energy and a 

LUMO lower in energy.  Since the orbital interactions resulted in a decreased energy 

gap, a lower-energy photon can promote a π-electron from the HOMO to the LUMO.  In 
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a polymer consisting of similar repeating units that are conjugated with each other, the 

energy gap, Eg, can be even smaller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

As shown in Figure 1.2, the interactions between the molecular orbitals in a 

conjugated polymer lead to a band scheme analogous to that traditionally presented in 

solid-state physics for inorganic semiconductors (e.g., silicon).12  The mixing of the 

HOMOs produces a broadened, electron-filled band, analogous to the valence band of 

a semiconductor.  Similarly, the mixing of the LUMOs produces a broadened, empty 

band, analogous to the conduction band of a semiconductor.  As a consequence of 

Figure 1.2 Schematic representations of the interacting highest occupied molecular orbitals 
(HOMO) and lowest unoccupied molecular orbitals (LUMO) in a conjugated system, the 
valence band and conduction band of a semiconducting polymer, and the corresponding 
energy gaps, Eg. Each single-headed arrow represents an electron, which can be excited from 
the HOMO to the LUMO by the absorption of a photon (hν) having energy greater than Eg. 
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these orbital interactions, π-conjugated polymers may exhibit semiconducting 

properties. 

 When a sufficiently energetic photon (hν) is absorbed by a semiconducting 

material, an electron can be promoted from the valence band to the conduction band, 

producing what is known as an “exciton.”  An exciton is an excited-state quasiparticle 

consisting of an electrostatically bound electron–hole pair.13,14  This excited-state 

species can migrate from one location to another until it relaxes by some deactivation 

process.  One of the most useful deactivation processes in conjugated polymers is 

luminescence (i.e., light emission). 

 Luminescence can be classified into two categories, fluorescence and 

phosphorescence, depending on the spins of the electrons involved in the radiative 

transition (Figure 1.3).  If the excited electron has the same spin as the electron in the 

corresponding ground-state orbital, the emission of light is called phosphorescence.  If 

the excited electron has the opposite spin as the electron in the corresponding ground-

state orbital, the emission of light is called fluorescence.  Phosphorescence involves an 

electronic transition from a triplet excited state (with unpaired electron spins) to a singlet 

ground state (with paired electron spins).  Since this transition is formally forbidden by 

quantum-mechanical selection rules, it occurs at a much slower rate than fluorescence, 

which involves an allowed transition between a singlet excited state to a singlet ground 

state.15 Since electronic transitions between the singlet states and the triplet states 

typically occur at negligible rates in conjugated polymers, they will not be discussed any 

further in this thesis.  
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Figure 1.3 State energy diagram of some possible photophysical processes in a 
typical fluorescent molecule. Refer to the text for a detailed description. 

 

There are many other photophysical processes that can occur in electronic 

excited states, and these can be illustrated in a state energy diagram, or Jablonski 

diagram (Figure 1.3).  The singlet ground electronic state is denoted as S0, and the first 

and second singlet excited states are denoted as S1, and S2, respectively.  The first 

triplet excited state is denoted as T1.  Each of these electronic energy levels contains its 

own vibrational energy levels, v = 0, 1, 2, etc.   

Absorption of an energetic photon typically excites an electron from the lowest 

energy state (S0, v = 0) to S1 or S2.  Usually, excited electrons rapidly relax by internal 

conversion (a nonradiative transition accompanied by the release of heat) to the lowest 

vibrational level of S1.  At this excited state (S1, v = 0), the singlet exciton exists long 

enough to migrate over significant distances in a conjugated polymer, which is an 
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important property for chemical sensors (vide infra).  Eventually, the excited electron 

returns to its ground state by a deactivation process, such as fluorescence.  

Fluorescence involves electronic transitions from the lowest vibrational level (v = 0) of 

S1 to the vibrational levels (v = 0, 1, 2, etc.) of the electronic ground state (S0), and 

these radiative transitions are denoted as (0,0), (0,1), (0,2), etc., respectively.  Besides 

fluorescence, the excited state can also be deactivated by electron transfer or energy 

transfer processes involving a fluorescence-quenching defect or analyte (Q) or an 

emissive defect (D). 

 

 

1.3 Fluorescence Quenching 

1.3.1 Fluorescence Quenching by Analytes 

Nonradiative electron transfer or energy transfer processes between a 

fluorescent molecule and another species (Q) can deactivate the excited state of the 

molecule.  These nonradiative transitions compete with the fluorescence transitions, 

and therefore, decrease the fluorescence intensity of the molecule.  This fluorescence 

quenching mechanism has been exploited to construct fluorescent chemical sensors.16  

In 1995, our group demonstrated that the fluorescence-quenching sensory response 

towards an analyte can be amplified using a fluorescent conjugated polymer, which acts 

as a “molecular wire” (Figure 1.4).17,18 
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Figure 1.4 Schematic illustration of a molecular wire sensor exhibiting exciton 
formation, migration, and deactivation by electron transfer or energy transfer between 
the fluorescent conjugated polymer and a fluorescence-quenching analyte (Q). 

 

 The binding of a fluorescence-quenching analyte to a fluorescent conjugated 

polymer can provide an accessible, empty, low-energy LUMO to which an excited 

electron can be nonradiatively transferred.  The efficient exciton transport properties in 

the conjugated polymer enables excited electrons from various locations along the 

polymer backbone to migrate to the binding site containing the analyte, resulting in the 

nonradiative deactivation of many excitons.  Therefore, one quencher can dramatically 

decrease the number of fluorescence transitions of many conjugated polymer 

segments. 

In comparison, a quencher in an unconjugated system of isolated fluorescent 

molecules can decrease the number of fluorescence transitions in only one molecule 

(Figure 1.5).  Excitons created on molecules without bound analytes cannot migrate to 
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the binding site containing the analyte, so their fluorescence is unaffected by the 

quencher. 

 

Figure 1.5 In an unconjugated system of isolated fluorescent molecules, 
one analyte (Q) can quench the fluorescence from only one molecule. 

 

The amplified fluorescence-quenching response of conjugated polymers has 

been used to detect extremely small quantities of a variety of analytes, including 

explosives, metal ions, anions, proteins, carbohydrates, and nucleic acids.19,20 

 

1.3.2 Other Fluorescence-Quenching Mechanisms 

 Besides interactions with a quenching analyte, a conjugated polymer may 

undergo fluorescence quenching by several other mechanisms.  Notably, a conjugated 

polymer may experience fluorescence self-quenching, which is any interaction between 

an excited molecule, M*, and a ground-state molecule of the same type, M, that leads to 

fluorescence quenching of M*.13  For example, an intermolecular excited-state species, 

(MM)*,  may be formed.  This excited-state species, called an excimer, may be 

nonemissive or it may emit a lower-energy photon (see Chapter 2).  Excimer formation 
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would compete with the usual fluorescence transitions; therefore, it would decrease the 

inherent fluorescence of a molecule. 

 Quantum-chemical calculations by Brédas et al. have suggested that the 

formation of π-stacked dimers or higher aggregates may also lead to decreased 

fluorescence intensities in conjugated polymers.21-25  They calculated that HOMO and 

LUMO interactions between trans-stilbene molecules in a π-stacked dimer can lead to a 

splitting of the corresponding energy levels, resulting in a new HOMO and LUMO.  

Electronic transitions between the new energy levels are constrained by selection rules 

related to the symmetry of the dimer.  The electronic transition between the dimer 

HOMO and LUMO is symmetry-forbidden, resulting in significantly weaker fluorescence 

from the dimer in comparison to that from isolated molecules. 

 Fluorescence quenching in conjugated polymers may also be facilitated by the 

formation of interchain species, called “polaron pairs,”26,27 which are interchain electron–

hole pairs held together by electrostatic interactions (similar to the usual intrachain 

excitons).  The electronic transitions between an excited-state polaron pair to an 

electronic ground state are nonradiative and, therefore, quench the fluorescence of 

aggregated conjugated polymers. 

 The presence of chemical defects and impurities in a conjugated polymer can 

also lead to fluorescence quenching.28  For example, oxidative degradation in poly(p-

phenylene vinylene) (PPV) can break the double bond of the vinyl group to produce a 

carbonyl moiety.  The presence of carbonyl groups, which can be considered as π-

electron acceptors, lead to nonradiative electron transfer processes between the PPV 

chains, resulting in fluorescence quenching of the polymer.22  In contrast to these 
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nonemissive carbonyl defects, which only reduce the inherent fluorescence intensity of 

the polymer, the presence of emissive defect sites can also produce new fluorescence 

transitions.  The role of emissive defect sites will be discussed in greater detail in 

Chapters 2 and 3. 

 

 

1.4 Exciton Migration in Aggregated Conjugated Polymers 

The high sensitivity achieved by many conjugated polymer-based fluorescent 

chemical sensors relies on the efficient exciton migration (i.e., energy migration) 

properties of the semiconducting polymer.  In a dilute solution, an exciton in a 

conjugated polymer can probe many repeating unit species, whereas the excited state 

of an isolated small molecule can only probe the binding sites in one molecule.17,18  As 

described earlier, if an exciton in a conjugated polymer migrates to a binding site 

containing a quenching analyte, the electron from the conduction band can be 

effectively trapped in the vacant, low-energy LUMO of the analyte (Figure 1.4).  The 

electron transfer or energy transfer processes between the excited conjugated polymer 

and the quenching analyte are nonradiative transitions, and therefore, the inherent 

fluorescence of the polymer is effectively quenched by the analyte.   

Exciton migration in a dilute conjugated polymer solution can be approximated by 

a one-dimensional random walk within an isolated polymer chain (Figure 1.6).  In this 

model, excitons randomly move back and forth along the backbone chain with a high 

probability of revisiting the same polymer segments many times.  Excitons exist for only 

a finite lifetime (e.g., 0.5 ns) before relaxing back to the ground electronic state by 
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fluorescence or another deactivation process, such as electron transfer to a quenching 

analyte (represented by the green octagons).  Therefore, an exciton that revisits empty 

binding sites will be relatively inefficient at detecting a bound analyte.   

 

 

Figure 1.6 Schematic representations of exciton migration in conjugated polymers in 
a dilute solution, an aggregated solution, and a solid film. 

  

Exciton migration efficiency can be enhanced by decreasing the number of times 

an exciton revisits an empty binding site.  This enhancement can be achieved by 

increasing the number of exciton migration pathways29,30 through polymer aggregation.  

In an isolated polymer chain, only intrachain exciton migration is possible.  If the 

polymers are aggregated within close proximity to each other, interchain exciton 

migration becomes possible.  In aggregated conjugated polymer solutions, this 

enhanced exciton transport increases the probability that an exciton will find a specific 

site in the conjugated polymer. 

In a solid film state, conjugated polymer chains are aggregated in very close 

contact with many other chains.  Therefore, excitons can move even more freely by a 

three-dimensional random walk, which means that an exciton will revisit an empty 

binding site only a minimal number of times before encountering a deactivation 
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pathway.  The efficient exciton migration in conjugated polymer films has led to the 

development of very sensitive chemical vapor sensors.  In 1998, our group reported the 

synthesis of highly fluorescent, electron-rich conjugated polymer films that underwent 

fluorescence quenching in the presence of trace amounts of electron-poor analytes, 

such as trinitrotoluene (TNT), a compound used in explosives.31,32 

 

 

1.5 Aggregation Effects in Conjugated Polyelectrolyte-Based 

Chemical Sensors 
  

Aggregation-enhanced exciton migration in conjugated polymers has also played 

a role in the development of extremely sensitive solution-state chemical sensors.  In 

1999, Whitten et al. reported33 the sensitive fluorescence quenching of a dissolved 

conjugated polyelectrolyte (CPE), which is a conjugated polymer functionalized with 

multiple ionic groups.34  The authors found that the fluorescence of an anionic poly(p-

phenylene vinylene) derivative (labeled as MPS-PPV in Scheme 1.1), was very 

effectively quenched by a dicationic analyte, dimethyl viologen (MV2+). The highly 

sensitive response, termed “superquenching,”35 was attributed to a combination of 

factors, including efficient exciton migration to quencher sites and a strong association 

between the cationic quencher and the polyanionic polymer, caused by electrostatic and 

hydrophobic interactions.  However the authors did not recognize that the dicationic 

MV2+ also promoted aggregation between MPS-PPV chains even under dilute 

conditions, leading to other fluorescence quenching mechanisms.20 

 



 34 

Scheme 1.1 Structures of MPS-PPV, MV2+, and MBL-PPV. 
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 Using a similar polyanionic polymer, Heeger et al. investigated the fluorescence 

quenching between MBL-PPV (Scheme 1.1) by the same dicationic quencher MV2+.36,37  

The authors observed that as the quencher concentration increased, the efficiency of 

fluorescence quenching dramatically increased (superlinearly).  This effect was initially 

attributed to a “sphere-of-action quenching mechanism” (an enhanced local 

concentration of quenchers in the proximity of the luminescent polymer),15 but many 

subsequent studies showed that analyte-induced aggregation of the conjugated 

polyelectrolyte chains was responsible for this effect.38-43  As discussed in the previous 

section, aggregation in conjugated polymers can lead to enhanced exciton migration to 

quenching sites, as well as other fluorescence-quenching processes.  Thus, 

aggregation in conjugated polyelectrolytes can dramatically increase fluorescence 

quenching responses. 

In another study, Heeger et al. also found that the fluorescence quenching 

efficiency increased as the number of positive charges on the viologen quencher 

increased.44,45  This result was attributed to the ability of highly charged quenchers to 

form more strongly bound complexes with the polyanionic conjugated polymer.  It was 
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also attributed to a greater “sphere-of-action quenching mechanism” by highly charged 

quenchers.  However, the enhanced fluorescence quenching by highly charged 

analytes could also be attributed to the ability of the additional charged sites to 

effectively induce interchain aggregation.41 

The dependence of polymer aggregation behavior on the number of charged 

sites on an analyte can impart selectivity to the response of a chemical sensor (see 

Chapter 3).  Unfortunately, aggregation in conjugated polyelectrolytes is not a very 

specific response, and a number of other factors can affect aggregation, including 

solvent polarity, solution ionic strength, interfering multicationic or multianionic species, 

and temperature.  Despite the problem of nonspecificity, conjugated polyelectrolytes 

may still be useful in chemical sensing applications as components of sensor arrays.20 

 

 

1.6 Nonquenching Analytes and Emissive Defects 

 Not all desired analytes for chemical sensing applications can directly quench the 

fluorescence of conjugated polymers by electron transfer or energy transfer processes.   

Such analytes are herein described as “nonquenching”.46,47  Additionally, not all defects 

in conjugated polymers are nonemissive like the carbonyl defect in degraded poly(p-

phenylene vinylene) (PPV), described in Section 1.3.  Taking another look at the state 

energy diagram in Figure 1.3, a low-energy, emissive defect (labeled as D) can provide 

another possible deactivation pathway for the excited state.  Also, in Figure 1.6, the 

exciton trap sites (represented by the green octagons) may also refer to emissive 

species, not just nonemissive, quenching species.  If low-energy sites are located in a 
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conjugated polymer, they will act as efficient exciton traps since exciton migration only 

advances from high-energy sites (e.g., the polymer segments) to low-energy sites, and 

not in the opposite direction.  These low-energy sites can either nonradiatively quench 

the fluorescence intensity or emit low-energy photons.  In Chapters 2 and 3, we will 

describe examples of nonquenching analytes and emissive defects that can significantly 

alter the fluorescence properties of conjugated polymers.  We will demonstrate that a 

small concentration of emissive defect sites in a conjugated polymer can dominate the 

fluorescence properties of aggregated solutions and films. 

 

 

1.7 Conformations of Conjugated Polymers in Solutions and Films 

 The electronic and optical properties of a conjugated polymer can be heavily 

influenced by how it is assembled and organized.48,49  As discussed in Section 1.3.2, 

intermolecular interactions between closely assembled conjugated polymer chains 

generally lead to self-quenching of fluorescence intensity.  Intermolecular interactions 

may also lead to changes in transition wavelengths (i.e., the energies of emitted 

photons).  For example, if two chromophores are adjacent to each other, their excited-

state energy levels may interact with each other when one of the chromophores is 

excited.  This delocalized excitation (exciton coupling)50 results in a splitting of the 

locally excited states (i.e., exciton splitting) (Figure 1.7).   
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Figure 1.7 State energy diagrams for a J-aggregate, an H-aggregate, and an oblique orientation 
of two chromophores. The dashed arrows represent forbidden transitions, and the long, solid 
arrows represent allowed transitions. The pairs of small arrows represent induced electric dipoles 
in the interacting chromophores. 
 

1.7.1 J-Aggregates and H-Aggregates 

As shown in Figure 1.7a, if the electric dipoles of the two chromophores are 

organized in a top-to-bottom alignment (J-aggregate), only the transition to the lowest 

excited-state energy level is allowed by selection rules.  Therefore, the lowest-energy 

electronic transition in a J-aggregate will be lower in energy than that in isolated 

chromophores (e.g., the aggregate absorption band will be red-shifted).  In contrast, if 

the electric dipoles of the two chromophores are organized in a parallel alignment (H-

aggregate), only the transition to the higher excited-state energy level is allowed by 

selection rules (Figure 1.7b). Therefore, the lowest-energy electronic transition allowed 

in an H-aggregate will be higher in energy than that in isolated chromophores (e.g., the 

aggregate absorption band will be blue-shifted).  Since excited electrons rapidly relax 

from higher energy levels to the lowest energy excited state (as described in Section 

1.2), and since the lowest-energy electronic transition is forbidden, fluorescence 

processes in an H-aggregate will be inefficient. 
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1.7.2 Chiral Orientations and Exciton-Coupled Circular Dichroism Spectroscopy 

 If the two chromophores are arranged in an oblique orientation, electronic 

transitions to both excited-state energy levels are allowed (Figure 1.7c).  Notably, if the 

chromophore orientation is chiral, then it can be probed by circular dichroism (CD) 

spectroscopy, which is a widely used technique for the conformational analysis of chiral 

molecules and materials.51-53  Chirality (i.e., handedness) is a geometric property of an 

object being non-superimposable on its mirror image.  Compared to ultraviolet–visible 

(UV–vis) absorption spectroscopy, CD spectroscopy can more easily detect exciton 

coupling in chromophores organized in a chiral orientation because the two electronic 

transitions involving the split energy levels give rise to CD signals (Cotton effects) that 

are oppositely signed.  Importantly, the CD spectrum of exciton-coupled chromophores 

can also be directly correlated with the relative orientation of the two electric dipole 

transition moments (Figure 1.8). 

