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The electronic properties of conjugated polymers are strongly dependent on their 

morphologies. Despite continuous research efforts in conjugated polymers (CPs) as a 

promising alternative to traditional inorganic semiconductors for flexible and wearable 

optoelectronic devices, the morphological and associated electronic properties in CPs still 

remain ambiguous due to their inherently heterogeneous structures both at the bulk film 

level and single molecule level.  In the studies presented in this dissertation, single 

molecule spectroscopy techniques were employed to understand the single chain 

morphology and how it affected photophysics. Structurally well-defined model materials 

based on bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) oligomers, as a simplified 

model of CPs, were strategically designed to control folding at the single molecule level.  

Significant morphological variations were found by incorporating both rigid bent and 

linear linkers into the backbone, as well as by manipulating the chromophore size. The 

longest chromophore with the linear linker displayed best single molecule folding order 

and the film packing was further reinforced by the stronger π-π interactions between the 

longer conjugated segments. In addition, single chain folding via hydrogen-bonding side 

chain inclusion was demonstrated on the otherwise isotropic model material composed of 

a series of BEH-PPV trimers linked with flexible linkers. In comparison with a control 
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oligomer system with non-hydrogen-bonding side chains, the oligomers with hydrogen-

bonding motifs showed highly ordered structures and enhanced monomer interactions.   

These studies were further extended to a new class of emerging push-pull conjugated 

polymers (also known as donor-acceptor copolymers), specifically poly[N-(1-

octylnonyl)-2,7-carbazole]-alt-5,5-[4’,7’-di(thien-2-yl)-2’,1’,3’-benzothiadiazole] 

(PCDTBT).  By probing the polymer chain folding as a function of molecular weight 

using single molecule techniques, it was found that there are two emissive species in this 

material. Above a critical molecular weight, the polymer transitions from a non-

interacting, more ordered conformation to a self-interacting, more isotropic conformation.   
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Chapter 1: Introduction 

1.1 THE NATURE OF CONJUGATED POLYMERS 
When we think of polymers, we think of commodity polymers such as polyethene 

(plastic bags), polystyrene (disposable food and drink containers) and polyvinylchloride 

(or PVC, pipes). These conventional polymers are traditionally used due to their 

attractive mechanical properties; yet being electrically insulating, they find little use in 

electronic applications. 

The discovery of conductive polymers in the 1970s by Alan J. Heeger, Alan G. 

MacDiarmid and Hideki Shirakawa changed peoples’ views on polymers. They found 

that by doping polyacetylene (a semiconducting conjugated polymer) with halogens 

(chlorine, bromine or iodine vapor), the polymer film becomes 109 times more 

conductive and is essentially metallic.1 This conducting property in polyacetylene is 

similar to what has been observed in traditional inorganic semiconductors, where 

deliberate doping can also alter conductivity. Their discovery immediately launched the 

field of conductive polymer materials. The semiconducting properties of the un-doped 

polymers, however, did not attract as much attention until the early 1990s, when there 

was a surge in new materials with the advent of advanced technologies such as light 

emitting diodes (LEDs) and photovoltaics (PVs). Throughout the dissertation, I will only 

discuss the properties of the un-doped semiconducting conjugated polymers, not their 

doped metallic conducting form. 

1.1.1 Electronic Properties of Conjugated Polymers 
Conjugated polymers (CPs) are organic macromolecules that contain alternating 

single and double bonds along the polymer backbone. They are mainly composed of 

carbon and hydrogen, as well as other heteroatoms such as oxygen, sulfur, silicon and 

nitrogen. As the number of molecular repeat units within a conjugated polymer increases, 

the electrons become more delocalized along the polymer chain. From a molecular orbital 

perspective, in the case of polyethylene, the carbon atoms form hybridized sp2 orbitals 

and un-hybridized pz orbitals. The side-to-side overlapping of the pz orbitals on two 

adjacent carbon atoms form two molecular π-orbitals, one a low-energy π-bonding orbital 
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(or highest occupied molecular orbital, HOMO) and one a high-energy π*-antibonding 

orbital (or lowest unoccupied molecular orbital, LUMO).  As the number of molecular 

repeat units increases, there are more combinations for the pz orbital mixing. This results 

in an increase in the number of various π and π* orbital energy levels and therefore, the 

density of states increases. A substantial overlapping of pz orbitals leads to the formation 

of π–states delocalized along the conjugated polymer chain. In a system with one-

dimensional periodicity, the frontier electronic bands (valence and conduction bands) are 

formed. The band formation from molecular monomer units to conjugated polymers is 

illustrated in Figure 1.1.2 The energy gap, Eg, accounts for optical absorption with lower 

photon energies. Spectroscopists refer to these frontier levels as the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

Ground state electrons can be (photo)excited from the HOMO into the LUMO. The 

delocalized π-electron system in conjugated polymers results in interesting and useful 

optical and electronic properties that are similar to those of inorganic semiconductors. 

Traditional semiconductors are made of inorganic polycrystalline or crystalline 

solids, and typically have high dielectric constants εr (εr=12 for Si and εr=13 for GaAs).3,4 

Electrons and holes are shielded from each other in such an environment. Thus, the 

Coulomb force between the excited electron and hole is insignificant, allowing free 

electrons and holes to be generated by light absorption under room temperature. Unlike 

traditional inorganic semiconductors, conjugated polymers typically have low dielectric 

constants εr of 2-3. The Coulomb force that binds the excited electron-hole pair (exciton) 

is now significant due to a lack of electron and hole shielding.  

The semiconducting properties of conjugated polymers make them useful in 

applications such as organic light emitting diodes (OLEDs) and organic photovoltaics 

(OPVs). While taking advantage of the semiconducting properties of CPs, these devices 

also have the benefits of mechanical flexibility, of being lightweight, of synthetic 

versatility and of solution processibility, none of which is afforded by inorganic 

semiconductors. 

 Electroluminescence from an OLED based on conjugated polymers 

(Poly(phenylene vinylene)) was first reported in 1990.5 In an OLED device, the low work 

function electrode injects electrons while the high work function electrode introduces 
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holes. The electrons and the holes meet in the bulk of the polymer film and their radiative 

recombination results in emission of light. The reverse process occurs in an OPV device. 

When sunlight radiation is absorbed, an electron is promoted from HOMO to LUMO. 

The Coulombically bound electron-hole pair (exciton) must dissociate to provide current. 