 

 

Figure 1.8 Illustration of the exciton chirality rule, which correlates a) a negative 
CD couplet to M-chirality, and b) a positive CD couplet to P-chirality. 
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According to the exciton chirality rule,54  when the electric dipoles are oriented in 

a negative torsion angle (M-chirality), the long-wavelength component of the exciton 

couplet exhibits a negative CD signal and the short-wavelength component exhibits a 

positive CD signal (Figure 1.8a).  This bisgnate spectral pattern is referred to as a 

negative CD couplet.55  Analogously, when the electric dipoles are oriented in a positive 

torsion angle (P-chirality), the long-wavelength component of the exciton couplet 

exhibits a positive CD signal and the short-wavelength component exhibits a negative 

CD signal (Figure 1.8b). This bisgnate spectral pattern is referred to as a positive CD 

couplet.55  Therefore, an exciton-coupled circular dichroism (ECCD) spectrum can 

elucidate the chiral organization of the electric dipole transition moments of the 

interacting chromophores.  In Chapters 4 and 5, we will use circular dichroism 

spectroscopy to probe the conformations of chiral conjugated polymers in solutions and 

films. 

 
 

1.8 Controlling the Architectures and Properties of Conjugated 

Polymer Films: Implications for Conjugated Polymer-Based Devices 
  

Most conjugated polymer-based devices, such as light-emitting diodes, field-

effect transistors, chemical vapor sensors, and solar cells, are constructed using 

conjugated polymers in their solid film state.  Therefore, it is important to be able to 

understand and control the polymer film architecture in order to optimize device 

performance.  For a solution-processed conjugated polymer, the final architecture in the 

solid film is dependent on how the polymer is assembled in its solution state.49,56-58  In 
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Chapter 4, we will investigate the relationship between the conformation of a chiral 

conjugated polymer in solution and its architecture in a solid film.  To prepare a polymer 

film on a substrate, we employed spin-casting (i.e., spin-coating) deposition (Figure 

1.9).  This deposition technique involves applying an excess of a polymer solution onto 

a glass or quartz substrate and then rapidly spinning the system.  The rapid spinning 

motion spreads the polymer solution evenly over the substrate by centrifugal force, and 

it also facilitates solvent evaporation, leaving behind a uniform polymer film on the 

substrate. 

 

 

Figure 1.9 Illustration of spin-casting deposition of a polymer solution to prepare a 
uniform film, and fluorescence photographs of a solution (left) and spin-cast film (right) 
of a poly(p-phenylene vinylene) derivative (PPV1 in Chapters 4 and 5), irradiated with a 
365 nm mercury lamp. 

 

 In Chapter 5, we will discuss how to transfer the conformational organization and 

optical properties of an aggregated conjugated polymer from the solution state to the 

film state.  Controlling the organization-dependent properties of a conjugated polymer is 

important in optimizing deposition and processing techniques of films for conjugated 

polymer-based optoelectronic devices. 
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Chapter 2 
 

Enhanced Luminescence from Emissive Defects 
in Aggregated Conjugated Polymers 
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2.1 Introduction 

 One of the most widely studied applications for conjugated polymers is in light-

emitting diodes.1  Robust polymer light emitting diodes (PLEDs) with sufficiently long 

working lifetimes have been assembled using π–conjugated polymers that emit green, 

red, and yellow light; however, constructing a PLED with a stable, blue-emitting polymer 

film still remains a formidable challenge.2 One of the most popular classes of 

conjugated polymers for blue PLEDs is 

polyfluorene and its derivatives (Scheme 2.1).3,4  

However, the stability and working lifetime of 

these conjugated polymers are still limited.  

Under normal operating conditions, the light emission from poly(9,9-dialkylfluorene) 

PLEDs can change in color from the desired blue to an unwanted green.  The new, low-

energy, green band in the polyfluorene emission spectrum was initially attributed to the 

formation of emissive aggregates and/or excimers.5,6  Generally, an excimer is an 

intermolecular excited-state species, (MM)*, formed by the interaction between an 

electronically excited chromophore, M*, and an unexcited chromophore of the same 

type, M (Equation 2.1).   

(Eq. 2.1) 

 Typically, excimers are spectroscopically characterized by broad, vibrationally 

unstructured, low-energy emission bands with long excited-state lifetimes.7,8  In addition 

to polyfluorene, conjugated polymer excimers have also been previously reported9 in 

heterocyclic, rigid-rod conjugated polymers,10-12 ladder-type poly(p-phenylene)s,13 and 

cyano-substituted poly(p-phenylene vinylene)s.14  Recently, our group has reported the 

n n
C6H13C6H13

Scheme 2.1 Polyfluorene, left, and a 
poly(9,9-dialkylfluorene), right. 
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M
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synthesis of highly emissive conjugated polymer excimers based on poly(p-phenylene 

ethynylene) (PPE) containing [2.2.2] bicyclic ring systems having an alkene bridge 

substituted with ester groups, labeled in Figure 2.1a as anti-PPE.15  When anti-PPE 

was dissolved in dilute chloroform solution, the polymer chains were isolated from each 

other, so the emission spectrum (Figure 2.1b) was dominated by the inherent short-

wavelength (0,0) emission of the polymer around 432 nm and the accompanying (0,1) 

emission7 at 459 nm.  Emission at these wavelengths made the solution appear 

fluorescent blue when irradiated with ultraviolet light.  However, when anti-PPE was 

aggregated in either a concentrated solution, a multilayer thin film, or a spin-cast film, it 

exhibited a new, low-energy, green emission band, similar to those observed in 

polyfluorene films.  As the thickness of the spin-cast film increased, the emission 

intensity of the green band increased relative to the inherent blue emission of the 

polymer (Figure 2.1c).  This effect was attributed to two factors.  First, thicker films 

would have a greater probability of excimer formation since there would be a higher 

ratio of polymer–polymer interfaces relative to polymer–air and polymer–substrate 

interfaces.  Second, thicker films would have enhanced exciton migration from high-

energy sites (e.g., polymer chain segments) to low-energy sites (e.g., excimers).  This 

phenomenon arises from migrating excitons being more efficient, according to random-

walk statistics, at sampling a larger number of different sites in thick three-dimensional 

films than in thin two-dimensional films.16  In the present study, we investigated this 

phenomenon of aggregation-enhanced exciton migration in conjugated polymers, and 

we studied how it led to amplified green emissions from these PPE films. 
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Figure 2.1 (a) Structure of anti-PPE, (b) normalized absorption and emission spectra of anti-
PPE in chloroform solution (dotted line) and as a spin-cast film (solid line), and (c) normalized 
emission spectra of anti-PPE as a function of the absorption optical density (OD) of the film, 
indicative of its thickness, which was controlled by adjusting the concentration of the spin-
casting solution. (Adapted with permission from reference 15, copyright 2005 American 
Chemical Society.) 
 

 The origin of the low-energy, green emission bands in various conjugated 

polymer films have been under much debate over the past few years.  Several groups 

have recently argued that the green bands in the polyfluorene emission spectrum were 

actually not due to the presence of emissive conjugated polymer aggregates or 

excimers, but due to the formation of emissive on-chain defects.17-29  It has been 

proposed that polyfluorenes can easily undergo oxidative degradation, resulting in the 

formation of fluorenone defects sites on the polymer chain (Figure 2.2).  
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Figure 2.2 Oxidative degradation of poly(9,9-dialkylfluorene) to 
produce fluorenone on-chain defects. 
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 Since conjugated polymer films are very efficient at funneling excitons from high-

energy sites (e.g., the blue-emitting fluorene segments) to low-energy sites (e.g., the 

green-emitting fluorenone defects), only a small concentration of low-energy defect sites 

is necessary to effectively alter the polymer film emission from blue to green.  This 

efficient exciton transport16,30,31 in conjugated polymer films makes them very sensitive 

to the presence of emissive defects, emission-quenching defects, and emission-

quenching analytes targeted for sensor applications.32-34  Therefore, we decided to 

further investigate the origin of the green emission bands from films of PPEs containing 

[2.2.2] bicyclic ring systems having an alkene bridge substituted with ester groups.  We 

examined whether the green emission actually originated from excimers, as originally 

proposed,15 or from emissive defects similar to those in polyfluorene systems. 

  

 

2.2 Results and Discussion 

2.2.1 Preliminary Degradation Studies 

 One of the biggest limitations of implementing organic materials in semiconductor 

devices is the poor stability of many organic structures, leading to short working 

lifetimes relative to inorganic materials, such as silicon.2,35  Although this stability 

problem is well known in the field of conjugated polymers, it is still commonly 

overlooked.  To investigate whether the green emission from films of anti-PPE 

originated from excimers or emissive defects formed by degradation, we characterized 

the polymer before and after purposely degrading it (Figure 2.3).  First, anti-PPE (Mn = 

39 kDa) was resynthesized according to a previously reported procedure (Scheme 
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2.2).36  This polymer was reported to have a relatively high ionization potential, partially 

due to its electron-withdrawing, perfluorinated alkyl chains.  For the present study, spin-

cast films of the polymer were subjected to photodegradation in an ambient air 

atmosphere or in an inert nitrogen atmosphere.  Both types of light exposure resulted in 

enhancements of the green band fluorescence intensity relative to the inherent blue 

(0,0) emission of the polymer (around 439 nm).  For thermal degradation studies, a bulk 

sample of anti-PPE was heated to 300 ˚C in an inert helium atmosphere using a 

thermogravimetric–mass spectrometer (vide infra).  The degraded polymer was then 

dissolved in chloroform, filtered, and then spin-cast into a film.  Similar to those of the 

photodegraded polymer films, the fluorescence spectrum of the thermally degraded 

polymer also showed an enhanced emission intensity of the green band relative to the 

inherent blue (0,0) emission of the polymer (around 440 nm). 

 



 51 

 

Figure 2.3 (a) Fluorescence spectra of an anti-PPE spin-cast film (OD = 0.24), upon 
photoirradiation with a fluorometer (excitation wavelength λex = 375 nm, bandpass = 2.5 nm) in 
an ambient air atmosphere.  (b) Fluorescence spectra (λex = 375 nm) of anti-PPE spin-cast films, 
before (red) and after (blue) the film (OD = 0.23) was irradiated for 3.5 minutes with a UVP Pen 
Ray mercury lamp (254 nm) in an inert nitrogen (glovebox) atmosphere.  Green line: 
fluorescence spectrum (λex = 375 nm) of a spin-cast film (OD = 0.12) of a sample of anti-PPE 
that was previously heated to 300 ˚C in an inert helium atmosphere. 
  

As the relative fluorescence intensity of the green band increased, the 

wavelength position of the green band also increased (from 489 nm to 510 nm).  This 

apparent bathochromic shift of the green band may result from a reduced contribution 

from the blue emission to the sum of the fluorescence intensity.  For example, the red 

line in Figure 2.3b shows that the untreated film exhibited a green emission peak 

around 489 nm, which undoubtedly contained significant contributions from the spectral 

shoulders of the (0,0) and (0,1) emission bands of the polymer (located around 439 nm 

and 468 nm, respectively).  In comparison, the fluorescence spectrum of the thermally 

degraded polymer (green line in Figure 2.3b) revealed only a small blue emission band 

(around 440 nm), which can, therefore, only have a small contribution to the green band 

intensity.  With only a small intensity contribution from the blue (0,0) and (0,1) emission 

green 
band 

green 
bands 



 52 

bands, the green band emission maximum was observed at a longer wavelength (510 

nm).  The bathochromic shift of the green band may also be caused by an increased 

number of defect sites that were positioned adjacent to each other.  Adjacent defect 

sites could be more electronically delocalized than isolated defect sites, resulting in 

fluorescence at slightly longer wavelengths.  For these reasons, the fluorescence 

spectrum that was most dominated by the emission from the green-emitting species 

also had the longest wavelength of the green band emission maximum. 

 The degradation experiments demonstrated that the green emission from the 

polymer film can be enhanced by simply decomposing the polymer by photoirradiation 

or by thermal degradation.  This demonstration suggested that the green bands may 

actually originate from emissive defect sites rather than emissive aggregates or 

excimers. 
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Scheme 2.2 Synthesis of anti-PPE and syn-PPE.a 
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a (a) n-C8F17I, Cu, DMSO, 2,2’-bipyridine, 70 ˚C; (b) NBS, H2SO4, TFA, 60 ˚C; (c) DMAD, 
xylenes, 155 ˚C; (d) TBAF, THF, rt; (e) Pd(PPh3)4, CuI, PhMe, iPr2NH, 70 ˚C.  Synthetic 
procedures were adapted from reference 36. 
 

2.2.2 Simulating a Degraded Polymer 

 To elucidate the identity of the green-emitting defect species, we synthesized 

several other PPEs.  First, we synthesized the syn-isomer of anti-PPE, labeled in 

Scheme 2.2 as syn-PPE.  A spin-cast film of syn-PPE (28 kDa) had an emission 

spectrum (Figure 2.4) exhibiting a green band that was red-shifted by about 52 nm from 

the inherent short-wavelength (0,0) emission band of the polymer, similar to the 

emission spectrum of the anti-PPE film (Figure 2.1).  Therefore, the green-emitting 

defect species existed in both anti-PPE and syn-PPE, and the green band emission 

was not unique to a specific molecular geometry.  Analogous to anti-PPE, when we 
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thermally degraded syn-PPE, filtered it, and then spin-cast the polymer into a film, its 

emission spectrum exhibited a green band with enhanced relative intensity (vide infra). 

 

 

Figure 2.4 Absorption (dashed) and normalized fluorescence (solid) spectra of 
syn-PPE in chloroform solution (blue) and as a spin-cast film (green). 
Fluorescence spectra were obtained using an excitation wavelength λex = 375 nm. 

 

 Both anti-PPE and syn-PPE contain [2.2.2] bicyclic ring systems having alkene 

bridges substituted with ester groups, formed by two Diels–Alder reactions between 4 

and dimethyl acetylenedicarboxylate (DMAD).  Our group previously proposed that the 

[2.2.2] ring system containing an alkene bridge substituted with ester groups was pivotal 

to excimer formation.15  Our group has also synthesized PPEs that contain [2.2.2] 

bicyclic ring systems formed by Diels–Alder reactions between an anthracene moiety 

and either N-methylmaleimide or N-phenylmaleimide.37  Notably, these polymers were 

reported to undergo retro-Diels–Alder reactions upon heating above 210 ˚C in an inert 

nitrogen atmosphere (Figure 2.5).  The product of the retro-Diels–Alder reaction 

contained anthracene moieties conjugated to the PPE main chain.  The new anthryl 

green 
band 
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units provided additional electronic delocalization that would lead to lower-energy 

electronic transitions in the polymer.  As a result, solutions of the thermally reacted 

conjugated polymer fluoresced at longer wavelengths than solutions of the unheated 

PPE. 
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Figure 2.5 Retro-Diels–Alder reaction in a PPE containing a [2.2.2] bicyclic ring system.37 

 

 The thermal reactivity of these [2.2.2] bicyclic ring systems suggested that the 

anti-PPE and syn-PPE polymers may also undergo C–C bond cleavage at the 9,10-

positions to produce similar anthracene-containing defect sites (Figure 2.6). 
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Figure 2.6 Proposed degradation product from the photoirradiation 
or heating of syn-PPE. 
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 To construct a model of the degraded polymer, we first synthesized an anthryl 

comonomer 8, which we then added into the Sonogashira–Hagihara cross-coupling 

polymerization in various comonomer ratios (Scheme 2.3). 

 
Scheme 2.3 Synthesis of the Model Degradation Polymers syn-PPEy

a 

 
a (a) DMAD, xylenes, 140 ˚C; (b) TBAF, THF, rt; (c) Pd(PPh3)4, CuI, PhMe, iPr2NH, 70 ˚C. 

 

 

 The resulting statistical copolymer, doped with various amounts of anthryl 

comonomer, was named syn-PPEy, where the subscript y denotes the molar 

percentage of anthryl dopants 8 of the total diacetylene comonomers (syn-6 + 8) added 

into the polymerization reaction.  The 1H NMR spectra of the doped polymers, syn-

PPEy, as well as the undoped syn-PPE, all showed low-intensity signals in the δ 8.12–

7.55 ppm aromatic region (Figures 2.A.7–12 in the Appendix) that generally increased 
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in relative abundance as the percentage of anthryl comonomer increased.  These low-

intensity, aromatic, impurity signals were also observed in the 1H NMR spectra of anti-

PPE (Figures 2.A.5–6), which was consistent with the NMR spectrum previously 

obtained for the same polymer.38  Table 2.1 shows that the integration ratio, R(8.1/6.0), 

of the low-intensity aromatic proton signal around 8.1 ppm to the bridgehead proton 

signal (around 6.0 ppm), increased as the amount of anthryl dopant increased.  In 

comparison, the NMR spectra of the thermally degraded (300 ˚C) anti-PPE (Figures 

2.A.13–14) had an R(8.1/6.0) value of 0.029, which is characteristic of the anthryl-doped 

PPEs.  Degradation at such a high temperature also resulted in additional impurity 

signals around δ 1.7–0.8 ppm due to the generation of other decomposition products.  A 

10% decrease in the number-average molecular weight, Mn, of the polymer also 

accompanied the degradation (Table 2.1).  When syn-PPE was similarly degraded 

under an inert helium atmosphere, but at a slightly lower temperature (250 ˚C), the NMR 

spectra (Figures 2.A.15–16) of the degraded polymer appeared similar, with an 

R(8.1/6.0) value of 0.039.  However, since the aromatic impurities in the polymers were 

present in relatively small amounts, it was difficult to quantify them accurately.  To help 

identify the aromatic impurity, the optical properties of the polymers were compared.  

The absorption and emission spectra of the syn-PPEy copolymers and the thermally 

degraded syn-PPE are shown in Figure 2.7 and summarized in Table 2.2. 
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Table 2.1 1H NMR Integration Ratios for the anti- and syn-PPEs.a 

Polymer 
 

Mn (kDa) % anthryl 
comonomer 

R(8.1/6.0) 

anti-PPE 39 0 0.018 
syn-PPE 28 0 0.018 
syn-PPE1 21 1 0.027 
syn-PPE9 13 9 0.066 

thermally degraded anti-PPE 35 n/a 0.029 
thermally degraded syn-PPE 20 n/a 0.039 

a R(8.1/6.0) denotes the NMR integration ratio of the proton resonance 
signal around 8.1 ppm to the proton resonance signal around 6.0 ppm. 

 

 The optical effects of incorporating anthracene groups into the polymer backbone 

of a PPE had been previously studied by Swager et al.39  They showed that the addition 

of small comonomer concentrations (7%) of anthracene groups resulted in emission 

spectra with new, intense, long-wavelength emission bands.  The results of this 

previously reported study were consistent with the emission spectra of the synthesized 

syn-PPEy, which also contained small concentrations of anthryl dopants. 
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Figure 2.7 Absorption (dashed) and normalized fluorescence (solid) spectra of (a) syn-PPE1, (b) 
syn-PPE9, and (c) thermally degraded syn-PPE in chloroform solution (blue) and as spin-cast 
films (green). Fluorescence spectra were obtained using an excitation wavelength λex = 375 nm. 
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Table 2.2 Summary of Optical Properties of syn-PPEy Copolymers. 
Absorptiona λmax (nm) Fluorescenceb λmax (nm) / Excited State Lifetimec (ns) Polymer 

 In CHCl3 Film In CHCl3 Film Igreen/Iblue
d 

syn-PPE 
 

414 nm 398 nm 432 nm / 0.37 ns 432 nm / < 0.05 ns 
487 nm / 0.54 ns (73%), 

1.5 ns (27%) 

1.6 

syn-PPE1 

 
414 nm 398 nm 432 nm / 0.38 ns 434 nm / < 0.05 ns 

501 nm / 0.90 ns (60%), 
1.9 ns (40%) 

3.2 

syn-PPE9 

 
399 nm, 
shoulder  
> 450 nm 

389 nm, 
shoulder  
> 450 nm 

431 nm / 0.41 ns 
507 nm / 0.43 ns (81%), 

1.8 ns (19%) 

432 nm / < 0.05 ns 
516 nm / 0.83 ns (56%), 

1.8 (44%) 

46 

thermally 
degraded 
syn-PPE 

413 nm, 
shoulder  
> 450 nm 

415 nm, 
shoulder  
> 450 nm 

433 nm / 0.44 ns 
511 nm / 1.6 ns 

435 nm / < 0.05 ns 
513 nm / 0.61 ns (74%), 

1.8 ns (26%) 

16 

a Absorption spectra matched the excitation spectra (obtained using emission wavelengths = 510–
535 nm). b Fluorescence spectra were obtained using an excitation wavelength λex = 375 nm.       
c Excited state lifetimes were measured by Dr. Steven E. Kooi at the Institute for Soldier 
Nanotechnologies, Cambridge, MA. d For films, Igreen/Iblue is the ratio of green band (~500 nm) 
maximum fluorescence intensity to the blue band (~432 nm) maximum fluorescence intensity. 
 

 Compared to that of the undoped syn-PPE, the film of syn-PPE1 exhibited a 

green emission band with significantly greater relative intensity (Igreen/Iblue = 1.6 and 3.2, 

respectively) due to the presence of the additional anthryl units.  Furthermore, syn-PPE 

and syn-PPE1 appeared to have comparable excited state lifetimes in both solutions 

and films.  This suggests that the low-energy anthryl sites in syn-PPE1 were 

responsible for the long (1.5–1.9 ns) excited state lifetimes observed in the films’ green 

emission region.  Therefore, the long excited state lifetime (1.5 ns) observed in the 

undoped syn-PPE film was unlikely due to the presence of excimers. 

 As expected, the film of syn-PPE9 had an emission spectrum that was 

dominated by the green emission band (Igreen/Iblue = 46).  At such a high anthryl 

comonomer dopant level of 9%, even dilute chloroform solutions of syn-PPE9 exhibited 

a noticeable green band emission (at 507 nm).  The green band emission of the solution 
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also had a long excited state lifetime component (1.8 ns), supporting that anthryl units 

were responsible for the long-lived, low-energy excited states. 

 When syn-PPE was thermally degraded at 250 ˚C in an inert helium atmosphere, 

it exhibited similar spectral characteristics (Figure 2.7c) as those of syn-PPE9 (Figure 

2.7b).  Solutions of both the thermally degraded syn-PPE and syn-PPE9 emitted a 

distinct, long-lived, green band around 507–511 nm.  Both solutions also showed a 

noticeable shoulder above 450 nm in the absorption spectra, which can be attributed to 

the absorption of the anthryl unit conjugated to the PPE backbone.  In agreement, the 

(unconjugated) anthryl monomer, 8, also exhibited a red-shifted absorption spectrum 

relative to those of the anti-6 and syn-6 monomers, due to the additional electronic 

delocalization provided by the aromatic anthracene moiety (Figure 2.8). 

 

Figure 2.8 Normalized absorption spectra of anti-6 (red), syn-6 
(blue), and the anthryl monomer, 8 (green), dissolved in 
chloroform. 

 

Excitation of both solutions of the thermally degraded syn-PPE and syn-PPE9 

with low-energy (459 nm) photons resulted in emission spectra exhibiting only one 
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distinct band around 507–511 nm (Figure 2.9).  The lack of a (0,1) fluorescence band or 

shoulder (at wavelengths below 480 nm) showed that the low-energy, 459 nm photons 

could not photoexcite the PPE chains to any considerable extent.  These spectral 

features suggested that the luminophores responsible for the green emission bands can 

be directly excited from an electronic ground state, which does not exist in an excimer.7   

 

Figure 2.9 Absorption (dashed) and normalized fluorescence (solid) spectra of syn-PPE9 (blue) 
and thermally degraded syn-PPE (red) in chloroform solution. Fluorescence spectra were 
obtained using an excitation wavelength λex = 375 nm. The low-energy fluorescence spectra of 
each polymer were obtained by excitation at 459 nm (purple and brown, respectively). 
 

 The thermally degraded anti-PPE also exhibited similar spectral properties in the 

film state (Figure 2.3b) and in the solution state (Figure 2.10).  As expected, the 

emission spectra of the solution also revealed a low-energy green band at 512 nm, 

which could be directly excited by photoirradiation at 459 nm.  Therefore, the green-

emitting species in these polymers can be excited either indirectly by energy transfer 

from a higher-energy species (e.g., photoexcited PPE chain segments) or directly by 

low-energy (459 nm) photoirradiation.  The spectral similarities between the thermally 
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degraded undoped PPEs and the anthryl-doped syn-PPE9 support that the unknown, 

long-lived, green-emitting species are, in fact, anthryl defect sites. 

 

Figure 2.10 Absorption (dashed) and normalized fluorescence (solid) spectra of thermally 
degraded anti-PPE (blue) in chloroform solution. The fluorescence spectrum was obtained using 
an excitation wavelength λex = 375 nm. The low-energy fluorescence spectrum (purple) was 
obtained by excitation at 459 nm. 
 

 The formation of small quantities of anthryl defect sites in the PPE chain may 

have occurred during the polymerization reaction, which required heating at elevated 

temperatures (70 ˚C) for 3 days, and also possibly during exposure to ambient light.  

Unfortunately, conjugated polymers that are susceptible to such degradation will 

inevitably vary in purity between different samples, making accurate quantitative 

comparisons difficult.  As mentioned earlier, the mechanism for thermally induced 

anthryl formation in a previously reported37 PPE that also contained [2.2.2] bicyclic ring 

systems was proposed to be via a retro-Diels–Alder reaction (Figure 2.5).  To 

investigate the degradation mechanism in our present system, we examined the thermal 

degradation of anti-PPE by mass spectrometry.   
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 A retro-Diels–Alder reaction in anti-PPE would lead to the formation of dimethyl 

acetylenedicarboxylate (DMAD).  Gas chromatography–mass spectrometry (GC–MS) 

analysis of pure DMAD (Figure 2.11) revealed a molecular ion peak at m/z 142, a base 

peak at m/z 111, and fragment peaks at m/z 98, 80, 69, 59, and 52. 

 

Figure 2.11 GC–MS of dimethyl acetylenedicarboxylate (DMAD), 
which had an elution time of 6.70–6.90 min. 

 

 We then analyzed a bulk sample of anti-PPE by thermogravimetric–mass 

spectrometry (TG–MS).  In this experiment, the polymer was heated at a rate of 5 

˚C/min in an inert helium atmosphere while monitoring the weight loss during the 

degradation process.  Simultaneously, the gases evolved during the degradation 

process were analyzed by a quadrupole mass analyzer (QMA) with an electron impact 

ionization source (Figure 2.12). 
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Figure 2.12 TG–MS of anti-PPE; thermogravimetric analysis (black) 
was performed with a heating ramp of 5 ˚C/min; MS data shown for m/z 
52 (blue), 59 (red), and 111 (green). 

 

 

The TG–MS analysis of anti-PPE showed no peak at m/z 111.  The only 

observed DMAD fragment peaks in the TG–MS analysis were found at m/z 59 

(characteristic of a methyl ester fragment,                       ) and 52 (possibly a                        

fragment), and these mass losses occurred in the temperature range between 210 and 

320 ˚C.  The lack of a peak at m/z 111 suggests that the mechanism for thermal 

degradation might not involve a simple retro-Diels–Alder mechanism to produce DMAD, 

but instead, may involve a more complicated decomposition pathway.  Anthracene 

adducts, in particular, may be unusually susceptible to stepwise decomposition because 

intermediates with radicals, carbanions, or carbocations at the 9,10-positions could be 

stabilized by doubly benzylic stabilization.40  The photodegradation of the PPEs may 

also involve a complicated decomposition mechanism, which, like the thermal 

degradation mechanism, will require further studies to elucidate. 

 

C OOH3C C C C O
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2.2.3 Aggregation Studies 

 The green band emission from the PPEs was more pronounced when the 

polymers were in their film state than when they were dissolved in dilute solutions. This 

observation was due to the enhanced exciton migration present in conjugated polymer 

films relative to that in dilute, well-dissolved polymer solutions.  In a dilute chloroform 

solution, only intrachain exciton migration was possible because the polymer chains 

were isolated from each other.  However, in the film state, the conjugated polymer 

chains were aggregated within close proximity to each other so interchain exciton 

migration also became possible.  The three-dimensional random walk available to 

excitons in a polymer film enabled the exciton to sample a much greater number of 

different sites than by the one-dimensional random walk available to excitons in dilute, 

well-dissolved, polymer solutions.16,41   Therefore, an exciton in a conjugated polymer is 

much more likely to find a low-energy exciton trap site if the polymer is in its solid film 

state than in a dilute solution state.  If the low-energy exciton trap sites are emissive, 

such as the anthryl defect sites investigated in this study, then they can dramatically 

alter the emission spectra of polymers in their film state; however, they may go 

unnoticed in the emission spectra of dilute, well-dissolved, polymer solutions. 

 To further investigate the effects of exciton migration on luminescence 

properties, we conducted absorption and fluorescence spectroscopy on PPE solutions 

in various degrees of aggregation.  By adding a poor solvent (i.e., a solvent in which the 

polymer is in a collapsed or aggregated state) to a PPE solution dissolved in a good 

solvent (i.e., a solvent in which the polymer is in an expanded and well-dissolved 

state),42 it was possible to study the polymers in various degrees of aggregation (Figure 



 67 

2.13).  In dilute THF solutions, the polymers were well dissolved and isolated.  Since 

only intrachain exciton migration was possible, a small concentration of emissive 

exciton traps did not have a dramatic effect on the fluorescence spectra.  Thus, both 

THF solutions of syn-PPE and syn-PPE1 appeared fluorescent blue, as characterized 

by the sharp emission band around 432–434 nm and the absence of any green 

emission bands.  However, in the 50:50 THF:H2O cosolvent mixtures, the polymers 

were present in aggregated states, held together by hydrophobic and π–π interactions.  

Upon aggregation, interchain exciton migration became significant, so the emissive 

exciton traps noticeably altered the fluorescence spectra, exhibiting a dominant green 

emission band around 513 nm.  As expected, the fluorescence spectra of the syn-PPE1 

aggregate solution had a greater Igreen/Iblue ratio than that of syn-PPE (1.50 and 1.15, 

respectively) because of the additional anthryl sites present in syn-PPE1.  As shown by 

the fluorescence photographs in Figure 2.13, the additional anthryl units led to a more 

noticeable blue-to-green fluorescence color change in solutions of syn-PPE1 than in 

solutions of syn-PPE. 
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Figure 2.13 Absorption (dashed) and fluorescence (solid) spectra of (a) syn-PPE and (b) syn-
PPE1 in solutions of tetrahydrofuran: water (v:v). Fluorescence spectra were obtained using an 
excitation wavelength λex = 375 nm. Insets: fluorescence photographs of the solutions in order 
of increasing aggregation from left to right, irradiated with a 365 nm lamp. 

 

 Since syn-PPE1 demonstrated a noticeable blue-to-green fluorescence color 

change in the solution state, we then investigated the fluorescence color change of this 

polymer when it was dispersed in a solid poly(vinyl alcohol) (PVA) matrix.  PVA is a 

water-soluble polymer that has been widely used to make water-permeable 

hydrogels.43,44  To disperse the PPE into a matrix of PVA, we quickly added a 

(fluorescent blue) PPE/THF solution into an aqueous solution of PVA.  The resulting 

polymer blend immediately began to precipitate out of the 70:30 THF:H2O cosolvent 

mixture.  While rapidly stirring the mixture, a drop of 50 wt% glutaric dialdehyde was 

quickly added to help crosslink the PVA chains.  A fluorescent greenish blue polymer 

solid was removed from the mixture, and then characterized by fluorescence 

spectroscopy (Figure 2.14, red line).  The polymer blend was then washed in 100% THF 

to remove the small amount of water from the polymer and disperse the PPE chains 



 69 

within the PVA matrix.  After the THF wash, the polymer blend became fluorescent blue, 

and remained so even after drying in vacuo (Figure 2.14, blue line). 

 To induce a fluorescence color change, the polymer blend was submerged into 

pure water for two minutes. The observed blue-to-green fluorescence color change 

(Figure 2.14, green line) was attributed to the water-induced aggregation of the PPE 

chains within the PVA matrix.   When the polymer blend was dried in vacuo, it remained 

fluorescent green.  Unfortunately, the fluorescence color change was not reversible 

when the polymer blend was put into THF because of the difficulty of separating the 

polymer chains once they became strongly aggregated in 100% water. 

 

Figure 2.14 Normalized fluorescence spectra (λex = 375 nm) of a blend of PVA and 
syn-PPE1 immediately after sample preparation (red), after washing in THF and 
drying in vacuo (blue), and after submerging in H2O (green). Inset: fluorescence 
photograph of a PVA/PPE blend that was only partially submerged in H2O, irradiated 
with a 365 nm lamp. 

 

 The addition of emissive, low-energy, exciton trap sites into syn-PPE improved 

the contrast of the fluorescence color change of the polymer undergoing aggregation.  

This improvement led to the development of crude solution-state and solid-state 

sensors displaying a visually noticeable fluorescent color change upon exposure to 
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water.  These responsive materials demonstrated how aggregation in conjugated 

polymers can lead to enhanced luminescence from emissive exciton trap sites. 

 

2.3 Conclusions 

 In summary, degradation experiments and model studies were performed to 

investigate the origin of the green bands in the solid-state fluorescence spectra of 

poly(p-phenylene ethynylene)s containing [2.2.2] bicyclic ring systems having an alkene 

bridge substituted with ester groups.  These experiments suggested the green 

fluorescence band may be due to the presence of highly emissive, low-energy, anthryl 

defect sites rather than the emissive excimers that were previously proposed.15  After 

elucidating the origin of the green fluorescence, we then improved the blue-to-green 

fluorescence color contrast of the polymer undergoing aggregation by purposely adding 

more of the anthryl exciton trap sites into the conjugated polymer.  This improvement 

led to the development of crude solution-state and solid-state sensors, which, upon 

exposure to water, underwent a visually noticeable fluorescence color change. 
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2.4 Experimental Section 

General Methods and Instrumentation 

 All air- or moisture-sensitive synthetic manipulations were carried out under an 

inert nitrogen or argon atmosphere using standard Schlenk techniques or in an inert-

atmosphere glovebox (Innovative Technology, Inc.).  1H NMR spectra were recorded on 

either a Varian 300 MHz or a Varian 500 MHz NMR spectrometer.  Chemical shifts of 

each signal are reported in units of δ (ppm) and referenced to the residual signal of the 

solvent (chloroform-d: 7.27 for 1H, 77.23 for 13C).  Splitting patterns are designated as s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad).  High-resolution 

mass spectra (HRMS) were obtained at the MIT Department of Chemistry 

Instrumentation Facility on a Bruker Daltonics APEX II 3 Tesla FT–ICR–MS using 

electrospray ionization (ESI).  Gas chromatography–mass spectrometry (GC–MS) was 

performed on an Agilent 5973N Gas Chromatograph/Mass Spectrometer (Agilent 

Technologies, Inc.) with a Restek Rtx-1 column (30.0 m x 250 µm x 1.00 µm), an inlet 

temperature of 250 ˚C, and a helium flow rate of 1.0 mL/min.  The oven temperature 

was set at 100 ˚C for 5 min, then ramped at 20 ˚C/min to 250 ˚C, held for 5 min, ramped 

at 30 ˚C/min to 320 ˚C, then held for 8 min.  Melting points (m.p.) were measured with a 

Mel-Temp II (Laboratory Devices).  Thermogravimetric–mass spectrometry (TG–MS) 

was performed on a TGA Q50 (TA Instruments) coupled to a ThermoStar Gas Analysis 

System GSD 301 T3 (Pfeiffer Vacuum) with a helium flow rate of 90 mL/min and a 

furnace temperature ramp of 5 ˚C/min.  Gases were analyzed with a 1–300 amu 

quadrupole mass analyzer (QMA) with an electron impact ionization source.  Attenuated 

total reflection infrared (ATR–IR) spectra were obtained on a NEXUS 870 spectrometer. 
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 Polymer molecular weights were determined by gel permeation chromatography 

(GPC) versus polystyrene standards (Agilent Technologies, Inc.) using THF as the 

eluent at a flow rate of 1.0 mL/min in a Hewlett Packard series 1100 GPC system 

equipped with three PLgel 5 µm 105, 104, 103 (300 × 7.5 mm) columns in series and a 

diode array detector at 254 nm. 

 The UV–vis absorption and fluorescence spectra of solutions were measured in a 

1 cm quartz cuvette at a repeating unit concentration of about 2.5 × 10-6 M with an 

optical density of 0.09–0.10 AU at the λmax.  UV–vis absorption spectra were measured 

with a Cary 50 UV–visible absorption spectrometer at room temperature.  Fluorescence 

spectra were measured with a SPEX Fluorolog-τ2 fluorometer (model FL112, 450 W 

xenon lamp).  Solution-state fluorescence spectra were obtained at a right-angle 

geometry using an excitation wavelength of 375 nm.  Solid-state fluorescence spectra 

were obtained in the front-face detection geometry using an excitation wavelength of 

375 nm.  Time resolved fluorescence measurements were performed by exciting the 

samples with 160 femtosecond pulses at 390 nm from the doubled output of a Coherent 

RegA Ti:Sapphire amplifier.  The resulting fluorescence was spectrally and temporally 

resolved with a Hamamatsu C4780 Streak Camera system. 

 Polymer films (generally, optical density = 0.09–0.12; thickness = 28–35 nm) 

were spin-cast on 18 × 18 mm2 glass substrates using a WS-400 Spin Processor 

(Laurell Technologies Corp.) at a spin rate of 1200 rpm for 1 min, and then dried in 

vacuo.  The spin-casting solutions were filtered through 0.45 µm PTFE syringe filters.  