Charge separation can be achieved by the induced electric field created by the 

asymmetric work functions of the electrodes which causes the electrons to move to the 

positive electrode and the holes to move to the negative electrode. The use of an electron- 

or a hole-transporting layer close to the respective electrodes further facilitates exciton 

separation, as well as charge transfer. Since this process generates electricity, a great 

amount of research of OPVs based on prototypical polythiophenes has been done in the 

past couple of decades.  

In both applications of OLEDs and OPVs, the devices make use of conjugated 

polymer solid state films. Many studies, therefore, have been performed to understand the 

film properties of these materials. Structures of the two most studied conjugated 

polymers, poly[2-methoxy-5-(2’- ethylhexyloxy)1,4-phenylenevinylene)] (MEH-PPV) 

and poly(3-hexylthiophene) (P3HT), are shown in Figure 1.2. 
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Figure 1.1: Band formation from molecular monomer repeat units to conjugated 
polymers. (Taken from the work of Gutzler et al.,ref 2) 
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Figure 1.2: Polymer structures of MEH-PPV and P3HT 

A B 
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1.1.2 Heterogeneity in Films 
Bulk polymer films are inherently heterogeneous due to the presence of multiple 

crystalline domains, mixed interfaces, and various interchain interactions. Unlike 

inorganic semiconductors where the atoms are covalently bonded, conjugated polymer 

films are dominated by the weak van der Waals interactions between the flexible polymer 

chains, which constructed the three-dimensional films. This makes the film morphology 

highly susceptible to various processing conditions. In the past few years, a great amount 

of effort has been made in optimizing film morphologies through extrinsic factors such as 

choice of processing solvents, 6,7 film deposition methods,8 and post-treatment 

procedures9-11. In addition, intrinsic factors of the polymers as opposed to the film such as 

molecular weight 12-14 and solubility of side chains15,16 also play an important role in film 

morphology. 

Despite all the efforts made in those studies, organic electronics still have limited 

performance because the morphology of the polymer film is very complex and is not 

trivial to optimize. For a typical polymer/fullerene blend film that is used for functional 

devices, a staggering difference in performances was observed within the same film by 

photocurrent imaging and local current-voltage data, shown in Figure 1.3B and Figure 

1.3C, even at regions with similar topography (Figure 1.3A).17 This suggests that local 

heterogeneity in polymer film morphology causes significant variations in performance. 

Such blend films are typically used in functional devices such as OLEDs and OPVs. The 

complexity in both film morphology and function of blend films has been similarly 

reported in blends made of two or more polymers18-20 as well as those made of polymer 

and fullerene based molecules21-23.    

When conjugated polymer films were examined alone, films deposited by various 

solvents displayed inhomogeneities under time-resolved scanning confocal fluorescence 

imaging shown in Figure 1.4A-C.24 Nano-domains within these systems can be attributed 

to the various degrees of polymer interactions. A difference in the fluorescence lifetime 

profiles between nano-domains and the rest of the film revealed a disparity in 

photophyiscs as well as local morphology (Figure 1.4D-F). Furthermore, even the 

molecular weight of the polymer can dramatically influence the type of nano-domains 
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formed, shown by atomic force microscopy (AFM) and illustrated in Figure 1.5.14 

The major obstacle to establishing a quantitative understanding of how to control 

the morphology and how this morphology affects function lies in the inherent complexity 

and heterogeneity of the polymer films themselves.  
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Figure 1.3: Characterization of MDMO-PPV/PCBM (20:80 ratio) film spin-coated from 
xylene. (a) AFM height image, (b) photocurrent map measured with zero 
external bias and an illumination intensity of 104 W m-2 at 532 nm and (c) 
local current-voltage data acquired at the three locations indicated by the 
symbols in panels a and b. Inset shows local current-voltage data without 
illumination showing smaller dark currents. (Taken from the work of Groves 
et al., ref 17) 
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Figure 1.4: Fluorescence lifetime images (left panel) fluorescence decay profiles (right 
panel) for MEH-PPV thin films cast from various solvents. (a) 
chlorobenzene, (b) chloroform, and (c) toluene and the fluorescence decay 
profiles (right panel) recovered from the lifetime images (d) chlorobenzene, 
(e) chloroform, and (f) toluene. (Taken from the work of Hao et al., ref 24) 
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Figure 1.5: Model for transport in low-MW (a) and high-MW (b) regioregular poly(3-
hexylthiophne) films . Charge carriers are trapped on nanorods (highlighted 
in yellow) in the low-MW case. Long chains in high-MW films bridge the 
ordered regions and soften the boundaries (marked with an arrow) (Taken 
from the work of Kline et al., ref 14)
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1.1.3 Photophysics of Conjugated Polymers 
Spectroscopy is a useful tool for probing the immediate effect of heterogeneity 

and interchain interactions between polymers. To understand this, some background of 

the basic photophysics of conjugated polymers is required.  

A conjugated polymer chain is composed of two parts: backbone and side chains. 

The backbone is mainly responsible for the photophysics of a conjugated polymer; 

whereas, the side chains are the key for solubility as well as the conformation of the 

polymer chain. The π-electrons are delocalized along the backbone, but not infinitely due 

to the presence of chemical defects and kinks that would disrupt the π-electron 

delocalization.8 The polymer chain can be then viewed as a series of individual 

conjugated segments or chromophores linked to each other. The length to which this 

delocalization is confined to is called  “conjugation length”. A distribution of conjugation 

lengths exists along the polymer chain because the extent of the π-electron delocalization 

is highly dependent on chain conformation. 8,25,26 The chromophores are vital to 

conjugated polymer chains because they are the fundamental light absorbing units. Upon 

absorption of a photon, an electron within the chromophore is excited from the ground 

state (S0) to a higher energy state (Sn) and an exciton is formed. The exciton can then 

relax by several pathways through non-radiative dissipation of heat, spontaneous 

emission in the form of fluorescence, or by intersystem crossing. The photophysical 

processes can be illustrated by a simple energy diagram shown in Figure 1.6.27 Due to the 

strong coupling between electrons and nuclei in conjugated polymers, vibronic signatures 

are usually observed in their optical spectra and are manifested by distinct transitions. 

The probability of each transition can be described by the Franck-Condon principle. 