Film thicknesses were measured on a M2000D Spectroscopic Ellipsometer (J. A. 
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Woollam Co., Inc.).  Uniformity of each film was confirmed by equivalent UV–vis 

absorption intensities from three different regions of the film. 

 Aggregate solutions in good solvent/poor solvent mixtures were prepared by 

dropwise addition of the poor solvent (H2O) into a stirring solution of the polymer 

dissolved in a good solvent (THF). 

 Poly(vinyl alcohol)/PPE blends were prepared by quickly transferring a solution of 

0.03 mg/mL syn-PPE1 in 0.2 mL:2.8 mL H2O:THF into a 1.0 mL aq. solution of 15 wt% 

poly(vinyl alcohol) (Mw = 31–50 kDa, 98–99% hydrolyzed) containing one drop of 

concentrated H2SO4.  While stirring rapidly, a drop of 50 wt% aq. glutaric dialdehyde 

was immediately added to the mixture.  The polymer blend was washed in 10 mL THF, 

then dried in vacuo. 

 

Materials 

 All solvents were of spectral grade unless otherwise noted.  Water for 

spectroscopic measurements was obtained from a Millipore Milli-Q purification system.  

Pd(PPh3)4 was purchased from Strem Chemicals, Inc.  Silica gel (40–63 mm) was 

obtained from SiliCycle.  Compounds 3, 4, anti-6, and syn-6, and anti-PPE were 

prepared following literature procedures.  All other chemicals were purchased from 

Aldrich Chemical Co., Inc. and used as received. 
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Synthetic Procedures 

(7): 445 (0.262 g, 0.410 mmol) and dimethyl acetylenedicarboxylate (DMAD) (0.101 mL, 

0.820 mmol) were suspended in xylenes (5 mL) and stirred at 140 ˚C for 2.5 hours.  The 

solvent was removed, and the product was purified by column chromatography (30:1 

hexane: ethyl acetate) to afford 7 as a yellow solid (0.232 g, 72%).  The spectroscopic 

characterization data matched those of the same compound recently synthesized in a 

similar manner and reported in the literature.37  1H NMR (300 MHz, CDCl3): 8.87 (2H, s), 

8.01 (2H, dd, J = 3.3, 6.6 Hz), 7.51 (2H, dd, J = 3.3, 6.6 Hz), 7.48 (2H, dd, J = 3.0, 5.2 

Hz), 7.15 (2H, dd, J = 3.0, 5.2 Hz), 6.23 (2H, s), 3.86 (6H, s), 1.37 (42H, s); 13C NMR 

(75 MHz, CDCl3): 165.6, 146.1, 142.3, 142.3, 132.4, 129.2, 128.6, 126.5, 126.2, 126.0, 

124.5, 116.3, 102.2, 101.8, 52.7, 50.9, 19.1, 11.7; HRMS–ESI (m/z) for C50H60O4Si2 

calcd [M+H]+: 781.4103, found: 781.4076. 

 

(8): To a solution of 7 (0.232 g, 0.297 mmol) dissolved in THF (4.0 mL), added 

tetrabutylammonium fluoride (1M in THF; 0.890 mL, 0.297 mmol).  After stirring at room 

temperature overnight, the solvent was removed in vacuo.  The crude product was 

purified by column chromatography (3:1 hexane: ethyl acetate) to afford 8 as a yellow 

solid (0.126 g, 91%). m.p. 110–112 ˚C dec.  The spectroscopic characterization data 

matched those of the same compound recently synthesized in a similar manner and 

reported in the literature.37  1H NMR (300 MHz, CDCl3): 8.80 (2H, s), 8.03 (2H, dd, J = 

3.3, 6.4 Hz), 7.55 (2H, dd, J = 3.2, 5.4 Hz), 7.49 (2H, dd, J = 3.3, 6.4), 7.14 (2H, dd, J = 

3.2, 5.4 Hz), 6.18 (2H, s), 3.93 (2H, s), 3.85 (6H, s); 13C NMR (75 MHz, CDCl3): 165.8, 



 75 

145.7, 142.7, 142.0, 132.5, 129.0, 128.5, 126.4, 125.8, 124.7, 115.4, 87.4, 79.00, 52.8, 

50.6; HRMS–ESI (m/z) for C32H20O4 calcd [M+H]+: 469.1434, found: 469.1450. 

 

Polymers anti-PPE, syn-PPE, and syn-PPEy:  These polymers were prepared 

similarly, and a general procedure is illustrated by the following synthesis of syn-PPE1.  

To a 25 mL Schlenk tube, added 336 (20.3 mg, 2.81 x 10-5 mol), syn-636 (17.8 mg, 2.92 

x 10-5 mol), and 8 (16.3 µL of a 17.9 mM CHCl3 solution, 2.92 x 10-7 mol).  The solvent 

was evaporated at 35 ˚C under a flow of nitrogen, and then the mixture was dried in 

vacuo.  Under a nitrogen atmosphere, Pd(PPh3)4 (3.3 mg, 2.8 x 10-6 mol) and CuI (3.2 

mg, 1.7 x 10-5 mol) were added.  The vessel was evacuated and back-filled with argon 

three times, followed by the addition of degassed 7:3 toluene: diisopropylamine (1.5 

mL).  The mixture was stirred at 70 ˚C for 3 days under an argon atmosphere.  The 

mixture was then subjected to a work up with CHCl3 and a sat. aq. NH4Cl solution.  The 

organic phase was washed with water, and then brine.  The organic extract was dried 

over MgSO4 and filtered prior to solvent removal under reduced pressure.  The residue 

was dissolved in CHCl3, and then added dropwise in rapidly stirred methanol.  The 

mixture was centrifuged at 2500 rpm for 30 min and then decanted.  The polymer was 

then washed with additional MeOH, and the mixture was centrifuged and decanted 

again.  The solid polymer was then dissolved in acetone, transferred to a vial, then dried 

in vacuo to afford a yellow solid (25.7 mg, ~78%).  Mn = 21 kDa, PDI = 2.14. 1H NMR 

(500 MHz, CDCl3): 8.50–8.46 (1H, br), 8.28–8.22 (1H, br), 8.12 (0.11H, s), 8.01 (0.10H, 

d, J = 8.4 Hz), 7.81 (0.13H, d, J = 8.4 Hz), 7.70–7.54 (0.55H, br), 7.50–7.39 (4H, br), 
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7.16–6.99 (4H br), 6.10–5.96 (4H, br), 3.92–3.83 (12H, br). ATR–IR (ν/cm-1): 2958, 

2852, 1724, 1641, 1512, 1437, 1211, 1144, 1063, 814, 750, 677. 

 

syn-PPE9: Reagents: 336 (24.9 mg, 3.45 x 10-5 mol), syn-636 (19.9 mg, 3.26 x 10-5 mol), 

8 (181 µL of a 17.9 mM CHCl3 solution, 3.26 x 10-6 mol), Pd(PPh3)4 (4.0 mg, 3.5 x 10-6 

mol) and CuI (3.9 mg, 2.0 x 10-5 mol), 7:3 toluene: diisopropylamine (4.2 mL). Yield: 

29.8 mg (~74%).  Mn = 13 kDa, PDI = 1.95. 1H NMR (500 MHz, CDCl3): 8.52–8.46 (1H, 

br), 8.28–8.24 (1H, br), 8.13 (0.26H, s), 8.02 (0.17H, d, J = 8.3 Hz), 7.82 (0.16H, d, J = 

8.3 Hz), 7.68–7.56 (0.88H, br), 7.48–7.36 (4H, br), 7.18–6.98 (4H br), 6.10–5.96 (4H, 

br), 3.93–3.82 (12H, br). ATR–IR (ν/cm-1): 2956, 2848, 1724, 1641, 1510, 1437, 1209, 

1144, 1061, 818, 750, 677. 

 

syn-PPE: Reagents: 336 (45.5 mg, 6.30 x 10-5 mol), syn-636 (40.5 mg, 6.63 x 10-5 mol), 

Pd(PPh3)4 (4.0 mg, 3.5 x 10-6 mol), CuI (5.0 mg, 2.6 x 10-5 mol), 7:3 toluene: 

diisopropylamine (2.0 mL). Yield: 63.9 mg (87%).  Mn = 28 kDa, PDI = 4.92. 1H NMR 

(500 MHz, CDCl3): 8.50–8.46 (1H, br), 8.28–8.22 (1H, br), 8.12 (0.07H, s), 8.01 (0.07H, 

d, J = 8.6 Hz), 7.82 (0.09H, d, J = 8.6 Hz), 7.72–7.54 (0.90H, br), 7.52–7.36 (4H, br), 

7.22–6.98 (4H br), 6.10–5.96 (4H, br), 3.92–3.81 (12H, br). ATR–IR (ν/cm-1): 2958, 

2852, 1726, 1641, 1514, 1437, 1209, 1144, 1063, 820, 752, 677. 

 

anti-PPE: Reagents: 336 (107 mg, 1.48 x 10-4 mol), anti-636 (95.2 mg, 1.56 x 10-4 mol), 

Pd(PPh3)4 (17.1 mg, 1.5 x 10-5 mol), CuI (16.9 mg, 8.9 x 10-5 mol), 7:3 toluene: 

diisopropylamine (5.0 mL). Yield: 143.4 mg (83%).  Mn = 39 kDa, PDI = 2.99.  The 
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spectroscopic characterization data was consistent with that reported previously for the 

same polymer.36,38 1H NMR (500 MHz, CDCl3): 8.48–8.44 (1H, br), 8.29–8.22 (1H, br), 

8.12 (0.07H, s), 8.02 (0.04H, d, J = 8.5 Hz), 7.82 (0.04H, d, J = 8.5 Hz), 7.72–7.64 

(0.20H, br), 7.55–7.42 (4H, br), 7.18–7.08 (4H br), 6.10–5.95 (4H, br), 3.88–3.80 (12H, 

br). ATR–IR (ν/cm-1): 2958, 2850, 1726, 1641, 1510, 1437, 1209, 1144, 1061, 808, 750, 

694. 

 

Thermally degraded anti-PPE: Heated anti-PPE (8.0 mg) in a TGA Q50 (TA 

Instruments) at a temperature ramp rate of 5 ˚C/min from room temperature to 300 ˚C, 

under a helium flow rate of 90 mL/min.  After cooling to room temperature, the degraded 

polymer was transferred to a vial, and chloroform was added.  The chloroform-soluble 

portion was filtered through a 0.45 µm PTFE syringe filter, then dried in vacuo to afford 

a yellow solid (Mn = 35 kDa, PDI = 2.85).  1H NMR (500 MHz, CDCl3): 8.48–8.43 (1H, 

br), 8.29–8.23 (1H, br), 8.12 (0.11H, s), 8.01 (0.07H, d, J = 8.7 Hz), 7.81 (0.02H, d, J = 

8.7 Hz), 7.68–7.65 (0.13H, br), 7.55–7.43 (4H, br), 7.18–7.05 (4H br), 6.09–5.95 (4H, 

br), 3.88–3.80 (12H, br). ATR–IR (ν/cm-1): 2956, 2925, 2854, 1726, 1641, 1512, 1437, 

1211, 1144, 1061, 808, 752, 694. 

 

Thermally degraded syn-PPE: Heated syn-PPE (4.7 mg) in a TGA Q50 (TA 

Instruments) at a temperature ramp rate of 5 ˚C/min from room temperature to 250 ˚C, 

under a helium flow rate of 90 mL/min.  After cooling to room temperature, the degraded 

polymer was transferred to a vial, and chloroform was added.  The chloroform-soluble 

portion was filtered through a 0.45 µm PTFE syringe filter, then dried in vacuo to afford 
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a yellow solid (Mn = 20 kDa, PDI = 2.04).  1H NMR (500 MHz, CDCl3): 8.51–8.44 (1H, 

br), 8.29–8.22 (1H, br), 8.12 (0.16H, s), 8.01 (0.10H, d, J = 8.8 Hz), 7.81 (0.04H, d, J = 

8.8 Hz), 7.70–7.56 (0.39H, br), 7.55–7.38 (4H, br), 7.12–7.00 (4H br), 6.08–5.95 (4H, 

br), 3.92–3.83 (12H, br). ATR–IR (ν/cm-1): 2958, 2929, 2856, 1724, 1641, 1512, 1437, 

1213, 1146, 1063, 804, 754, 677. 
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Figure 2.A.1 1H NMR (300 MHz, CDCl3) of 7. 

 
 
 
 

 
Figure 2.A.2 13C NMR (75 MHz, CDCl3) of 7. 
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Figure 2.A.3 1H NMR (300 MHz, CDCl3) of 8. 

 
 
 
 

 
Figure 2.A.4 13C NMR (75 MHz, CDCl3) of 8. 
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Figure 2.A.5 1H NMR (500 MHz, CDCl3) of anti-PPE. 

 
 

 

 
Figure 2.A.6 1H NMR (500 MHz, CDCl3) of anti-PPE (magnified downfield region). 
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Figure 2.A.7 1H NMR (500 MHz, CDCl3) of syn-PPE. 

 
 
 

 
Figure 2.A.8 1H NMR (500 MHz, CDCl3) of syn-PPE (magnified downfield region). 
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Figure 2.A.9 1H NMR (500 MHz, CDCl3) of syn-PPE1. 

 
 
 
 

 
Figure 2.A.10 1H NMR (500 MHz, CDCl3) of syn-PPE1 (magnified downfield region).
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Figure 2.A.11 1H NMR (500 MHz, CDCl3) of syn-PPE9. 

 
 

 
Figure 2.A.12 1H NMR (500 MHz, CDCl3) of syn-PPE9 (magnified downfield region). 
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Figure 2.A.13 1H NMR (500 MHz, CDCl3) of Thermally Degraded anti-PPE. 

 
 
 

 
Figure 2.A.14 1H NMR (500 MHz, CDCl3) of Thermally Degraded anti-PPE 
(magnified downfield region). 
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Figure 2.A.15 1H NMR (500 MHz, CDCl3) of Thermally Degraded syn-PPE. 

 
 
 

 
Figure 2.A.16 1H NMR (500 MHz, CDCl3) of Thermally Degraded syn-PPE 
(magnified downfield region). 
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Chapter 3 
 

Anthryl-Doped Conjugated Polyelectrolytes as 
Aggregation-Based Sensors for Nonquenching 

Multicationic Analytes 
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3.1 Introduction 

Conjugated polyelectrolytes (CPEs), which are conjugated polymers 

functionalized with multiple ionic groups, have gained significant interest for chemical 

and biosensing applications.1-4  Most CPE sensors rely on a change in the fluorescence 

intensity of the polymer upon binding of an analyte.5  Two of the most widely exploited 

processes for directly quenching the inherent fluorescence intensity of a CPE are 

electron transfer and energy transfer between the polymer and a quenching species.6  

An analyte that cannot participate in these direct quenching mechanisms (due to 

incompatible redox and spectral properties, in relation to the photoexcited polymer) is 

herein described as “nonquenching.”7,8  However, nonquenching analytes may indirectly 

cause fluorescence quenching by inducing aggregation of the fluorescent species via 

electrostatic or hydrophobic interactions, leading to self-quenching processes.9  

Fluorescence self-quenching is any interaction between an excited molecule, M*, and a 

ground-state molecule of the same type, M, that leads to fluorescence quenching of 

M*.10 

Besides promoting self-quenching processes, analyte-induced aggregation can 

also enhance the exciton transport properties of a conjugated polymer by increasing the 

number of accessible exciton migration pathways.11,12  For example, in a dilute, well-

dissolved CPE solution, exciton transport can be approximated by a one-dimensional 

random walk within an isolated polymer chain.  However, if the polymers are 

aggregated within close proximity to each other, interchain exciton migration becomes 

possible, and a three-dimensional random walk becomes available to the migrating 

exciton.  This enhanced exciton transport in conjugated polymer aggregates increases 



 95 

the probability that an exciton will find a specific site (e.g., a binding site containing a 

quenching analyte) in the conjugated polymer.  This phenomenon of aggregation-

enhanced exciton migration can explain the extremely large quenching responses of 

many CPE-based fluorescent chemical sensors reported in the literature.3  In 

competition with fluorescence quenching mechanisms, energy transfer to emissive low-

energy sites may also occur in photoexcited conjugated polymers.  Therefore, 

aggregation-enhanced exciton migration can also lead to enhanced fluorescence from 

emissive low-energy sites, such as defects or dopants, dispersed throughout the 

conjugated polymer.13 

Aggregation-enhanced energy transfer to emissive low-energy sites has been 

recently utilized by Bazan et al. for developing CPE-based DNA sensors.14,15  The 

conjugated polyelectrolyte PFPBx, shown in Figure 3.1, was based on a polycationic, 

water-soluble poly(fluorene-alt-1,4-phenylene) derivative containing a small fraction (1–

7%) of 2,1,3-benzothiadiazole (BT) units.  The sensing platform involved the 

electrostatic attraction between the polycationic CPE and the polyanionic 

macromolecule, DNA, to form interpolyelectrolyte complexes.  When the concentration 

of DNA increased, the degree of polymer–DNA complexation also increased, which 

consequentially led to more interchain contacts between the conjugated polymers.  The 

authors proposed that the increased aggregation of the polymer facilitated efficient 

energy migration from the higher-energy, blue-emitting poly(fluorene-alt-1,4-phenylene) 

segments to the lower-energy, green-emitting BT units.  As a result, the fluorescence 

color of the polymer solution changed from blue to green upon the introduction of DNA 

(Figure 3.1). 
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Figure 3.1 Fluorescence spectra of an aqueous solution of PFPBx (structure in inset), 
upon addition of DNA. (Adapted with permission from reference 15, copyright 2006 
Wiley–VCH.) 

 

In this chapter, we investigate aggregation-enhanced exciton migration in a 

polyanionic poly(p-phenylene ethynylene) (PPE) containing green-emitting exciton trap 

sites.  We found that this polymer exhibited a visually noticeable blue-to-green 

fluorescence color change upon aggregation in poor solvents and in the presence of 

nonquenching, multicationic, small-molecule analytes.  Furthermore, we have 

demonstrated that this fluorescence color-changing sensor could detect biologically 

relevant, small-molecule analytes, such as spermine, spermidine, and neomycin, at 

concentration levels suitable for medical and food monitoring applications.  

The natural polyamines (e.g., spermine, spermidine, and putrescine) are small 

aliphatic amines (Scheme 3.1) that are found in virtually all eukaryotic cells and play a 

significant role in regulating cell growth and differentiation.16-19  In 1971, Russell 

reported that polyamines were excreted in abnormally high amounts in the urine of 
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Me3N NMe3
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cancer patients; therefore, 

polyamines were proposed to be 

possible biochemical markers for 

malignant tumors.20  In 1980, 

Fujita et al. used an electrophoretic analysis to reliably determine the urinary polyamine 

concentrations for cancer patients and healthy volunteers (Table 3.1).21  In addition to 

these studies, numerous other investigations have confirmed the higher urinary 

polyamine concentrations in cancer patients, and it has been proposed that the 

determination of these concentrations can be used for assessing the effectiveness of 

cancer chemotherapy and detecting cancer remission and relapse.22 

Table 3.1 Urinary Spermine and Spermidine Concentrations in 
Cancer Patients and Healthy Volunteers.a 

[spermine] [spermidine]  
 
 

mg/g creatinine 
 

µmol/L b 
 

mg/g creatinine 
 

µmol/L b 
 normal 0.18 ± 0.04 1.2 1.32 ± 0.05 11.9 

solid tumors 1.23 ± 0.24 7.93 2.90 ± 0.40 26.0 
blood tumors 1.47 ± 0.50 9.47 4.77 ± 0.91 42.8 

a Adapted from reference 21.  b Calculated using a urinary creatinine (Scheme 3.2) 
concentration of 130.4 mg/dL; see reference 23.  

Scheme 3.2 Structure of Creatinine. 
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Another nonquenching, multicationic, small-molecule analyte of biological 

importance is neomycin (Scheme 3.3), which is an aminoglycoside antibiotic used in 

veterinary medicine.  However, neomycin can be ototoxic and nephrotoxic to humans 

and animals,24 so its concentration is regulated in livestock products.  To protect 
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spermine spermidine putrescine

Scheme 3.1 Structures of the Fully Protonated 
Polyamines Used in This Study. 
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consumers, the European Union established maximum residue limits for neomycin: 

1500 µg/kg for milk, 500 µg/kg for meat, fat, liver, and eggs, and 5000 µg/kg for 

kidneys.25 

Scheme 3.3 Structure of Neomycin. 
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Neomycin, spermine, and spermidine are currently detected using 

immunoassays, electrophoretic analysis, and chromatographic techniques, which can 

be relatively slow and require expensive equipment.19,26  Therefore, the rapid, visual 

detection of these analytes using a fluorescent CPE in a sensor array may be more 

suitable for screening a large number of samples and for preliminary analyses. 

 

 

3.2 Results and Discussion 

3.2.1 Synthesis 

 In Chapter 2, we detailed our investigations on aggregation-enhanced 

luminescence from emissive, low-energy defect sites in conjugated polymers (see 

Chapter 2).13  During these investigations, we synthesized a series of anthryl-doped 

poly(p-phenylene ethynylene)s, labeled as PPEy in Scheme 3.4, where the subscript y 

denotes the molar percentage of anthryl dopants of the total diacetylene comonomers 
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added into the polymerization reaction (see Chapter 2.2.2).  Notably, we showed that 

even the undoped PPE0 contained some anthryl defects, although in smaller quantities 

than those in the purposely doped PPEs.  For the present study, we first investigated 

the aggregation behavior of two polymers, PPE0 and PPE2, and their respective 

polyanionic, carboxylate derivatives, anionic-PPE0 and anionic-PPE2, which were 

synthesized using a post-polymerization hydrolysis reaction27 (Scheme 3.4). 

Scheme 3.4 Hydrolysis of PPEy to Produce anionic-PPEy 
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 The hydrolysis reaction to produce anionic-PPEy involved heating a solution of 

PPEy (Mn = 19 kDa for PPE0; 23 kDa for PPE2) in a tetrahydrofuran/water cosolvent 

mixture containing 0.10 M lithium hydroxide at 40 ˚C for two days.  The hydrolyzed 

polymer was purified by dialysis against distilled water, using regenerated cellulose 

dialysis tubing with a molecular weight cutoff of 10 kDa.  The carboxylate-containing 

anionic-PPEy were then characterized by 1H NMR and attenuated total reflection 

infrared (ATR–IR) spectroscopy, and their spectra were compared with those of their 

parent polymers, PPEy.  The 1H NMR spectra of anionic-PPEy (Figure 3.A.3–6 in the 
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Appendix) showed no remaining methyl ester signals around 3.9 ppm, consistent with a 

complete hydrolysis reaction.  ATR–IR spectra (Figure 3.A.7–8) revealed a shift of the 

carbonyl stretching band from 1723 cm-1 in the parent polymers to 1710 cm-1 in the 

hydrolyzed polymers, accompanied by a new, broad hydroxyl stretching band around 

3421 cm-1.  The ATR–IR data is consistent with the conversion of ester groups to 

carboxylate/carboxylic acid groups. 

 

3.2.2 Solvent-Induced Aggregation 

 The aggregation behavior of both sets of PPEy and anionic-PPEy were studied 

in cosolvent mixtures of “good solvent” and “poor solvent.”  With respect to a specific 

polymer, a good solvent is one in which the polymer is in an expanded and well-

dissolved state, and a poor solvent is one in which the polymer is in a collapsed or 

aggregated state.28  Before hydrolysis, the parent polymers, PPEy, were insoluble in 

polar protic solvents such as water, methanol, and ethanol.29  However, after hydrolysis, 

the resulting polymers, anionic-PPEy, were very soluble in methanol and ethanol and 

partially soluble in water.  Expectedly, less polar, aprotic solvents such as chloroform 

and tetrahydrofuran effectively dissolved PPEy, but not anionic-PPEy.  To investigate 

the aggregation behavior of the polymers, we chose the good solvent/poor solvent 

mixtures of tetrahydrofuran/water for PPEy (Figure 3.2) and ethanol/hexane for anionic-

PPEy (Figure 3.3).  The polymers were aggregated in various good solvent/poor solvent 

ratios and studied by UV–vis absorption and fluorescence spectroscopy. 
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Figure 3.2 Absorption (dashed) and fluorescence (solid) spectra of (a) PPE0

13 and (b) PPE2 
in solutions of tetrahydrofuran: water (v:v). 

 
Figure 3.3 Absorption (top) and fluorescence (bottom) spectra of anionic-PPE0 (left) and 
anionic-PPE2 (right) in solutions of ethanol: hexane (v:v). Insets: fluorescence photographs of 
the solutions in order of increasing aggregation from left to right, irradiated with a 365 nm 
mercury lamp. 
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For both sets of PPEy and anionic-PPEy, the solutions in 100% good solvent 

appeared fluorescent blue, as characterized by the sharp emission band around 430–

434 nm and the absence of any green emission bands around 500–521 nm.  Upon 

addition of the corresponding poor solvent, the polymers began to aggregate.  As 

explained earlier, aggregation of conjugated polymers is usually accompanied by self-

quenching as well as enhanced exciton transport properties.  Since the anthryl-doped 

polymers, PPE2 and anionic-PPE2, contained significant quantities of low-energy 

anthryl units, their photogenerated excitons were efficiently funneled to these exciton 

traps under aggregation conditions (low good solvent: poor solvent ratios).  The excited 

anthryl units could then emit their low-energy green light (500–521 nm), which became 

increasingly significant as the degree of aggregation increased.  As expected, the 

polymers containing the additional anthryl units, PPE2 and anionic-PPE2, exhibited 

greater enhancements of the green emission bands upon aggregation than the undoped 

polymers, PPE0 and anionic-PPE0 (Table 3.2). 

 

Table 3.2 Ratios of the Green Band Maximum Fluorescence Intensity to the Blue Band 
Maximum Fluorescence Intensity (Igreen/Iblue) in Aggregated Polymer Solutions 

Aggregated Polymer Solution Igreen/Iblue 

PPE0 in 50:50 THF:H2O 1.15 
PPE2 in 50:50 THF:H2O 4.98 

anionic-PPE0 in 10:90 EtOH:hexane 0.402 
anionic-PPE2 in 10:90 EtOH:hexane 2.39 
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 Upon aggregation in ≤ 50:50 ethanol: hexane cosolvent mixtures, the previously 

colorless anionic-PPEy solutions exhibited new absorption bands around 435–436 nm, 

resulting in slightly yellow-colored solutions.  However, the transition from colorless to 

slightly yellow was not very noticeable to the naked eye.  The new, red-shifted 

absorption band was attributed to the increase of the effective conjugation length of the 

PPE due to aggregation-induced planarization of the polymer chains.30  This 

planarization can also explain the slight shift of the blue emission band at 430 nm to 

longer wavelengths (around 443 nm). 

The solvent-induced aggregation in all four PPE solutions was accompanied by 

enhanced exciton migration; however, only the PPEs containing appreciable amounts of 

green-emitting exciton traps (i.e., the low-energy anthryl units) exhibited a visually 

noticeable fluorescence color change upon aggregation. 

 

3.2.3 Aggregation-Based Sensing of Nonquenching Multicationic Analytes 

 Since anionic-PPE2 displayed a visually noticeable blue-to-green fluorescence 

color change upon aggregation in poor solvents, we investigated the fluorescence 

response of this polymer to oppositely charged, small-molecule analytes.  More 

specifically, we were interested in detecting polyamines (e.g., spermine and spermidine) 

and aminoglycosides (e.g., neomycin), which are biologically relevant, multicationic 

analytes that cannot directly quench the polymer fluorescence by electron transfer or 

energy transfer mechanisms. 

We first studied the analyte-induced aggregation of the polymer in ethanol.  

Figure 3.4 shows the absorption, fluorescence, and normalized fluorescence spectra of  
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Figure 3.4 (a) Absorption and (b) fluorescence spectra of anionic-PPE2 in 
ethanol, upon addition of spermine. (c) Fluorescence spectra normalized to the 
blue emission (430–445 nm) intensity maximum. Insets: structure of fully 
protonated spermine; graph of the ratio of fluorescence intensity at 510 nm to that 
at 430 nm, as a function of the logarithm of spermine concentration; fluorescence 
photographs of the 0 and 83 µM solutions. 
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anionic-PPE2 upon addition of spermine.  As the concentration of spermine increased, 

the absorption spectra exhibited a new band around 430 nm, and the inherent blue 

emission band of the PPE shifted to longer wavelengths, consistent with the 

aggregation-induced planarization of the polymer chains.30  The normalized 

fluorescence spectra clearly display the aggregation-induced enhancement of the green 

emission band (510 nm) relative to the blue emission band (430–445 nm) as the 

spermine concentration increased.  Evidently, the multicationic, small-molecule analyte 

was able to effectively induce aggregation between the PPE chains and generate a 

blue-to-green fluorescence color change. 

Since biologically relevant analytes, such as polyamines and aminoglycosides, 

are naturally found in aqueous fluids, we wanted to use a more practical solvent system 

in which to test the chemical sensor.  Unfortunately, anionic-PPE2 was only partially 

soluble in water due to the hydrophobic nature of its polymer backbone, aromatic 

moieties, and perfluorinated alkyl sidechains.  However, in an ethanol/water cosolvent 

system, the polymer can be well dissolved.  Figure 3.5 shows the absorption and 

fluorescence spectra of anionic-PPE2 in various ethanol: water cosolvent ratios.  The 

absorption spectra (Figure 3.5a) show that the 50:50 EtOH:H2O solution had a small 

absorption shoulder around 435 nm, indicating the onset of the planarization and 

aggregation of the PPE chains. 
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Figure 3.5 (a) Absorption and (b) fluorescence spectra of anionic-PPE2 in 
solutions of ethanol: water (v:v). Inset: enlarged region of the absorption spectrum 
showing the onset of the aggregation-induced absorption band around 435 nm. 
 
Since the polymer was on the threshold of aggregation at this solvent ratio, the 

addition of oppositely charged analytes to this solution might lead to aggregation at 

even lower concentrations than in ethanol.  Figure 3.6 shows that, indeed, anionic-

PPE2 in a 50:50 EtOH:H2O solution containing a low concentration (0.69 µM) of 

spermine formed aggregated polymer chains that exhibited enhanced green emission.  

Therefore, a sensitive response was achieved by using a starting solution that was 

already partially aggregated.  The fluorescence photographs in Figure 3.6c show that a 
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visually noticeable blue-to-green fluorescence color change occurred upon aggregation 

of the PPE chains. 

 

Figure 3.6 (a) Absorption, (b) fluorescence, and (c) normalized fluorescence spectra of anionic-
PPE2 in 50:50 EtOH:H2O, upon addition of spermine.  Insets: structure of fully protonated 
spermine; graph of the ratio of fluorescence intensity at 508 nm to that at 429 nm, as a function 
of spermine concentration; fluorescence photographs of the 0 and 0.69 µM solutions. 
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The PPE aggregation was promoted by complexation between the polyanionic 

PPE and the multicationic, small-molecule analyte.  Spermine, which has pKa values of 

11.50, 10.95, 9.79, and 8.90,31 should predominantly have a +4 charge in the 50:50 

EtOH:H2O solution (pH = 5.5 throughout the experiment).  The multiple charged sites in 

spermine effectively attracted and bound multiple PPE chains, resulting in many 

interchain contacts between the polymer chains.  The aggregated PPE chains, with their 

enhanced exciton transport properties, exhibited efficient exciton trapping by the 

emissive, low-energy anthryl sites, resulting in the enhanced green emission (Figure 

3.7). 

 

Figure 3.7 Schematic illustration of the spermine-induced aggregation of the anionic 
conjugated polyelectrolyte and the accompanying blue-to-green fluorescence color change. 

 

 In a buffered 50:50 EtOH:H2O solution (20 mM sodium acetate/ acetic acid, pH 

6.0), anionic-PPE2 exhibited a less sensitive response to the addition of spermine 

(Figure 3.8) due to the charge screening effects of the buffer ions.32,33  Additionally, the 

higher ionic strength of the solution enhanced the hydrophobic interactions between the 

polymers, resulting in pre-aggregation,8,14,34 which was accompanied by a red-shift of 

the blue fluorescence band (from 429 nm to 439 nm).  However, the short-wavelength 
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shoulder of the blue fluorescence band 

suggested that not all PPE chains underwent 

aggregation-induced planarization. The 

charge-screening effects of the buffer ions 

may have stabilized some polymer chains in 

an isolated, random coil conformation. 

However, upon addition of spermine, a 

noticeable fluorescence color change was still 

observed, albeit with less color contrast (from 

blue to bluish green, Figure 3.8b inset) than 

that observed for the solution without the 

buffer ions. 

 

Figure 3.8 (a) Absorption, (b) 
fluorescence, and (c) normalized 
fluorescence spectra of anionic-PPE2 
in a buffered 50:50 EtOH:H2O solution 
(20 mM NaOAc/AcOH, pH 6.0), upon 
addition of spermine. Insets: structure 
of fully protonated spermine; 
fluorescence photographs of the 0 and 
1.3 µM solutions. 
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To probe the selectivity of the CPE sensor, we investigated its optical response to two 

other naturally occurring polyamines, spermidine and putrescine, and also to a 

monocationic amine, n-butylamine (Figure 3.9). 

 

Figure 3.9 Absorption (top row), fluorescence (middle row), and normalized fluorescence 
(bottom row) spectra of anionic-PPE2 in 50:50 EtOH:H2O, upon addition of spermidine (left 
column), putrescine (middle column), and n-butylamine (right column). Insets: structures of fully 
protonated spermidine, putrescine, and n-butylamine; fluorescence photographs of the 0 and 1.6 
µM spermidine solutions. 

 Similar to the response towards spermine, the polyanionic polymer also formed 

complexes with spermidine (pKa = 11.56, 10.80, 9.52),31 which should predominantly 
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have a +3 charge in the 50:50 EtOH:H2O solution (pH = 5.5 throughout the experiment).  

The analyte-induced aggregation of the PPE chains was accompanied by a blue-to-

green fluorescence color change (Figure 3.9a–c).  The 50:50 EtOH:H2O solution of 

anionic-PPE2 required 1.6 µM of spermidine to become fluorescent green.  In 

comparison, it needed only 0.69 µM of spermine to achieve a similar visual response 

(Figure 3.6).  Therefore, the anionic-PPE2 solution was more sensitive towards the 

detection of spermine (+4 charged) than spermidine (+3 charged).  This sensitivity can 

be explained by the better ability of spermine at aggregating the polyanionic PPE chains 

since it had an additional positively charged site to electrostatically attract and bind 

negatively charged polymer chains, thus leading to denser polymer aggregates.  The 

number of charges on an analyte has been previously demonstrated to be an important 

factor in the optical responses of other conjugated polyelectrolyte sensors.6,35-38  The 

sensitivity of anionic-PPE2 towards low concentrations of spermine (0.69 µM) and 

spermidine (1.6 µM) should be sufficient for detecting the urinary concentration 

differences between cancer patients and healthy volunteers (see Table 3.1). 

 Expectedly, anionic-PPE2 demonstrated poor sensitivities towards putrescine 

(pKa = 10.65, 9.20; +2 charged)39 and n-butylamine (pKa = 10.64; +1 charged).39  

Neither putrescine nor n-butylamine induced a visible blue-to-green fluorescence color 

change in the PPE solutions, even at relatively high concentrations (Figure 3.9d–i).  

However, both analytes were able to promote planarization and a small degree of 

aggregation (possibly dimerization) between the polymer chains, as evidenced by the 

red-shifted absorption band (around 433–436 nm) and fluorescence self-quenching.  

Similarly, Lavigne et al. recently reported an aggregation-based CPE sensor that 
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exhibited different absorption spectra in the presence of structurally similar diamines.40  

In our fluorescent sensory scheme, putrescine and n-butylamine were significantly less 

effective than spermine and spermidine at binding multiple PPE chains to form tightly 

associated aggregates with enhanced interchain exciton migration.  Therefore, a 

chemical sensor based on nonspecific electrostatic interactions may still exhibit some 

selectivity between similar analytes.33,38,40,41   

 We next investigated another biologically relevant analyte, neomycin (Scheme 

3.3), which is an aminoglycoside antibiotic containing six primary amine groups (pKa = 

8.80, 8.60, 8.04, 7.60, 7.55, and 5.74) and is, therefore, expected to induce a similar 

sensor response as the polyamines.42  In a 50:50 ethanol: water solution (pH = 5.5 

throughout the experiment), this multicationic, small-molecule analyte effectively 

induced aggregation between the anionic-PPE2 chains, resulting in a visually 

noticeable blue-to-green fluorescence color change at a concentration of 0.92 µM, or 

570 µg/L (Figure 3.10).  This low detection level, in addition to the very rapid response, 

may make this sensor applicable for monitoring neomycin residue levels in milk,26,43 

which currently has a maximum residue limit of 1500 µg/kg (~1500 µg/L), as established 

by the European Union.21  
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Figure 3.10 (a) Absorption, (b) fluorescence, and (c) normalized fluorescence 
spectra of anionic-PPE2 in 50:50 EtOH:H2O, upon addition of neomycin. Insets: 
graph of the ratio of fluorescence intensity at 503 nm to that at 430 nm, as a 
function of neomycin concentration; fluorescence photographs of the 0 and 0.92 
µM solutions. 
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Since this CPE-based sensor relies on nonspecific electrostatic interactions, it 

will inherently be susceptible to interference from charged species, such as proteins, 

commonly found in complex biological fluids.44,45  Therefore, removal of these interfering 

species from biological samples would be necessary prior to analysis using nonspecific 

polyelectrolyte sensors3 such as anionic-PPE2. 