According to Kasha’s rule, after excited state relaxation, emission occurs from the 

vibrational ground state of υ”=0 to any vibrational state (υ’) in the electronic ground 

state. Each of these transition is denoted as 0- υ’ as is illustrated in Figure 1.7.28 The 

Franck-Condon model for conjugated polymer emission spectra can be described as 

follows, 
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where 𝑃 ℏ𝜔  is photons per energy interval, 𝑛 is the refractive index of the surrounding 

environment, ℏ𝜔! is the energy of the 0-0 transition, ℏ𝜔! is the energy of the ith 

vibration mode, 𝑛! is the number of vibrational quanta, Γ is the Gaussian lineshape 

operator that represents the inhomogenously broadened spectral line of the vibronic 

replica, 𝑆! denotes the Huang-Rhys factor. For some spectra the Gaussian linewidth is so 

broad that it is difficult to identify individual peaks.  However when the peaks are visible, 

the Huang-Rhys factor is a powerful tool to estimate the electron-phonon coupling 

strength and can be estimated by the ratio of I0-0/I0-1.  This parameter shines light on the 

understanding of the interchain excitonic character, which will be discussed in Chapter 3.  

Electronic excitations are instantaneously confined within each independent and 

rigid chromophore. After the exciton is formed, it can hop to another chromophore 

located on the same or different polymer chain through space (interchain interaction), or 

the exciton can move along the chain to the immediate adjacent chromophore (intrachain 

interaction). The resultant energy migration requires coupling between the segments. The 

strong interactions between the nearby chromophores make morphology a key 

component in interpreting spectroscopy and photophysics, as illustrated in Figure 1.8.29 

Typical solution absorption and fluorescence emission spectra of MEH-PPV, one 

of the most studied conjugated polymers, dissolved in toluene are shown in Figure 1.9. At 

room temperature, the absorption is broad and featureless while the fluorescence is 

vibronically structured. The lack of structure in absorption is due to a distribution of 

conjugation lengths as well as the torsional movement along the polymer chain. The stiff 

ladder polymers, on the other hand, do not allow for much torsional freedom, showing 

well-defined structures for both absorption and fluorescence emission.30 Fluorescence 

emission is more structured because energy is funneled to the small subset of lower 

energy chromophore emitting sites. Similar features can be observed in MEH-PPV films, 
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except that the peaks are further red-shifted. Even though processing conditions can 

greatly affect spectra in films, in most conjugated polymers, there is a substantial red shift 

in spectra going from solution to film where polymer chains are closely packed. The red 

shift is ascribed to a rise of interchain interactions in films that allow for more energy 

migration pathways as well as planarization induced conjugation length increase.  

The main distinction between the photophysics in solution and film can be 

concluded to be a change in the dominant interactions between conjugated segments. In 

solution, where polymer chains are dispersed throughout the solvent and individual 

polymer chains are relaxed and relatively far apart, it is the intrachain interaction that is 

responsible for the observed photophysical properties. While in film, the close proximity 

between conjugated segments allow for less torsional motions and more intimate 

interactions between polymer chains in addition to the already existing intrachain 

interactions.  

For some polymer chains, the relative position of side chains in a sequence can be 

important for their photophysical behavior. An example for P3HT is shown in figure 

1.1031, where a head-to-tail monomer connection results in regular side chain orientations 

along the backbone and is referred to as ‘regioregular’ (rr). On the other hand, a head-to-

head or a tail-to-tail connection between monomer units leads to irregular side chain 

orientations and is known as ‘regiorandom’ (rra) structure. A delicate interplay between 

inter- or intrachain interactions has been shown by a few studies on rr-P3HT 

nanostructures, where both chain packing order and the packing distance are detrimental 

in determining the type of dominant interaction. 32-35 In addition, a significant decrease in 

fluorescence quantum yield has been reported when rr-P3HT chains are closely packed. 

There have been speculations on the nature of the P3HT excited states and one of the 

dominant ideas is the existence of the charge transfer (CT) character of the excitons. 36-38   
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Figure 1.6: Jablonski diagram and illustration of transitions of absorption, fluorescence, 
and phosphorescence. Straight arrows represent radiative processes, where 
wavy arrows stand for nonradiative ones. (Taken from the work of Valeur  
et al., ref 27 )  
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Figure 1.7: Illustration of Franck-Condon Principle. The simplified potential energy 
curves with vibrational functions show how the overlap of vibrational 
wavefunctions determines the shape of the absorption (dotted line) and 
emission (solid line) spectra. (Taken from the work of Burnet, ref 28)   
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Figure 1.8: A typical 'defect cylinder' conformation of conjugated polymer 
poly(phenylene vinylene) and the associated interactions between a series of 
conformational subunits. Zooming in on a small part of the chain, it is 
evident that the π-bonds extending over the phenylene vinylene repeat units 
are frequently disrupted by rotations of sufficient angle to break the 
conjugation. The result is a series of conformational subunits, outlined 
conceptually by boxes. This ensemble of chromophores makes up the zero-
order picture of the conjugated chain exciton. Long-range Coulomb 
interactions couple the conformational subunits, as indicated. After light-
absorption, energy migration transfers the excitation to a narrow distribution 
of conformational subunits, from which fluorescence emission is observed. 
(Taken from the work of Scholes et al., ref 29) 
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Figure 1.9: Steady-state absorption and fluorescence spectra of MEH-PPV solution in 
toluene and thin MEH-PPV film . (cast from 2 g L−1 solution) at 77 K and 
room temperature. (Taken from the work of Mirzov et al., ref 46) 
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Figure 1.10: Coupling regiochemistry of P3HT isomers. (Taken from the work of 
Marrocchi et al., ref 31)  
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1.2 SINGLE MOLECULE SPECTROSCOPY FOR CONJUGATED POLYMER RESEARCHES 
As mentioned earlier, the complexity of polymer films is a major obstacle to 

establishing an accurate structure-property relationship. While some applications can 

benefit from the heterogeneity of films, to understand the fundamental relationships 

between structure and photophysical properties one would like to remove heterogeneity. 

Single molecule spectroscopy (SMS) as a non-invasive technique has proven to be a 

power tool in unraveling intrinsic molecular properties from the bottom-up. By isolating 

individual polymer chains from the highly heterogeneous bulk states, we have gained a 

great amount of knowledge regarding the photophysics and morphology of conjugated 

polymers in the past decade. 39-44  

1.2.1 Prototypical Conjugated Polymers 
The majority of single molecule spectroscopy to date has examined two 

prototypical conjugated polymers poly[2-methoxy-5-(2’-ethylhexyloxy)1,4-

phenylenevinylene)] (MEH-PPV) and poly(3-hexylthiophene) (P3HT). These systems are 

the basis for the much of the technique development in the field, and a review of these 

studies is presented here. 