 

 

3.3 Conclusions 

 In summary, an anthryl-doped, polyanionic poly(p-phenylene ethynylene) was 

synthesized and spectroscopically characterized under various aggregation conditions.  

In dilute solution, this polyanionic polymer formed tightly associated aggregates upon 

addition of a poor solvent or upon addition of non-quenching, multicationic, small-

molecule analytes (spermine, spermidine, and neomycin).  The induced aggregation of 

the conjugated polymer chains resulted in enhanced exciton migration from the blue-

emitting PPE segments to the green-emitting anthryl units.  The rapid, visually 

noticeable, blue-to-green fluorescence color change that accompanies aggregation of 

this polymer may be useful in sensor arrays for detecting biologically relevant, 

nonquenching, multicationic species. 
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3.4 Experimental Section 

General Methods and Instrumentation 

 Synthetic manipulations were carried out under an argon atmosphere using 

standard Schlenk techniques. 1H NMR spectra were recorded on a Varian 500 MHz 

spectrometer.  Chemical shifts of each signal are reported in units of δ (ppm) and 

referenced to the residual proton signal of the solvent (chloroform-d: 7.27; methanol-d: 

3.31). Splitting patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet), 

m (multiplet), and br (broad).  Attenuated total reflection infrared (ATR–IR) spectra were 

obtained on a NEXUS 870 spectrometer. 

 Polymer molecular weights were determined by gel permeation chromatography 

(GPC) versus polystyrene standards (Agilent Technologies, Inc.) using THF as the 

eluent at a flow rate of 1.0 mL/min in a Hewlett Packard series 1100 GPC system 

equipped with three PLgel 5 µm 105, 104, 103 (300 × 7.5 mm) columns in series and a 

diode array detector at 254 nm. 

 The UV–vis absorption and fluorescence spectra were measured in a 1 cm 

quartz cuvette at a repeating unit concentration of about 2.7 × 10-6 M with an optical 

density of 0.09–0.10 AU at the λmax around 399–418 nm.  UV–vis absorption spectra 

were measured with a Cary 50 UV–visible absorption spectrometer at room 

temperature.  Fluorescence spectra were measured with a SPEX Fluorolog-τ2 

fluorometer (model FL112, 450 W xenon lamp).  Fluorescence spectra were obtained at 

a right-angle geometry using an excitation wavelength of 375 nm. 

 Aggregate solutions in good solvent/poor solvent mixtures were prepared by 

dropwise addition of the poor solvent into a stirring solution of the polymer dissolved in a 
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good solvent.  Analyte-induced aggregation experiments were performed by the 

sequential addition of a measured volume of stock solution directly into the cuvette for 

absorption and fluorescence measurements.  Each stock solution contained a 

concentrated amount of the target analyte, and it also contained the same concentration 

of anionic-PPE2 as the solution without any analyte.  The pH of the solutions were 

measured by colorpHast® pH-indicator strips (EMD) or by a φ™ 350 pH Meter 

(Beckman Instruments, Inc.). 

 

Materials 

 All solvents were of spectral grade unless otherwise noted.  Water for 

spectroscopic measurements was obtained from a Millipore Milli-Q purification system. 

Pd(PPh3)4 was purchased from Strem Chemicals, Inc.  Spermine and spermidine were 

purchased from Alfa Aesar.  Aqueous neomycin solution (1 mg/mL) was purchased 

from Fluka. The synthesis and characterization of PPE0 is reported elsewhere.13  All 

other chemicals were purchased from Aldrich Chemical Co., Inc. and used as received. 

 

Synthetic Procedures 

PPE2: The doped polymer was synthesized according to reference 13 (Scheme 3.5), as 

follows: To a 25 mL Schlenk tube, added 1 (90.8 mg, 1.49 x 10-4 mol), 2 (162 µL of a 

17.9 mM CHCl3 solution, 2.92 x 10-6 mol), and 3 (104.7 mg, 1.45 x 10-4 mol).  The 

solvent was evaporated at 33 ˚C under a flow of nitrogen, and then the mixture was 

dried in vacuo.  Under a nitrogen atmosphere, Pd(PPh3)4 (16.8 mg, 1.5 x 10-5 mol) and 

CuI (16.6 mg, 8.7 x 10-5 mol) were added.  The vessel was evacuated and back-filled 
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with argon three times, followed by the addition of degassed 7:3 toluene: 

diisopropylamine (4.0 mL).  The mixture was stirred at 70 ˚C for 3 days under an argon 

atmosphere.  The mixture was then subjected to a work up with CHCl3 and a sat. aq. 

NH4Cl solution.  The organic phase was washed with water, then brine.  The organic 

extract was dried over MgSO4 and filtered prior to solvent removal under reduced 

pressure.  The residue was dissolved in CHCl3 then added dropwise in rapidly stirring 

methanol.  The mixture was centrifuged at 3000 rpm for 30 min and then decanted.  The 

polymer was then washed with additional MeOH, and the mixture was centrifuged and 

decanted again.  The solid polymer was then dissolved in acetone, transferred to a vial, 

then dried in vacuo to afford a yellow solid (158.8 mg, ~94%). Mn = 23 kDa, PDI = 3.24. 

1H NMR (500 MHz, CDCl3): 8.50–8.44 (1H, br), 8.28–8.22 (1H, br), 8.12 (0.15H, s), 8.01 

(0.10H, d, J = 8.3 Hz), 7.82 (0.06H, d, J = 8.3 Hz), 7.72–7.54 (0.46H, br), 7.50–7.36 

(4H, br), 7.15–6.98 (4H br), 6.10–5.96 (4H, br), 3.93–3.83 (12H, br). ATR–IR (ν/cm-1): 

2956, 2852, 1722, 1641, 1514, 1437, 1209, 1142, 1061, 818, 748, 677. 

Scheme 3.5 Synthesis of PPEy 
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anionic-PPE0 and anionic-PPE2: These polymers were prepared similarly, and a 

general procedure is illustrated by the following synthesis of anionic-PPE0. To a 25 mL 

Schlenk tube, added a 4.5 mL solution of PPE0
13 (Mn = 19 kDa, 28 mg, 0.023 mmol 

repeat units) dissolved in degassed THF, then a 2.0 mL solution of 0.30 M LiOH in 

degassed water.  After stirring the mixture at 40 ˚C for 2 days, the solvent was removed 

in vacuo.  The hydrolyzed polymer was then subjected to dialysis against pure water for 

3 days, using SnakeSkin™ dialysis tubing (Pierce) with a molecular weight cutoff of 10 

kDa.  The water was removed in vacuo to afford anionic-PPE0 as a dark yellow solid 

(27 mg, 100%). 1H NMR (500 MHz, CD3OD): 8.80–8.72 (1H, br), 8.60–8.53 (1H, br), 

8.25 (0.19H, s), 8.16 (0.10H, d, J = 8.5 Hz), 7.97 (0.12H, d, J = 8.5 Hz), 7.77–7.62 

(0.40H, br), 7.51–7.39 (4H, br), 7.15–6.98 (4H, br), 6.55–6.38 (4H, br). ATR–IR (ν/cm-1): 

3421, 2929, 2856, 1711, 1587, 1512, 1469, 1408, 1373, 1306, 1209, 1146, 750, 677, 

634, 598.  

 

anionic-PPE2: Reagents: 16 mL solution of PPE2 (Mn = 23 kDa, 100 mg, ~0.085 mmol 

repeat units) dissolved in THF, 4.0 mL aq. solution of 0.53 M LiOH). Yield: 91 mg (96%). 

1H NMR (500 MHz, CD3OD): 8.80–8.70 (1H, br), 8.62–8.51 (1H, br), 8.41 (0.15H, br), 

8.10–8.06 (0.06H, br), 7.95–7.85 (0.13H, br), 7.68–7.58 (0.27H, br), 7.53–7.33 (4H, br), 

7.12–6.90 (4H, br), 6.65–6.35 (4H, br). ATR–IR (ν/cm-1): 3421, 2925, 2856, 1709, 1583, 

1510, 1471, 1404, 1371, 1304, 1209, 1144, 750, 677, 633, 598. 
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Figure 3.A.1 1H NMR (500 MHz, CDCl3) of syn-PPE2. 

 
 
 

 
Figure 3.A.2 1H NMR (500 MHz, CDCl3) of syn-PPE2 (magnified downfield region). 
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Figure 3.A.3 1H NMR (500 MHz, CD3OD) of anionic-PPE0. 

 
 
 
 

 
Figure 3.A.4 1H NMR (500 MHz, CD3OD) of anionic-PPE0 (magnified downfield region).
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Figure 3.A.5 1H NMR (500 MHz, CD3OD) of anionic-PPE2. 

 
 
 
 

 
Figure 3.A.6 1H NMR (500 MHz, CD3OD) of anionic-PPE2 (magnified downfield region). 
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Figure 3.A.7 ATR–IR of PPE0 (blue) and anionic-PPE0 (red). 

 
 
 

 
 
 

 
Figure 3.A.8 ATR–IR of PPE2 (blue) and anionic-PPE2 (red). 
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Chapter 4 
 

Facile Control of Chiral Packing in  
Poly(p-Phenylene Vinylene) Spin-Cast Films 
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4.1 Introduction 

The control of film morphology is of critical importance in the fabrication of 

conjugated polymer-based devices such as light-emitting diodes, field effect transistors, 

photodiodes, and photovoltaic cells.1  To optimize the performance and efficiency of 

these devices, it is crucial to obtain a better understanding of interchain interactions and 

aggregation behavior of the polymer in its solid state.  Many groups have recently 

studied the morphological properties of poly(p-phenylene vinylene) (PPV) derivatives, 

which are among the most extensively investigated conjugated polymers for electronic 

applications due to their stability, easy processability, and good electrical and optical 

properties.1 The morphology and optoelectronic properties of conjugated polymer films 

are highly dependent on the deposition technique,2 choice of solvent,3,4,5,6,7 polymer 

concentration,5 and annealing process.4,6,8,9 Notably, Schwartz et al. observed that the 

degree of aggregation in a poly[2-(2’-ethylhexyloxy)-5-methoxy-1,4-phenylene vinylene] 

(MEH-PPV) solution could be directly transferred into the film state by spin-casting 

deposition.6  Generally, PPV films with higher degrees of interchain contact have lower 

luminescence quantum yields, higher probabilities of exciton–exciton annihilation, lower 

rates of photobleaching, and greater charge carrier mobilities.  

Currently, the nature of polymer aggregation in spin-cast films is still unclear.  

One method to monitor aggregation behavior both in solution and in the solid state is by 

employing circular dichroism (CD) spectroscopy, a widely used technique for the 

conformational analysis of chiral molecules and materials.10 In this study, we used CD 

spectroscopy to demonstrate that films spin-cast from a chiral π-conjugated polymer can 

3-7 
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be easily and selectively prepared from different solvents to have correspondingly 

different chiral architectures with opposite handedness. 

Fujiki et al. recently reported that σ-conjugated polysilane films can be selectively 

prepared to contain either P- or M-helices by drop-casting from isooctane or hexane 

solutions above or below the helix–helix (P–M) inversion temperature.7  In another 

account, Meijer et al. reported that the cooling rate of a heated chiral polythiophene film 

determined its chiral organization.11  By immersing the hot film into a cold water bath, 

they were able to freeze-in a metastable assembly that possessed a chirality that was 

opposite to that of a film that was slowly cooled. 

 In this chapter, we demonstrate how we were able to easily control the packing 

architectures of chiral PPV films by adjusting the spin-casting solvent and film annealing 

conditions, or by incorporating bulky, interlocking side groups into the polymer. 

 

 

4.2 Results and Discussion 

4.2.1 Synthesis 

Our group recently synthesized a PPV derivative containing two phenyl side 

groups substituted with side chains derived from racemic 2-ethylhexyl bromide.12  For 

the present study, we synthesized two similar PPV derivatives, PPV1 and PPV2 

(Scheme 4.1), that contained side chains derived from an enantiomerically pure chiral 

compound, (S)-(+)-citronellyl bromide, and, therefore, could be studied by CD 

spectroscopy. 
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Scheme 4.1 Synthesis of Chiral PPV Derivatives PPV1 and PPV2.a 
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a (a) (S)-3,7-Dimethyloctyl bromide,13 K2CO3, KI, 2-butanone, reflux; (b) n-BuLi, TMEDA, 
hexane, rt; (c) B(OMe)3, 0 ˚C; (d) aqueous HCl; (e) 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, 0 ˚C; (f) Pd(PPh3)4, K2CO3, DMF, PhMe, H2O, EtOH, 90 ˚C; (g) Pd(PPh3)4, 
Cs2CO3, p-dioxane, 90 ˚C; (h) SOCl2, CH2Cl2; (i) KOtBu, THF.1415 

 
 

To induce optical activity in the conjugated backbone, enantiomerically pure, 

chiral alkyl chains were incorporated into the polymers16 by Williamson ether synthesis.  

Directed ortho lithiation of the arene unit (phenyl in PPV1, and triptycene in PPV2), 

followed by borylation, afforded compounds 3a and 3b, which were then coupled with 

compound 415 by a palladium-catalyzed Suzuki coupling reaction.  Halodehydroxylation 

of the resulting compounds, 5a and 5b, produced the monomers 6a and 6b.  The 

monomers, each containing two benzylic chlorides, were then polymerized by a Gilch 
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polymerization17 by adding an excess of potassium tert-butoxide in tetrahydrofuran to 

produce the polymers PPV1 (Mn = 1200 kDa) and PPV2 (Mn = 80 kDa). 

 

4.2.2 Aggregation of PPV1 Solutions and Films 

By adding a poor solvent (e.g., polar acetonitrile) to a solution of PPV1 dissolved 

in a good solvent (e.g., nonpolar chloroform), it was possible to study the conformation 

of the polymer at various degrees of aggregation (Figure 4.1a).18,19,20,21,22 

 

Figure 4.1 CD and absorption spectra of PPV1 as (a) solutions in chloroform: 
acetonitrile (v:v) and (b)  a spin-cast film, before (solid line) and after (dashed 
line) annealing. 

 

18-22 
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The strong bisignate Cotton effects centered at the π–π* transition (around 430 

nm in the absorption spectra) were indicative of exciton coupling23 between obliquely 

oriented neighboring polymer backbone chains, suggesting the existence of a chiral 

supramolecular organization within the aggregates.24  In 100% chloroform, aggregation 

of the polymer did not occur, so, as expected, no bisignate CD couplets were observed.  

In relatively nonpolar cosolvent mixtures (70:30 and 60:40 CHCl3:MeCN), a positive CD 

couplet was observed (signifying P-chirality), whereas in polar cosolvent mixtures (≤ 

50:50 CHCl3:MeCN) a negative CD couplet (signifying M-chirality) was observed.25,26 

This solvent-induced inversion of Cotton effects had been previously observed for chiral 

aggregate solutions of polythiophene13,21,22,27 and polysilane.19  Yashima et al. attributed 

this phenomenon in polythiophene solutions to the formation of two types of π-stacked, 

chiral supramolecular assemblies:  a cholesteric liquid crystalline-type (i.e., helical) 

assembly of coplanar chains and a stack of twisted backbone chains (Figure 4.2).21 

Thus, for example, a cholesteric assembly may be dominant in nonpolar solvents (e.g., 

60:40 CHCl3:MeCN, which exhibited P-chirality), while the twisted stack assembly may 

be dominant in more polar solvents (e.g., 50:50 CHCl3:MeCN, which exhibited M-

chirality).  However, further studies would be necessary to elucidate which type of 

architecture was responsible for each observed handedness.21 
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Figure 4.2 Schematic illustrations of the proposed packing architectures: a P-chiral 
cholesteric assembly and an M-chiral twisted stack.21 

 

When the aggregate-free chloroform solution was spin-cast into a thin film, no 

chiral organization was found to exist in the resulting film (Figure 4.1b).  The disordered 

assembly in the solid state was a direct consequence of the absence of ordered chiral 

aggregates in good solvents.  Several groups observed that it was important to 

thermally anneal films in order to develop chiroptical properties in the solid state.28  

Additionally, Liu et al. recently described a method of increasing the degree of 

interchain interactions in MEH-PPV films by exposing the films to saturated organic 

solvent vapor,9,29 which induces a plasticization effect and reduces the glass-transition 

temperature of polymers.30  Consistent with these studies, thermally annealing a film of 

PPV1 (at 45 ˚C for 30 min) in the presence of chloroform vapor resulted in a bisignate 

CD couplet, suggesting that the polymer chains self-assembled from a disordered state 

to a more thermodynamically favored chiral organization.  This CD spectrum had a 

similar shape to the negative CD couplet observed for the tightly aggregated polymer in 



 136 

poor solvents (≤ 50:50 CHCl3:MeCN).  Thus, the annealed film and the tightly 

aggregated polymer solutions both consisted of a predominantly M-chiral organization. 

Using the same polymer, we wanted to fabricate a film having a chiral 

architecture with the opposite handedness.  Unfortunately, spin-cast films from good 

solvent/poor solvent mixtures, such as CHCl3/MeCN or CHCl3/MeOH, exhibited a 

significant amount of light scattering and inhomogeneity due to precipitation during the 

spin-coating process.  A survey of various solvents revealed that in 1,2-dichloroethane 

(DCE) the polymer exhibited a strong positive CD couplet (Figure 4.3a) similar to that 

observed in 60:40 CHCl3:MeCN.  The lower solubility of PPV1 in 1,2-dichloroethane 

relative to chloroform31 allowed the formation of stable aggregates in solution.  The DCE 

solution, as well as the polar CHCl3:MeCN solutions (Figure 4.1a), exhibited red-tailing 

in the absorption spectra, signifying the presence of light-scattering aggregate particles. 
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Figure 4.3 CD and absorption spectra of PPV1 as (a) a solution in 1,2-
dichloroethane and (b) a corresponding spin-cast film without any annealing. 

 
Similar to the DCE solution, the corresponding spin-cast film also displayed a 

strong positive CD couplet (Figure 4.3b), indicative of a predominantly P-chiral 

organization.  Apparently, the spin-casting process kinetically trapped the polymer 

chains in their solution conformation.4,5,6  Thermal annealing in the presence of CHCl3 or 

DCE vapor or under an inert nitrogen atmosphere did not considerably alter the CD 

spectra of these films, which already possessed a significantly ordered architecture.  

Therefore, the chiral organization may have been effectively locked in a low-energy 

state in the film.  Since the P-chiral organization in the film state could not be readily 

4-6 
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disrupted and inverted, its relative energy compared to the M-chiral organization could 

not be readily determined.  

In summary of the results so far, we have shown that by simply varying the spin-

casting solvent (for kinetic control) or annealing conditions (for thermodynamic control), 

three distinct film architectures can be prepared from the same PPV: a disordered 

assembly that did not exhibit any chiral packing and two chiral organizations with 

opposite handedness. 

 

4.2.3 Aggregation of PPV2 Solutions and Films 

We synthesized another chiral polymer, PPV2, to study the effects of bulky, 

interlocking triptycene side groups on the chiral organizations.20  In aggregate solutions, 

only one type of chiral organization was observed: a P-chiral assembly exhibiting a 

positive CD couplet (Figure 4.4a).  The maximum CD signal intensity appeared in the 

50:50 CHCl3:MeCN solution, which had a significant amount of aggregation with 

minimal precipitation.  Unlike PPV1, no solvent-induced inversion of Cotton effects was 

observed.  It is possible that the bulky triptycene side groups prevented the formation of 

tightly associated assemblies, which markedly exhibited a negative CD couplet in the 

polar cosolvent mixtures of PPV1.  Figure 4.5 illustrates the proposed packing 

architecture of the P-chiral organization of PPV2. 
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Figure 4.4 CD and absorption spectra of PPV2 as (a) solutions in chloroform: 
acetonitrile (v:v) and (b)  a spin-cast film, before (solid line) and after (dashed 
line) annealing. 
 

 

 

 

 

 

 Figure 4.5 Schematic illustration of the proposed P-chiral packing 
architecture of PPV2. 
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Similar to PPV1, the 100% chloroform solution of PPV2 did not appear to have 

any chiral organization.  However, when the PPV2–chloroform solution was spin-cast 

onto a glass substrate, the resulting film exhibited a distinct CD couplet even without 

any thermal annealing (Figure 4.4b).  The iptycene moieties, which have been proposed 

to help form interlocking structures,20 may have assisted in securing an ordered, chiral 

assembly that formed as the solvent evaporated during the spin-coating process.  

Subsequent thermal annealing in the presence of chloroform vapor did not significantly 

alter the shape of the positive CD couplet, but it did increase the signal intensity, 

suggestive of a minor reorganization of the chiral packing in the film. 

 

 

4.3 Conclusions 

In conclusion, we have shown that incorporating bulky, interlocking side groups 

into a chiral π-conjugated polymer can help to assemble ordered, chiral architectures in 

films spin-cast from a good solvent (e.g., chloroform).  Additionally, we have 

demonstrated that from one chiral PPV, three distinct film architectures can be 

prepared: a disordered assembly that does not exhibit any chiral packing and two chiral 

organizations with opposite handedness.  This ability to easily control the stacking 

organization in a π-conjugated polymer film may facilitate the optimization of its 

electronic and optical properties, such as charge transport and luminescence (see 

Chapter 5 for luminescence polarization studies). 
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4.4 Experimental Section 

General Methods and Instrumentation 

All synthetic manipulations were carried out under an inert nitrogen or argon 

atmosphere using standard Schlenk techniques or in an inert-atmosphere glovebox 

(Innovative Technology, Inc.) unless otherwise noted.  All organic extracts were dried 

over MgSO4 and filtered prior to solvent removal under reduced pressure.  1H and 13C 

NMR spectra were recorded on either a Varian 300 MHz or a Varian 500 MHz NMR 

spectrometer.  Chemical shifts of each signal are reported in units of δ (ppm) and 

referenced to the residual signal of the solvent (chloroform-d: 7.27 for 1H, 77.23 for 13C, 

dichloromethane-d2: 5.32 for 1H).  Splitting patterns are designated as s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), and br (broad).  High-resolution mass 

spectra (HRMS) were obtained at the MIT Department of Chemistry Instrumentation 

Facility on a Bruker Daltonics APEX II 3 Tesla FT–ICR–MS using electrospray 

ionization (ESI).   

Polymer molecular weights were determined by gel permeation chromatography 

(GPC) versus polystyrene standards (Agilent Technologies, Inc.) using THF as the 

eluent at a flow rate of 1.0 mL/min in a Hewlett Packard series 1100 GPC system 

equipped with three PLgel 5 mm 105, 104, 103 (300 × 7.5 mm) columns in series and a 

diode array detector at 254 nm.  Polymer transition temperatures (glass-transition Tg, 

crystallization Tc, melting Tm) were determined by differential scanning calorimetry using 

a TA Instruments Q10 DSC at a scan rate of 10 ˚C/min.  Melting points (m.p.) were 

measured with a Mel-Temp II (Laboratory Devices).   
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Polymer thin films (70–100 nm thick) were spin-cast on 18 × 18 mm2 glass 

substrates using a WS-400 Spin Processor (Laurell Technologies Corp.) at a spin rate 

of 1000 rpm for 1 min, and then dried in vacuo.  Film thicknesses were measured on a 

M2000D Spectroscopic Ellipsometer (J. A. Woollam Co., Inc.).  Uniformity of each thin 

film was confirmed by equivalent UV–vis absorption intensities from three different 

regions of the film.  Thermal solvent-annealing involved using a hot plate to heat (43–46 

˚C for 30 min) polymer films placed on top of a glass Petri dish containing the stirring 

solvent.  An inverted, tall glass dish lined with filter paper was placed over the Petri dish 

to maintain the saturated vapor atmosphere.  Regular thermal annealing under an inert 

nitrogen atmosphere was carried out in a vacuum oven at 140 ˚C for 30 min. 

UV–vis absorption spectra were measured with a Cary 50 UV–visible absorption 

spectrometer at room temperature.  Circular dichroism spectra were obtained on an 

Aviv Model 202 Circular Dichroism Spectrometer at room temperature.  CD spectra of 

spin-cast films were found to be equivalent when the films were rotated 90˚ around its 

normal or oriented backwards. The UV–vis absorption and CD spectra of solutions were 

measured in a 1 cm quartz cuvette at a repeating unit concentration of 4.0 × 10-6 M for 

PPV1 solutions or 4.7 × 10-6 M for PPV2 solutions.  Aggregate solutions were prepared 

by dropwise addition of the poor solvent into a stirring solution of the polymer dissolved 

in a good solvent.  Different samples of PPV1 with various molecular weights (Mn = 

1200 kDa, 366 kDa, 55 kDa, and 44 kDa) exhibited consistent behavior: a solvent-

induced inversion of Cotton effects in CHCl3:MeCN aggregate solutions, a negative CD 

couplet in annealed films spin-cast from CHCl3, and a positive CD couplet in films spin-

cast from DCE. 
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Materials 

All solvents were of spectral grade unless otherwise noted.  Anhydrous 

dichloromethane and tetrahydrofuran were obtained using a solvent purification system 

(GlassContour). p-Dioxane was dried by passing through activated alumina columns 

prior to storage in dry, air-free vessels.  Anhydrous hexane was distilled from CaH2.  

Pd(PPh3)4 was purchased from Strem Chemicals, Inc.  Compounds 1, 4, and (S)-3,7-

dimethyloctyl bromide were prepared following literature procedures.  Silica gel (40–63 

mm) was obtained from SiliCycle.  All other reagents were obtained from Aldrich 

Chemical Co., Inc. and used without further purification. 

 

Synthetic Procedures 

(2a): Hydroquinone (9.36 g, 85.0 mmol), (S)-3,7-dimethyloctyl bromide13 (47.0 g, 213 

mmol), K2CO3 (70.5 g, 510 mmol), and KI (0.282 g, 1.69 mmol) were suspended in 2-

butanone (300 mL).  The stirred mixture was heated to reflux for 72 h then cooled to 

room temperature.  The insoluble salts were removed by filtration and washed with 

ether.  After adding water to the filtrate, the suspension was extracted with ether.  The 

organic extract was washed successively with sat. aq. NH4Cl, water, and brine.  The 

product was purified by flash chromatography (100:1 ramping up to 25:1 hexane: ethyl 

acetate), followed by vacuum distillation to remove unreacted (S)-3,7-dimethyloctyl 

bromide, to afford 2a as a clear, slightly yellow oil (28.0 g, 84%).  1H NMR (300 MHz, 

CDCl3): 6.84 (4H, s), 3.95 (4H, m), 1.87–1.46 (8H, m), 1.40-1.06 (12H, m), 0.94 (6H, d, 

J = 6.4Hz), 0.88 (12H, d, J = 6.6Hz); 13C NMR (125 MHz, CDCl3): 153.4, 115.6, 67.2, 
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39.5, 37.5, 36.6, 30.1, 28.2, 24.9, 22.9, 22.8, 19.9; HRMS-ESI (m/z) for C26H46O2 calcd 

[M+H]+: 391.3571, found: 391.3560. 

 

(3a): To a stirred solution of 2a (25.0 g, 64.0 mmol) in anhydrous hexane (86 mL), were 

added n-BuLi (52.0 mL of 1.6 M in hexane, 102 mmol) and TMEDA (21.1 mL, 141 

mmol).  After stirring overnight at room temperature, the reaction was cooled to 0 ˚C, 

and then B(OMe)3 (17.2 mL, 154 mmol) was added.  The reaction was warmed to room 

temperature and left to stir for 3 h.  Water (100 mL) was added, followed by 1 M HCl (5 

mL), and the reaction was left to stir for 2 h.  The aq. layer was separated and extracted 

with dichloromethane.  The combined organic layers were washed with water and brine, 

successively.  The product was purified by flash chromatography (50:1 hexane: ethyl 

acetate), followed by recrystallization from hexane, to afford 3a as a white solid (10.7 g, 

38%).  m.p. 60–62 ˚C; 1H NMR (300 MHz, CDCl3): 7.39 (1H, d, J = 2.8Hz), 6.97 (1H, dd, 

J = 3.0, 8.8Hz), 6.85 (1H, d, J = 8.8Hz), 6.36 (2H, br), 4.04 (4H, m), 1.94–1.08 (20H, m), 

1.03–0.86 (18H, m); 13C NMR (125 MHz, CDCl3): 158.5, 153.5, 121.6, 119.5, 115.6, 

112.3, 67.6, 67.1, 39.5, 39.4, 37.5, 37.5, 36.6, 36.6, 30.2, 30.1, 30.1, 28.2, 28.2, 24.9, 

24.9, 22.9, 22.9, 22.8, 22.8, 19.9; HRMS-ESI (m/z) for C26H47BO4 calcd [M+H]+: 

435.3656, found: 435.3666. 

 

(5a): 415 (1.83 g, 6.18 mmol), 3a (6.72 g, 15.5 mmol), K2CO3 (7.09 g, 51.3 mmol), and 

Pd(PPh3)4 (0.43 g, 0.37 mmol) were suspended in a solvent mixture of 

dimethylformamide (20 mL), toluene (16 mL), water (9 mL), and ethanol (4.5 mL).  The 

reaction was degassed with argon, heated to 90 ˚C, and left to stir for 70 h.  The mixture 
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was partitioned between water and dichloromethane, and the organic extract was 

washed with water and brine, successively.  The product was purified by flash 

chromatography (10:1 hexane: ethyl acetate) to afford 5a as a white solid (3.98 g, 70%).  

m.p. 35–36 ˚C; 1H NMR (500 MHz, CDCl3): 7.39 (2H, s), 6.97 (2H, d, J = 8.9Hz), 6.89 

(2H, dd, J = 2.9, 8.9Hz), 6.83 (2H, d, J = 2.3Hz), 4.43 (4H, m), 4.06–3.70 (8H, m), 3.10–

2.90 (2H, br), 1.90–0.70 (76H, m); 13C NMR (125 MHz, CDCl3): 154.1, 150.1, 138.9, 

137.6, 132.1, 131.1, 117.6, 115.8, 115.6, 114.8, 69.7, 67.1, 64.0, 39.5, 39.4, 37.5, 37.4, 

36.6, 36.4, 30.1, 28.2, 28.1, 24.9, 24.8, 22.9, 22.9, 22.8, 22.8, 19.9, 19.7; HRMS-ESI 

(m/z) for C60H98O6 calcd [M+H]+: 937.7248, found: 937.7256. 

 

(6a): To a stirred solution of 5a (2.05 g, 2.24 mmol) in anhydrous dichloromethane (30 

mL), were added SOCl2 (0.94 mL, 13 mmol) and anhydrous dimethylformamide (0.1 

mL).  The solution was left to stir overnight at room temperature, then poured into ice 

water containing NaHCO3. After the mixture was extracted with dichloromethane, the 

organic extract was successively washed with water and brine.  The product was 

purified by column chromatography (80:1 hexane: ethyl acetate), followed by 

recrystallization from ethanol, to afford 6a as a white solid (1.34 g, 79%). m.p. 56–57 ˚C; 

1H NMR (300 MHz, CDCl3): 7.45 (2H, s), 6.90 (6H, m), 4.53 (4H, m), 4.06–3.80 (8H, m), 

1.90–0.70 (76H, m); 13C NMR (125 MHz, CDCl3): 153.4, 150.3, 137.8, 135.8, 131.9, 

117.7, 115.6, 115.1, 114.3, 68.2, 67.2, 44.5, 39.5, 39.4, 37.6, 37.5, 36.6, 36.5, 30.1, 

28.2, 28.2, 24.9, 22.9, 22.9, 22.8, 22.8, 19.9, 19.8; HRMS-ESI (m/z) for C60H96Cl2O4 

calcd [M+H]+: 973.6578, found: 973.6572. 
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(PPV1): To a solution of 6a (0.085 g, 0.089 mmol) in anhydrous tetrahydrofuran (9 mL), 

was added dropwise a 1M solution of KOtBu in tetrahydrofuran (0.45 mL, 0.45 mmol).  

After the reaction was left to stir overnight, methanol (6 mL) was added dropwise for 

precipitation of the high molecular weight polymer fraction.  The mixture was centrifuged 

at 2000 rpm for 30 min, then decanted.  The solid polymer was washed successively 

with methanol and acetone to afford PPV1 as a bright yellow solid (0.036 g, 45%).  Mn = 

1200 kDa, PDI = 1.97; Tm = 175 ˚C; 1H NMR (500 MHz, CD2Cl2): 7.22 (2H, s, br), 6.77–

6.65 (8H, m, br), 3.87–3.73 (8H, m, br), 1.80–0.59 (76H, m, br). 

 

(2b): 114 (25.2 g, 88.0 mmol), (S)-3,7-dimethyloctyl bromide13 (48.6 g, 219 mmol), 

K2CO3 (73.0 g, 528 mmol), and KI (0.296 g, 1.79 mmol) were suspended in 2-butanone 

(1000 mL).  The stirred mixture was heated to reflux for 72 h then cooled to room 

temperature.  The solvent was removed, and then the mixture was partitioned between 

water and dichloromethane.  The organic extract was washed successively with sat. aq. 

NH4Cl, water, and brine.  The product was purified by flash chromatography (hexane 

ramping up to 100:1 hexane: ethyl acetate) to afford 2b as a light yellow solid (34.9 g, 

70%). m.p. 51–53 ˚C; 1H NMR (500 MHz, CDCl3): 7.48 (4H, m), 7.06 (4H, m), 6.58 (2H, 

s), 5.97 (2H, s), 4.06 (4H, m), 2.00–1.20 (20H, m), 1.20–0.90 (18H, m); 13C NMR (125 

MHz, CDCl3): 148.6, 146.0, 135.8, 125.1, 123.9, 110.6, 68.1, 47.7, 39.5, 37.6, 36.7, 

30.3, 28.3, 25.0, 23.0, 22.9, 20.1; HRMS-ESI (m/z) for C40H54O2 calcd [M+H]+: 

567.4197, found: 567.4206. 
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(3b):  To a stirred solution of 2b (20.8 g, 36.8 mmol) in anhydrous hexane (338 mL), 

were added n-BuLi (29.9 mL of 1.6 M in hexane, 47.8 mmol) and TMEDA (12.1 mL, 

80.9 mmol).  After stirring overnight at room temperature, the reaction was cooled to 0 

˚C, and then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (18.0 mL, 88.3 

mmol) was added.  The reaction was warmed to room temperature and left to stir 

overnight.  The mixture was concentrated in vacuo, and then partitioned between water 

and dichloromethane.  The organic extract was washed with water and brine, 

successively.  The residue was passed through a column of silica gel, eluting with 100:1 

hexane:ethyl acetate.  The solvent was removed to afford 3b as a yellow solid (20.6 g), 

which was used in the next reaction without further purification.  HRMS-ESI (m/z) for 

C46H65BO4 calcd [M+H]+: 693.5049, found: 693.5042. 

 

(5b): 415 (2.17 g, 7.35 mmol), 3b (12.7 g, 18.4 mmol), Cs2CO3 (12.0 g, 36.7 mmol), and 

Pd(PPh3)4 (0.50 g, 0.44 mmol) were suspended in anhydrous p-dioxane (800 mL).  The 

reaction was degassed with argon, heated to 90 ˚C, and left to stir for 96 h.  After the 

addition of water, the reaction mixture was concentrated in vacuo and extracted with 

dichloromethane.  The organic extract was successively washed with water and brine.  

The product was purified by flash chromatography (16:1 hexane: ethyl acetate) to afford 

5b as a beige oil (3.24 g, 35%).  1H NMR (500 MHz, CDCl3): 7.50–7.30 (10H, m), 7.04 

(8H, m), 6.44 (2H, s), 5.92 (2H, s), 5.77 (2H, s), 4.26 (4H, m), 4.00 (4H, m), 3.88–3.24 

(6H, m, br), 2.00–0.58 (76, m); 13C NMR (125 MHz, CDCl3): 150.7, 145.8, 145.6, 145.4, 

139.8, 139.2, 138.0, 134.9, 132.2, 131.8, 125.4, 124.4, 124.2, 124.0, 123.6, 112.4, 74.3, 

74.0, 67.6, 64.0, 48.8, 47.6, 39.5, 37.5, 37.2, 36.7, 30.4, 29.7, 28.3, 28.1, 25.1, 24.8, 
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24.6, 23.0, 22.9, 22.9, 22.8, 20.1, 19.8, 19.6; HRMS-ESI (m/z) for C88H114O6 calcd 

[M+Na]+: 1289.8508, found: 1289.8516. 

 

(6b): To a stirred solution of 5b (3.14 g, 2.48 mmol) in anhydrous dichloromethane (40 

mL), was added SOCl2 (1.08 mL, 14.9 mmol).  The solution was left to stir overnight at 

room temperature, then poured into ice water containing NaHCO3.  After the mixture 

was extracted with dichloromethane, the organic extract was successively washed with 

water and brine.  The product was purified by column chromatography (7:1 hexane: 

dichloromethane) to afford 6b as an off-white solid (1.88 g, 58%).  m.p. 172-173 ˚C; 1H 

NMR (300 MHz, CDCl3): 7.49 (10H, m), 7.08 (8H, m), 6.60 (2H, s), 5.98 (2H, s), 5.85 

(2H, s), 4.52 (4H, m), 4.06 (4H, m), 3.63–3.46 (4H, br), 2.02–0.64 (76H, m); 13C NMR 

(125 MHz, CDCl3): 150.0, 145.8, 140.2, 137.8, 135.6, 135.0, 132.6, 130.1, 125.4, 125.3, 

124.1, 112.2, 73.3, 67.5, 48.8, 47.6, 44.4, 39.5, 39.4, 37.6, 37.5, 37.4, 36.6, 30.0, 29.5, 

28.3, 28.2, 25.0, 24.8, 23.0, 23.0, 22.9, 22.8, 20.1, 19.9, 19.6, 19.5; HRMS-ESI (m/z) for 

C88H112Cl2O4 calcd [M+Na]+: 1325.7830, found: 1325.7886. 