Due to the optical diffraction limit of a few hundred nanometers with visible light 

sources, it is not possible to directly visualize the single polymer chain structure (a few 

nanometers) under an optical microscope. This makes simultaneous structure-property 

correlation extremely difficult.  The first attempt to measure individual polymer chain 

conformation was reported by Hu et al. on MEH-PPV, where the projection of the three-

dimensional absorption ellipsoid onto the sample plane was measured by polarization-

modulated excitation under a wide-field fluorescence microscope.45 The shape was 

determined by the ratio of the long and short axis of the ellipsoid. MEH-PPV was found 

to mainly adopt a rod-like and highly ordered conformation. Although, the solvent from 

which the polymer chains in a PMMA matrix was spin-casted can also influence MEH-

PPV conformation. MEH-PPV chains in a PMMA matrix spin-casted from toluene 

appeared to be highly ordered compared to the more isotropic globule structures observed 
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from chloroform. It has been speculated that the low boiling point chloroform kinetically 

traps the polymer conformation in their solvent configuration whereas a higher boiling 

point toluene allows more time for the polymer to rearrange itself. 46,47 Solvent vapor 

annealing has been shown to free the MEH-PPV polymer chain from the trapped state 

during the equilibration time. 48 In addition, side-chains of the polymer can also alter 

morphology even at the single molecule level. This has been reported in P3HT where the 

degree of regioregularity plays an important role. The regioregular P3HT assumes a 

highly ordered structure whereas the regiorandom P3HT adopts a wide range of 

conformations.49 In MEH-PPV, however, regiorandom samples fold into anisotropic 

structures.50 The difference between MEH-PPV and P3HT suggests that the role of side-

chains on single chain morphology can be dependent on other factors such as side-chain 

density and the type of chromophores of the backbone.   

The photophysics of conjugated polymers have been found to be dependent on the 

single chain conformation. The highly ordered MEH-PPV showed fluorescence blinking 

effects and stepwise photobleaching even though each polymer chain contained tens to 

hundreds of repeat units. This observation in conjugated polymers has been attributed to 

the fast excitation energy localization onto a small number of the chromophores51,52 and 

has also been observed in other multichromoric systems53. The continuous 

photobleaching in the more isotropic MEH-PPV single chain suggests a more restricted 

energy transfer. Molecular dynamics simulations predicted the existence of nanoscale 

domains that acted as exciton traps in these isotropic globule structures.47 Similar 

phenomena have been observed in single aggregate spectroscopy of highly ordered rr- 

and disordered rra-P3HT aggregates. 54 

Through super-resolution imaging, where a single emitting site can be localized 

with an accuracy of a few nanometers, the energy migration distance in individual MEH-

PPV chains was found to be 14 nm, on average.55 This long energy migration distance has 

also been reported in highly ordered single aggregates of MEH-PPV and P3HT that were 

prepared by a controlled growth method called solvent vapor annealing. 54,56   
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1.2.2 Model Polymers 
Studies of P3HT and MEH-PPV were driven mostly by potential applications of 

these materials in OPVs and OLEDs. For more fundamental studies it can be 

advantageous to look at model material systems. Studies of prototypical polymer 

materials have shown that polymer backbones and side chains are two dominant factors 

that influence both the material morphology and photophysical properties. Over the past 

few years, a rising number of studies have focused on using model polymers based on the 

aforementioned archetypal polymers, but with specific modifications to the backbone and 

side chains. The tailored materials isolate one structural variation at a time and have 

provided insight into our understanding of polymers.  

In most cases, the backbone of a conjugated polymer dictates its optoelectronic 

properties. Recent studies have shown the usage of specifically designed systems to probe 

the effects of backbone structural variation on single polymer chain conformation and its 

corresponding photophysical properties. These structural changes include manipulating 

defects, rigidity, conjugation length, and chromophore and main chain shape. 

It has been shown that chemical defects or kinks in the polymer backbone could 

perturb the conjugation length. Strategic inclusion of various defect sites on MEH-PPV 

suggests that the linear rigid linker appears to preserve the backbone conformation and the 

saturated linker allows for torsional movement that results in a wide range of 

conformations.57 The structural variations result in blue shifting of the polymers with 

more defects in solution absorption spectra, as the defect sites interrupted conjugation 

along the polymer chain. On the other hand, there is no substantial difference in emission 

spectra due to efficient energy transfer to the lowest energy emitting sites, which exist 

even in highly defected polymers. The backbone rigidity strongly affects morphology of 

single chains, as well as their corresponding photophysics. Ladder-type conjugated 

polymers based on poly(para-phenylene)s, such as poly(ladder-type pentaphenylene) 

(LPPentP), consist of stiff chromophores that cannot bend; therefore, less geometrical 

relaxation following electronic excitation is shown compared to the less rigid MEH-

PPV.58,59 The shape of the polymer backbone also has profound influence on 
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photophysics. It has been reported that electron delocalization or conjugation is persistent 

even with bending and twisting of the individual chromophore segment.60 Bending of the 

chromophores, however, would make them less stable and more prone to environmental 

effects such as oxidation, which ultimately reduces the effective conjugation.61 Backbone 

shape control has been achieved through making large cyclic macromolecules, in which 

the chromophore segments are restricted into a locked position. A comparison of the 

linear and cyclic oligothiophenes in solution via time-resolved fluorescence spectroscopy 

demonstrated the dynamic planarization process of the cyclic structure, which resulted in 

a more delocalized exciton. 62 While examining structures based on carbazole-bridged 

phenylene-ethynylene-butadiynylene units arranged in either a linear or cyclic fashion, 

the torsional relaxation seen in the dimers was inhibited by the structurally rigid 

macrocycle. 63 Exciton delocalization processes are also different for the two structures, 

while the exciton acts as a dipole on the dimer, it localizes randomly on different 

segments of the cyclic structure. Caution must be taken while interpreting the results, as 

ring size and nature of the emitting chromophore both affect the ultimate structural and 

photophysical properties of the polymers. 

Besides polymer backbones, side chains also prove to be detrimental in 

determination of the polymer structure-property relationship. Factors such as the size of 

the substituent chains, the density of side chains along the backbone, and interactions of 

the side chains with other segments on the chain or the surrounding matrix influence 

morphology and photophysics even at the single chain level.  

Large side chains and bulky substituents along the polymer backbone prevent the 

polymer from packing into an ordered conformation. 64-66 In addition, large side chains 

inhibit interchain interactions and energy is funneled through the dominant intrachain 

interactions. 54 The density of the side chains along the backbone has shown to affect the 

polymer film packing morphology.15,67,68 Reducing the side chain density improves chain 

packing and allows for more efficient excitation delocalization due to the provided 

freedom in the side chain. Even the normally less ordered regiorandom P3HT shows 

improved single chain conformational order with a reduction in side chains.69 On the 
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other hand, backbones surrounded by self-wrapped side chains have proven to effectively 

shut down interchain energy transfer while allowing for intrachain interaction. This is 

evidenced by fluorescence quenching studies.36  

1.3 DISSERTATION OVERVIEW 
Given the complex roles of backbone, side chains, and possible intramolecular 

interchain interactions due to chain folding, conjugated polymers can be morphologically 

and optoelectronically heterogeneous even at the single chain level. In order to uncover 

deterministic relations between morphology and photophysics in such materials, one does 

not only need the single molecule spectroscopy technique but, more importantly, 

structurally well-defined systems to counter the inherent heterogeneity. In this 

dissertation, I seek to determine if model oligomer systems can be designed to fold into 

predictable structures with the aid of single molecule spectroscopy. 

Chapter 2 gives detailed experimental methods that are employed throughout the 

studies.  These are the techniques that were primarily developed for studies of MEH-PPV 

and P3HT.  In this dissertation they will be utilized for both new model systems as well as 

novel polymers for OPV applications. 

Chapter 3 examines the effect of rigid morphological directing groups (morphons) 

on the conformation of oligomeric bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) 

(trimer, pentamer and heptamer) monomer based polychromophore systems. These 

materials were synthesized by Professor Kyle Plunkett’s group at Southern Illinois 

University. The rigid morphons were prepared from adamantane and diamantane 

frameworks that were composed solely of sp3 carbons, inhibiting conjugation between 

BEH-PPV oligomers, and directing the local polymer morphology in either a bent or 

linear vector, respectively.  The morphological properties of the polychromophore 

polymers were interrogated via single molecule fluorescence spectroscopy, thin-film 

absorption and fluorescence spectroscopy, and atomic force microscopy. Significant 

morphological variation was found upon substituting the morphon, as well as the 

chromophore size, with the most ordered structures being accessed with diamantane 
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morphons. 

Chapter 4 investigates a design strategy to control polychromophore polymer 

folding at the single molecule level through hydrogen-bonding (H-bonding) interactions.  

Polymers composed of bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) oligomers 

(trimers) containing H-bonding capable side-chains (e.g., carboxylic acid or urea units) 

were prepared by copolymerization with flexible linkers.  Control polymers with masked 

H-bonding side-chains (e.g., t-butyl ester) were also prepared. Single molecule excitation 

polarization spectroscopy demonstrated that the highest folding order was achieved with 

the urea containing side-chains and isotropic folding was found in polymers that do not 

contain H-bonding units. An examination of the individual polymers’ spectral signatures 

via single molecule spectroscopy further supported the presence of a highly ordered urea-

containing polymer structure. This H-bonding inclusion synthetic strategy to control 

polymer secondary structure could potentially provide important design elements for 

future functional material design. In Chapters 3 and 4, we may refer these well-defined 

oligomer systems to “linked oligomers” or “polychromophore polymers”.  

Chapter 5 studies the molecular weight dependence of folding and corresponding 

photophysical properties of a push-pull conjugated polymer (donor-acceptor copolymer), 

specifically poly[N-(1-octylnonyl)-2,7-carbazole]-alt-5,5-[4′,7′-di(thien-2-yl)-2′,1′,3′-

benzothiadiazole] (PCDTBT). With a combination of steady state absorption and 

fluorescence emission spectroscopy and single molecule spectroscopy, two distinctive 

PCDTBT species were found to exist at room temperature at the lower and the higher 

molecular weight regime, respectively. A critical molecular weight was speculated to be 

responsible for the transition between the non-interacting and self-interacting 

populations. 

Chapter 6 provides an outlook for future directions regarding the study of 

structure-property relationship of single molecules. 
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Chapter 2: Experimental Methods 

Single molecule fluorescence spectroscopy is the main technique used throughout 

this dissertation. In this Chapter, a detailed description of the experimental approaches to 

single molecule sample preparation and instrumentation will be provided.  

2.1 OVERVIEW OF SINGLE MOLECULE SPECTROSCOPY  
Single molecule spectroscopy has evolved since its beginnings in the early 1990s, 

when single molecule optical detection and spectroscopy were initially reported at low 

temperatures.70,71 This technique was first applied to conjugated polymers in 1997 by the 

late Professor Paul F. Barbara.72 In general, single molecule spectroscopy relies on the 

detection and measurement of fluorescence signal and spectra of individual molecules in 

order to elucidate information, such as the molecular conformation and photophysics, 

which is normally buried in bulk measurements. The primary advantage of fluorescence 

signal is the high sensitivity of the detectors enabling emission of a few hundred of 

photons to be easily detected. Although there are a great deal of low temperature and near 

field single molecule studies, this dissertation is focused on the more common far-field 

detection at room temperature. To date, the two far-field fluorescence microscopy 

schemes most commonly used for single molecule detection are wide-field microscopy 

and confocal microscopy.   

2.2 SAMPLE PREPARATION FOR SINGLE MOLECULE EXPERIMENTS 
The most important aspect of single molecule experiments is to achieve ultra-low 

concentration polymer samples. This requires both fluorescence-free substrates and 

matrices and isolated single polymer chains. 

Thin glass coverslips usually go through pre-wash steps consisting of sonication 

in acetone followed by a second sonication in nanopure water to remove the bulk of the 

inherent impurities on the surface. They are later immersed in a piranha solution 

consisting of a mixture of three parts concentrated sulfuric acid (Fisher Chemical) and 

one part 30% hydrogen peroxide (Fisher Chemical) to eradicate fluorescing organic 
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contaminants.  The piranha solution is a strong oxidizing agent and extreme caution must 

be taken when mixing the two chemicals. Hydrogen peroxide is always added slowly to 

the concentrated sulfuric acid and the components should never be added in the reverse 

order. The coverslips are left in the solution overnight. Ultra-high purity water (18.2 

MegaOhm-centimeter) is then used to fully rinse the coverslips as well as the glass jar in 

which they sit. The coverslips are dried by compressed nitrogen gas before use in an 

experiment. 