 

(PPV2): To a solution of 6b (0.097 g, 0.074 mmol) in anhydrous tetrahydrofuran (1.6 

mL), was added dropwise a 1M solution of KOtBu in tetrahydrofuran (0.37 mL, 0.37 

mmol).  After the reaction was left to stir overnight, methanol (16 mL) was added 

dropwise, and then the mixture was transferred into 100 mL of stirring MeOH.  The 

mixture was centrifuged at 2000 rpm for 30 min, then decanted.  The solid polymer was 

washed successively with methanol and acetone to afford PPV2 as a bright yellow solid 

(0.057 g, 62%).  Mn = 80 kDa, PDI = 3.43; Tg = 74 ˚C, Tc = 109 ˚C, Tm = 195 ˚C; 1H 
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NMR (500 MHz, CD2Cl2): 7.50–5.70 (26H, m, br), 4.30–3.10 (8H, m, br), 2.30–0.10 

(76H, m, br). 
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1H NMR and 13C NMR Spectra 
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Figure 4.A.1 1H NMR (300 MHz, CDCl3) of 2a. 

 
 
 
 

 
Figure 4.A.2 13C NMR (125 MHz, CDCl3) of 2a.
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Figure 4.A.3 1H NMR (300 MHz, CDCl3) of 3a. 

 
 
 
 

 
Figure 4.A.4 13C NMR (125 MHz, CDCl3) of 3a. 
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Figure 4.A.5 1H NMR (500 MHz, CDCl3) of 5a. 

 
 
 
 

 
Figure 4.A.6 13C NMR (125 MHz, CDCl3) of 5a. 
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Figure 4.A.7 1H NMR (300 MHz, CDCl3) of 6a. 

 
 
 
 

 
Figure 4.A.8 13C NMR (125 MHz, CDCl3) of 6a. 
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Figure 4.A.9 1H NMR (500 MHz, CD2Cl2) of PPV1. 
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Figure 4.A.10 1H NMR (500 MHz, CDCl3) of 2b. 

 
 
 
 

 
Figure 4.A.11 13C NMR (125 MHz, CDCl3) of 2b. 
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Figure 4.A.12 1H NMR (500 MHz, CDCl3) of 3b. 

 
 
 
 

 
Figure 4.A.13 13C NMR (125 MHz, CDCl3) of 3b. 
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Figure 4.A.14 1H NMR (500 MHz, CDCl3) of 5b. 

 
 
 
 

 
Figure 4.A.15 13C NMR (125 MHz, CDCl3) of 5b. 
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Figure 4.A.16 1H NMR (300 MHz, CDCl3) of 6b. 

 
 
 

 
Figure 4.A.17 13C NMR (125 MHz, CDCl3) of 6b. 
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Figure 4.A.18 1H NMR (500 MHz, CD2Cl2) of PPV2. 
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5.1 Introduction 
 

The functional properties exhibited by conjugated polymer films in devices such 

as light-emitting diodes, field-effect transistors, sensors, and solar cells, are not only 

dependent on the individual properties of the polymer, but also on how the polymer is 

organized in the film.  For a solution-processed conjugated polymer, the final 

architecture in the solid film is dependent on the dynamic assembly from the solution 

state.1,2  Variations in the film architecture may ultimately lead to remarkably different 

functional properties.  In this chapter, we show that, depending on the solvent from 

which a conjugated polymer film is cast, opposite circular polarization in the 

luminescence can be obtained.  This demonstrates the utility of supramolecularly 

preorganizing polymers in solution to control the functional properties of the solid film. 

 

 

5.2 Results and Discussion 

One of the most extensively studied classes of π-conjugated polymers for 

optoelectronic applications is poly(p-phenylene vinylene) (PPV) because of its stability, 

easy processability, and good electrical and luminescent properties.3  We recently 

synthesized a chiral PPV derivative, PPV1 (Scheme 5.1).2  By incorporating chirality into 

an emissive conjugated polymer, we can use circular 

dichroism (CD) and circularly polarized luminescence 

(CPL) spectroscopy to analyze the organization of the 

polymer in its electronic ground4 and excited5 states, 

respectively. 

OO

OO

n

PPV1

Scheme 5.1 Structure of PPV1. 
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5.2.1 Optical Properties of Polymer Films 

Figure 5.1a displays the degrees of circular polarization in absorption (gabs) and 

luminescence (glum) in spin-cast films of PPV1.  The g values are defined in Equations 

5.1 and 5.2 as follows: 

gabs = 2(εL – εR)/(εL + εR)              (Eq. 5.1) 

glum = 2(IL – IR)/(IL + IR)              (Eq. 5.2) 

where εL and εR are the molecular extinction coefficients for left and right circularly 

polarized light, and IL and IR are the luminescence intensities of left and right circularly 

polarized light.4a  Figure 5.1b shows the corresponding normalized UV–vis absorption 

and fluorescence spectra, which are similar in shape despite the different processing 

conditions of each film. 
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Figure 5.1 (a) The g values of absorption (lines) and luminescence (markers), and (b) 
normalized absorption (solid lines) and fluorescence (dashed lines) spectra of PPV1 films spin-
cast from 1,2-dichloroethane (DCE) and chloroform, before and after annealing.  The gabs 
values of the DCE film were plotted at 20% of their actual values for easier comparison. 

 

When PPV1 was spin-cast from a “good” nonpolar solvent (in which the polymer 

is in an expanded and well-dissolved state),6 such as chloroform, the resulting film 

exhibited no significant CPL.  However, annealing the film (at 45 ˚C for 30 min) in the 

presence of chloroform vapor enabled the polymer chains to self-assemble from a disor-

dered state to a more thermodynamically favored chiral organization,2,7 giving rise to CD 

and CPL signals. The preferential emission of right circularly polarized light (glum < 0) 

from the annealed film correlated with a negative gabs at the red edge of the absorption 
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spectrum, suggesting that the luminescence and absorption transitions involve polymer 

chain segments having the same type of chiral organization.8 

The CD spectrum shows relatively strong bisignate (or “split”) Cotton effects with 

a zero-crossing centered at the π–π* transition of the polymer chain (around 441 nm in 

the UV–vis absorption spectra, Figure 5.1b).  Such bisignate Cotton effects are 

expected from exciton coupling9 between obliquely oriented, neighboring transition 

dipole moments, suggesting that the polymer chains were aggregated in a chiral 

organization.10  The negative CD couplet11 of the annealed film signified that the polymer 

had a predominantly M-chiral organization. 

 In contrast, when PPV1 was spin-cast from a less polar solvent,12 1,2-

dichloroethane (DCE), the resulting film emitted predominantly left circularly polarized 

light (glum > 0), which was opposite to the luminescence polarization of the annealed film 

spin-cast from chloroform.  Correspondingly, the positive CD couplet suggested that the 

polymer had a P-chiral organization.  Figure 5.2 schematically illustrates the proposed 

polymer backbone organizations13 of PPV1 and their corresponding circularly polarized 

luminescence. 
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Figure 5.2 Schematic illustrations of the proposed polymer 
backbone organizations13 of PPV1 and their corresponding 
circularly polarized luminescence (CPL). 

 

5.2.2 Optical Properties of Polymer Solutions 

To investigate the origin of the organization-dependent CPL from the polymer 

films, we examined the corresponding self-assembled aggregate solutions.  We 

measured the CPL of the polymer dissolved in chloroform and 1,2-dichloroethane 

(Figure 5.3a). Compared to CHCl3, DCE is a “poorer” solvent for the polymer, allowing 

the polymer chains to aggregate and self-assemble in solution.  In DCE, the polymer 

exhibited left CPL, consistent with the corresponding spin-cast film (Figure 5.1a).  Thus, 

the luminescence polarization was transferred from the solution state into the film state 

by directly spin-casting the DCE aggregate solution.  During the spin-coating process, 

the rapid evaporation of solvent kinetically trapped1b,14 the polymer in the chiral 

organization existing in the solution.2  Additionally, the CD spectrum of the aggregate 

solution suggested a P-chiral organization, consistent with the film spin-cast from DCE. 
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Figure 5.3 (a) The g values of absorption (lines) and luminescence (markers), 
and (b) normalized absorption (solid lines) and fluorescence (dashed lines) 
spectra of PPV1 solutions. 

 
 

In the “good” nonpolar solvent, chloroform, the polymer did not aggregate and 

self-assemble; therefore, the fluorescence from this solution was not circularly polarized 

at all.  Since it was observed that the polymer aggregated in poorer solvents, a very 

polar solvent,12 acetonitrile, was added to the nonpolar chloroform solution to induce 

self-assembly.  In a polar 50:50 solvent mixture of CHCl3 and MeCN, the polymer 

displayed preferential emission of right CPL and a negative CD couplet, both of which 

appeared similar in shape to those exhibited by the annealed film.15  Therefore, the 
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chiral architecture in the annealed film was likely the same type of organization existing 

in the 50:50 CHCl3:MeCN solution aggregates. 

 

5.2.3 Comparison of Fluorescence Quantum Yields 

The fluorescence quantum yields (Φ) of PPV1 in CHCl3, DCE, and 50:50 

CHCl3:MeCN solutions were determined using Coumarin 6 in ethanol (Φ = 0.78)16 as the 

reference (Table 5.1).  The average fluorescence quantum yields of the films were also 

determined, and they are reported relative to that of the film spin-cast from CHCl3. 

 

Table 5.1 Fluorescence Quantum Yields (Φ) for Solutions and Films of PPV1. 

Solution Φ Φ/ΦCHCl3 Film Φ/ΦCHCl3 

CHCl3 solution 0.80 1.0 CHCl3 film 1.0 ± 0.1 
DCE solution 0.46 0.58 DCE film 0.68 ± 0.07 

50:50 CHCl3:MeCN solution 0.42 0.53 annealed CHCl3 film 0.65 ± 0.01 
 

 For PPVs, it has been well established that interchain interactions between 

neighboring chains in an aggregate or film lead to a reduction (self-quenching) in the 

fluorescence quantum yield.17  The reduced fluorescence quantum yields observed in 

the DCE and CHCl3/MeCN solutions relative to the chloroform solution were consistent 

with the polymer undergoing aggregation in these relatively poor solvents.  With regard 

to the films, we observed reduced quantum yields for the DCE film and the annealed 

CHCl3 film, relative to the untreated film.  This stronger self-quenching suggested there 

may be a greater degree of interchain interactions in the DCE and annealed CHCl3 films 

when compared to the untreated film spin-cast from CHCl3.  
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 The presence of interchain interactions in the aggregate solutions and films were 

also evident from their broadened absorption spectra, in comparison to that of the 

polymer dissolved in the good solvent, chloroform (Figure 5.4).  The absorption band of 

the chloroform solution is noticeably narrower than the broadened bands of the 

aggregate solutions and the spin-cast films.  Such broadening effects have also been 

observed in oligomeric p-phenylene vinylene model systems and have been attributed 

to the many interchain interactions present in diverse aggregated environments.18 

 

 

Figure 5.4 Normalized absorption spectra of solutions and films of PPV1. 

 

5.2.4 Comparison of gabs and glum Values 

The gabs and glum values for solutions and films of PPV1 are summarized in Table 

5.2.  For each bisignate circular dichroism signal, two gabs values are reported (one for 

each extremum). 
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Table 5.2 Summary of gabs and glum Values for Solutions and Films of PPV1. 

 gabs (λ [nm]) gabs (λ [nm]) glum (λ [nm]) 
DCE solution -0.015 (376) +0.016 (477) +0.0033 (494) 

50:50 CHCl3:MeCN solution +0.0044 (377) -0.0087 (481) -0.0050 (494) 
    

DCE film -0.0061 (369) +0.0098 (487) +0.0021 (507) 
annealed CHCl3 film +0.0019 (375) -0.0017 (474) -0.0015 (488) 

 

The magnitudes of the g values of the DCE film were significantly smaller than 

those of the DCE solution.  This was possibly due to the introduction of disorder from 

the spin-coating process. Thus, the chiral organization existing in the solution state was 

not completely transferred to the film. 

Also, for both solutions and films of PPV1, we observed glum values that were 

generally smaller in magnitude compared to gabs.  This observation had been previously 

reported for other conjugated polymers.8b,19  The absolute values of glum may be reduced 

by self-absorption artifacts, but these differences have been calculated8b to be less than 

10% of the glum value at the wavelengths of maximum glum.  Therefore, the disparity in g 

values probably arose from exciton migration in the conjugated polymer aggregates.  

Before luminescence occurs in a π-conjugated polymer, excitons that were created from 

photon absorption can first migrate to lower-energy sites.20  Therefore, the 

chromophores that contributed to the absorption band were not necessarily the same as 

the sites responsible for photon emission.  The fact the glum had the same sign as the 

gabs for the long-wavelength absorption suggested that the luminophores and the 

absorbing chromophores shared the same type of chiral organization.  However, the 

smaller magnitude of glum relative to gabs suggested that the excitons responsible for 

photon emission were localized on chain segments with less chiral (i.e., more parallel) 
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organizations.  Another possible explanation is that these lower-energy excitons are 

more strongly localized on a single chain segment and interact less strongly with 

neighboring chains.21 

 

 

5.3 Conclusions 

Solvent-induced inversions of CD spectra have been previously described in 

other π-conjugated polymer aggregate solutions.13,22  In this chapter, we have shown that 

the chiral organizations induced in solution can be brought to expression in the PPV 

film, ultimately affecting one of its main functional properties: light emission.  This was 

not trivial since the luminescence from a PPV film originates predominantly from exci-

tations that have migrated from the bulk to chain segments with longer-than-average 

effective conjugation lengths,20 which may be in different environments than those of the 

absorbing chromophores.  The fact that the circular polarizations in luminescence and 

long-wavelength absorption were of the same sign in both the films and the 

corresponding solutions suggested that the molecular organizations observed in the 

solutions were also imposed on the luminophores in the polymer films. 

In conclusion, the observation of fluorescence with opposite polarizations from 

films and solutions of the same chiral polymer exemplified the dynamic transfer of 

organization and functional properties from the solution state to the solid film state.  This 

demonstration magnifies the importance of processing effects on the functional 

properties of polymer films and, consequentially, on the performance of conjugated 

polymer-based optoelectronic devices. 
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5.4 Experimental Section 
 

General Methods and Instrumentation 

The synthesis and characterization of the chiral poly(p-phenylene vinylene) 

derivative, PPV1, were previously reported (Mn = 1200 kDa, polydispersity = 1.97, 

melting temperature = 175 ºC).2  All solvents used were of spectral grade unless 

otherwise noted.  The 50:50 CHCl3:MeCN aggregate solution was prepared by 

dropwise addition of acetonitrile into a stirring solution of the polymer dissolved in 

chloroform.  The UV-vis absorption, CD, fluorescence, and CPL spectra of solutions 

were measured in a 1 cm quartz cuvette at a repeating unit concentration of 4.0 × 10-6 

M with an optical density of 0.10 AU at the λmax.   

Polymer thin films (70-130 nm thick) were spin-cast on either 18 × 18 mm2 glass 

substrates or 19 × 19 mm2 quartz substrates using a WS-400 Spin Processor (Laurell 

Technologies Corp.) at a spin rate of 1000 rpm for 1 min, and then dried in vacuo.  The 

spin-casting solutions were filtered through 0.45 µm PTFE syringe filters.  Film 

thicknesses were measured on a M2000D Spectroscopic Ellipsometer (J. A. Woollam 

Co., Inc.).  Uniformity of each thin film was confirmed by equivalent UV–vis absorption 

intensities from three different regions of the film.  Thermal solvent-annealing involved 

using a hot plate to heat (45 ˚C for 30 min) polymer films placed on top of a glass Petri 

dish containing the stirring solvent.  An inverted, tall glass dish lined with filter paper 

was placed over the Petri dish to maintain the saturated vapor atmosphere. 

UV–vis absorption spectra were measured with a Cary 50 UV–visible 

spectrometer at room temperature.  Circular dichroism spectra were obtained on an 

Aviv Model 202 Circular Dichroism Spectrometer at room temperature.  CD spectra of 
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spin-cast films were found to be equivalent when the films were rotated 90˚ around its 

normal or oriented backwards. 

Fluorescence spectra were measured with a Horiba Jobin–Yvon SPEX 

Fluorolog-τ3 fluorometer (model FL312, 450W xenon lamp).  Solution-state 

fluorescence spectra were obtained at a right-angle geometry using an excitation 

wavelength of 437 nm (DCE solution) or 442 nm (CHCl3 and 50:50 CHCl3:MeCN 

solutions).  Film-state fluorescence spectra were obtained in the front-face detection 

geometry using an excitation wavelength of 375 nm.  To minimize self-absorption 

artifacts in the fluorescence measurements, the optical density of each film was kept 

below 0.10 AU in the wavelength region of interest (> 475 nm).  However, due to the 

relatively high gabs values for the film spin-cast from DCE (Figure 1a), self-absorption of 

left CPL may have decreased the actual glum values in the 475–500 nm wavelength 

region, resulting in the apparent red-shifted glum spectrum relative to that of the 

annealed film spin-cast from CHCl3. 

Circularly polarized luminescence spectra were measured on a home-built setup 

that uses a photoelastic modulator and a multichannel photon-counting detection 

system.23  For the CPL measurements of films, the excitation light source used was a 

mercury lamp with a 365 nm interference filter (spectral bandwidth 4 nm).  This light was 

depolarized by passing it through an optical fiber, and it was incident on the film with a 

direction parallel to the normal of the film.5a  The emission was detected in an in-line 

geometry to avoid artifacts resulting from linear polarization.  A cut-off filter (λ > 392 nm) 

was placed before the monochromator used for emission wavelength selection.  CPL 

error bars in Figures 5.1 and 5.3 represent two standard deviations for each 
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measurement, estimated from repeated sampling of the degree of circular polarization 

in luminescence glum. 

For the CPL measurements of solutions, the direction of emission detection was 

at a right angle with respect to the direction of the incident excitation light (Hg, 365 nm, 

see above).  Here the excitation light was linearly polarized with the electric field vector 

in the plane spanned by the direction of the incident light and the emission detection.  In 

this way, linear polarization of the emission light is suppressed so as to minimize any 

interference from linear polarization by the CPL measurement.24  
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