Most conjugated polymers are sensitive to the moisture and oxygen in the air. 

Sample preparations and material storage are therefore accomplished within the confines 

of a glovebox (MBraun) with the oxygen and water levels less than 5 ppm and 1ppm 

respectively. A picomolar conjugated polymer solution is dissolved in either poly (methyl 

methacrylate) (PMMA)/toluene or PMMA/chloroform mixtures. Single polymer chains 

embedded in PMMA films are obtained by spin-casting a drop of the solution mixture at 

2000 rpm for 60 seconds. A typical sample density is ~50-80 molecules per 40x40μm2. A 

series of samples made through serial dilutions are used to make sure the dilution factors 

scale with the number of molecules observed under wide-field observation. This is to 

ensure that the number of spots observed under the microscope indeed corresponds to 

single molecules and not aggregates of polymer chains.  Immediately after removal from 

the glovebox, the coverslip is immediately transferred to a home-built sample chamber 

where the sample is protected from moisture and oxygen under a constant stream of inert 

nitrogen gas.   

2.3 WIDE-FIELD FLUORESCENCE EXCITATION POLARIZATION SPECTROSCOPY 
The apparatus setup of wide-field fluorescence excitation polarization 

spectroscopy is illustrated in Figure 2.1. The apparatus is based on an inverted 

microscope (Zeiss, Axiovert 200) with a 1.25 NA objective lens (Zeiss, Achrostigmat, 

100×). In this mode a large number of molecules can be imaged and studied 

simultaneously. Unlike a typical wide-field microscope, the excitation source is polarized 

and rotated on the sample plane around the axis of the laser propagation direction. This is 
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achieved by a combination of an electro-optical modulator (EOM, Fastpulse technology, 

model 3079-4), a voltage amplifier (Trek, model 601-1), and a programmable function 

generator (Wavetek, model 29A). EOM works by using an electric field to modulate the 

refractive index of the nonlinear crystal inside which in turn modulates the phase, 

amplitude, and polarization of the light beam that passes through it. In this dissertation, 

EOM is used to only modulate polarization. The linearly polarized laser beam is 

introduced to the EOM oriented at 45° to the crystal axis. Since a controlled phase shift 

between the two polarization components of the light (p and s) is important for altering 

the final polarization of the light wave, a voltage is applied inside the crystal to induce 

the necessary shift. The voltage required to induce a phase change of π applied to the 

electro-optic modulator is wavelength dependent. Large voltages of a few hundreds of 

volts are required to induce a change of refractive index in such crystals and therefore, a 

voltage amplifier is used. A function generator is used to produce a linear voltage ramp at 

0.05 kHz to drive the modulator through a full wave (2π) of phase retardation. The 

immediate output beam is elliptical with constant changes in the direction of the long axis 

of the ellipse. With the aid of a quarter-wave plate, the elliptically polarized beam is 

converted to linearly polarized light rotating through an angle range of 180° at 0.05 kHz. 

Under a wide-field scheme, the laser beam coming out of the objective is collimated and 

has a beam diameter of ~40 µm and illumination intensity of ~ 1.5 W/cm2. A 

representative image acquired using this setup is shown in Figure 2.2. In order to prevent 

the residual excitation reflected back from the sample to reach the detector path, a 

dichroic mirror and a notch filter are used before the detector.   

Direct measurement of polymer chain conformation is not viable through optical 

detection because even the size of a polymer chain of a few thousand repeat units is well 

below the limits of optical resolution. The conformation, however, can be indirectly 

related to the absorption anisotropy of the conjugated segments along the polymer chain. 

Such anisotropy can be approximated by an absorption ellipsoid, which is given by the 

sum of absorption dipole moments. The projection of this absorption ellipsoid onto the 

sample plane is then examined. (Figure 2.3)  With a rotating linearly polarized excitation 
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probing the absorbing units on the polymer chain, the fluorescence intensity fluctuates in 

response to the strength of the absorption dipole moment in that particular direction. The 

fluorescence of individual molecules is imaged onto a sensitive electron-multiplying 

charge-coupled device (EMCCD) (Andor, model iXon+ DU-897E) in a series of frames. 

Fluorescence emission intensity of each individual molecule, I, is measured as a function 

of the rotating angle of the linearly polarized excitation, θ, 

𝐼(𝜃) ∝ 1+𝑀𝑐𝑜𝑠2(𝜃 − 𝜙)                                               (2-1) 

where 𝜙 is the angle of the maximum emission, and the modulation depth, M, can be 

extracted. The fluorescence intensities are synchronously time averaged over multiple 

cycles of polarization modulation to increase the signal to noise ratio. The analysis is 

performed in a home-written MatLab program where intensities of individual molecules 

are calculated by an integration over a region of 5x5 pixels and background subtraction is 

calculated using local background obtained by a rectangular region surrounding each 

fluorescent spot.  The resulting M value obtained from the program is defined as 

 
, where Imax and I min correspond to the maximum and minimum 

fluorescence intensity, respectively.  The value of M can provide information regarding 

the conformational order of a polymer chain. This can be illustrated with the two 

examples shown in Figure 2.3. For a highly anisotropic rod-like structure, the absorption 

dipole moment is more aligned with the long axis of the structure and there is minimal 

absorption from the direction perpendicular to it. Thus, an M value close to one is 

obtained. On the contrary, a highly isotropic structure does not have a preferential dipole 

moment and the probability of absorption is identical in all directions being probed. This 

results in fluorescence emission that is insensitive to polarization modulation and an M 

value closer to zero. A statistical ensemble of individual polymer chain modulation 

depths is analyzed in order to obtain the average conformation of each polymer. As 

shown in the example of rr-P3HT and rra-P3HT in Figure 2.4, the M distribution of 

M =
Imax − Imin
Imax − Imin
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highly ordered rr-P3HT peaks around 0.7 while the more isotropic rra-P3HT has a broad 

range of M values from zero to one. 49 
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Figure 2.1: Wide-field fluorescence excitation polarization spectroscopy setup used in 
this dissertation. 
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Figure 2.2: A representative wide-field image acquired. 
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Figure 2.3: An illustration of fluorescence emission modulated by the rotating polarized 
excitation and examples of a highly anisotropic and a highly isotropic 
structure probed by the setup.   
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Figure 2.4: M histograms of A) rr-P3HT (Mn: 148 kDa, PDI: 1.35, HT-HT 97%) B) rra-
P3HT (Mn: 191 kDa, PDI: 1.33 HT-HT 64%). Copied from work of Adachi 
et al., Ref 49)  
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2.4 CONFOCAL SINGLE MOLECULE SPECTROSCOPY 
The single molecule fluorescence microscope can be readily alternated between 

wide-field and confocal modes through the usage of flip mirrors. Under confocal mode, a 

collimated laser beam passes through the back aperture of the objective and is focused to 

a diffraction limited spot at the sample, shown in Figure 2.5. The emission from single 

molecules collected by the same objective can be directed either to a spectrograph 

(Princeton Instruments Acton SP-150) that is coupled with a liquid N2 cooled CCD 

camera (Princeton Instruments) for spectra acquisition or to a single photon avalanche 

photo diode detector (APD) (PerkinElmer, SPCM-AQR- 16) for image acquisition. The 

emission is filtered by a combination of a notch filter and a long-pass filter to remove the 

residual laser line. 

Spatial scanning imaging of the sample is achieved with a nanopositioning piezo 

stage (Queensgate, NPS-XY-100A), which is controlled by a home-written LabVIEW 

program (National Instruments). A power intensity of ~30 W/cm2 is used for both 

imaging and spectral acquisition.  

Once an image of a region of interest is obtained, individual molecules can be 

located for spectroscopy. Using a flip mirror, the emission of the single molecule of 

interest can be directed to the spectrograph. A single rr-P3HT spectrum is demonstrated 

in Figure 2.6. 54 The spectrum of a single molecule is normally obtained by averaging 

over three consecutive spectra collected with an integration time of 10 s or longer in 

order to improve the signal to noise ratio. Any molecule with a significant spectral 

change between the three consecutive spectra is discarded.   

2.5 SUMMARY 
In this dissertation, wide-field excitation polarization spectroscopy was used to 

determine the conformational structure of all polymers and confocal single molecule 

spectroscopy was used for all spectral collections shown in Chapters 4 and 5. In addition 

to the single molecule techniques, both a UV-Vis absorption spectrophotometer and a 
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fluorimeter were also used throughout the dissertation for bulk solution and film 

measurements. Details are presented in individual studies. 
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Figure 2.5: A basic confocal microscopy setup used in this dissertation.  
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Figure 2.6: Single molecule spectrum of 150KDa rr-P3HT (black line) and the 
corresponding Franck-Condon fit (red line). Copied from the work of Hu et 
al., Ref 54) 
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Chapter 3: Directing the Conformation of Oligo(Phenylene Vinylene) 
Polychromophores with Rigid, Non-Conjugatable Morphons 

This chapter was reproduced in part from: Zhu, X.J. †; Shao, B.†; Vanden Bout, 

D.A.; Plunkett, K.N. Macromolecules, 2016, 49 (10), pp 3838–3844 73 †Shared First 

Author 

3.1 INTRODUCTION 

Understanding the role of molecular structure on polymer morphology and then 

adapting that knowledge to create functional materials through rational design will be 

important for further improvement of optoelectronic devices based on conjugated 

polymers (CPs). 74,75 Chemical modification of CPs can lead to significant variation in 

polymer morphology,76,77 which can be accomplished through either side-chain variation 

or through a multitude of possible main-chain manipulations including atomic 

substitutions 78,79 or changes in regioregularity.49 To gain premium insight into structure-

property relationships, systematic variation of the chemical structure parameters is 

critical.  One strategy to address this challenge is to utilize polychromophore polymers 80-

88 where identical CP chromophore fragments are linked between morphological directing 

groups (morphons). This strategy is beneficial owing to the defined nature of the 

chromophore that does not suffer from variation in the effective chromophore length 

from chemical or physical (torsion angles) defects that typically occur in CPs.  Owing to 

the defined chromophore, the optoelectronic properties of the chromophores are identical, 

and therefore any new electronic states that are accessed in the film can be identified as 

inter-chromophore interactions.   

One approach to investigate the effect of structure changes on bulk film properties 

involves a bottom-up approach that attempts to correlate morphology at a single polymer 
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level to thin films. Over the past several years, we have utilized single molecule 

spectroscopy (SPS)40,44,50 to probe the morphology of single polymer chains43,57 or small 

polymer aggregates54,56,89 as related to polymer backbone composition. Our recently 

studied polymer system utilized polychromophores with oligomeric bis(2-ethylhexyl)-p-

phenylene vinylenes (BEH-PPV) separated with flexible morphons (tetraethyleneglycol) 

that completely inhibit through-chain electronic communication between chromophores 

and provide ample flexibility between chromophore units.90 We found correlations 

between the size of the chromophore and the single polymer chain anisotropies with the 

longest chromophores (heptamers) assembling into higher ordered nanostructures versus 

the polymers with shorter chromophores (trimer and pentamer).91 Furthermore, the thin 

film fluorescence data supported these findings in the solid state with red-shifted signals 

that constituted a distribution of overlapping Franck-Condon progressions.90 These results 

are significant as highly-aligned single polymer nanodomains facilitate ultra-long range 

energy transfer.55,92,93 These findings spurred further questions about flexibility versus 

rigidity in the linking morphons of these polychromophore systems.  In this contribution, 

we have utilized the previously synthesized BEH-PPV chromophores (trimer, pentamer, 

and heptamer), but have incorporated them into polychromophore structures (Scheme 

3.2) with rigid and non-conjugatable morphons based on adamantane (1-3) and 

diamantane (4-6).   The polychromophores were investigated both at the single polymer 

chain level as well as in thin films and we have found correlation between the order of 

the polymers and the chromophore conjugation length, as well as the choice of rigid 

morphon, in the polymer systems. 
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3.2 MATERIALS AND METHODS 

3.2.1 Materials: Polymer synthesis 

Polymers were synthesized by Professor Kyle Plunkett’s group. For more details 

on the synthesis, see reference 73. General synthesis schematics of the linkers and the 

polychromophore materials are shown in the following Scheme 1 and Schemes 2. 

 

 

Scheme 3.1: Synthesis of rigid morphons 10 and 14. 
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Scheme 3.2: Synthesis of polychromophores 1-6. 

  



 42 

3.2.2 Fluorescence Excitation Polarization Spectroscopy 

Single molecule samples were prepared by spin casting ultra-dilute polymer 

solutions out of 6 wt% PMMA/toluene solution such that single molecules were 

embedded in a ~200 nm thick non-fluorescent PMMA matrix.  

The measurements for all single molecule spectroscopy were performed under the 

protection of N2 and at ambient temperature. A wide-field optical microscope (Zweiss, 

Axiovert 200) was used for fluorescence excitation polarization measurements where a 

collimated 457 nm Ar ion laser beam (Melles Griot, model 35-IMA-040-208) was 

introduced through a high numerical aperture objective (Zweiss, Achrostigmat, x100, oil 

immersion, N.A. 1.25) onto the sample with an illumination intensity of ~1.5 W/cm2. A 

linearly rotating excitation beam was generated on the sample plane via a combination of 

an electro-optical modulator (Fastpulse Technology, model 3079-4) and a quarter 

waveplate (Tower Optical Corporation). The fluorescence emission waw captured by an 

EMCCD detector (Andor, model iXon+ DU-897E) after being reflected off a dichroic 

mirror and a 457 nm notch filter. By fitting the emission intensity of each single 

molecule, I, as a function of the rotating angle, θ 

𝐼(𝜃) ∝ 1+𝑀𝑐𝑜𝑠2(𝜃 − 𝜙)    (3-1) 

where 𝜙 is the angle of the maximum emission. The modulation depth, M, can be 

extracted, where M is a projection of the molecular absorption tensor onto the sample 

plane.  

3.2.3 UV-Vis and Fluorescence  

Solutions of polymers were prepared in extra dry toluene (Acro Organics) and 

neat thin films were spin casted from ~4 mg/ml toluene solution at 2000 rpm. UV−vis 

absorption and fluorescence emission spectra were obtained with an Agilent 8453 UV-
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visible spectrophotometer (Agilent Technologies Inc.) and a Fluorolog-3 (Jobin-Yvon) 

spectrofluorometer, respectively. 

3.2.4 Solvent Vapor Annealing of Thin Films 

During SVA, the neat thin films were exposed to toluene vapor, which was 

introduced to a homemade sample chamber by purging N2 through a reservoir of dry 

toluene solution for 30 minutes. After SVA, the thin films were purged with N2 for ~10 

minutes to allow them to dry. 

3.2.5 Atomic Force Microscopy Characterization 

Atomic Force Microscopy (AFM) measurements were performed using a MFP-

3DTM Stand Alone AFM (Asylum Research) in non-contact mode with a silicon tip. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Fluorescence Excitation Polarization Spectroscopy  

To examine the morphological order (i.e., chromophore alignment) of each 

polymer system, fluorescence intensity modulation depths M were extracted from 

fluorescence excitation polarization experiments shown in Figure 3.1. The magnitude of 

M (ranging from 0 to 1) indicates the degree of alignment of chromophores within a 

single polymer chain.  Higher M values correspond to higher degrees of chromophore 

alignment within the polymer, which is characteristic of an anisotropic structure.  

Isotropic polymers give smaller M values that approach 0.  Details of the experimental 

setup and mathematical representations can be found in Chapter 2.  Linearly linked 

polychromophores 4-6 gave higher M values than their non-linearly linked counterparts 

1-3 (Figure 3.1) with mean M  = 0.75 vs 0.59, 0.77 vs 0.68 and 0.69 vs 0.55 for trimer, 

pentamer and heptamer, respectively (Table 3.1).  In addition, polymers 4-6 exhibit M 
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values greater than 0.5 for a majority of the individual polymer chains whereas 1-3 give a 

broader distribution of M. This result suggests that the chromophores within the linearly 

linked diamantane polymers (4-6) are more aligned compared with those within the non-

linear, adamantane linked ones (1-3).  
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Figure 3.1: Histograms of fluorescence intensity modulation depth, M, for polymers 1-6 
shown in shown in panels A-F, correspondingly. Polymers 1-3 contain bent 
adamantane morphons and polymers 4-6 contain linear diamantane 
morphons.   
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This is confirmed by performing further statistical analysis where “skewness” is 

calculated for each histogram (Table 3.1). Zero skewness indicates a symmetric 

distribution of M around 0.5. Negative skewness values suggest a higher probability of 

having high M values that correspond to well-aligned chromophores within the polymer. 

Conversely, a positive skewness values indicate a higher probability of poorly-aligned 

chromophores. The substantial difference in M between the bent polymers 1-3 and the 

linear polymers 4-6 highlight the ramifications of morphon geometry, The incorporation 

of rigid, linear linkers preserve the stiff, linear nature of the polymer backbones while the 

bent linkers allow variations in the alignment of the polymer backbones.  Interestingly, 

both the mean and median M values for 6 are found to be smaller than for both 4 and 5.  

This could be a result of the broader molecular weight distribution of 6, (Đ =4.3) where 

higher molecular weight polymer chains are inherently more prone to disorder.  In the 

cases of the bent polymers, 2 is skewed to higher M values than 1 and 3.  Compared to 

any of the linear systems; however, 2 is still skewed more towards lower M vales, 

indicating more poorly aligned chromophores within the bent polymer than the linear 

ones as expected.  Additionally, while the mean and median M values for 2 and 6 are 

essentially identical, the more negative skewness value for 6 suggests a larger population 

of aligned chromophores within 6. 

 



 47 

 

Table 3.1: Summary of single molecule fluorescence data of 1-6. 

  

 

Poly M 
(mean) 

M 
(median) 

Skewness 
 

1 0.59 0.59 0.04 
2 0.68 0.72 -0.37 
3 0.55 0.52 0.18 
4 0.75 0.78 -0.73 
5 0.77 0.79 -0.66 
6 0.69 0.72 -0.48 
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3.3.2 Solution and Thin Film Based Photophysics.  

Figure 3.2 shows the absorption and fluorescence emission spectra of 1-6 in 

solution (toluene) and neat thin film. For both solution and film, the λabs,max shows a red 

shift upon increasing the chromophore size from trimer to pentamer to heptamer (Figure 

3.2A & B). The red shift is owing to increased π-electron delocalization along the 

backbone with longer chromophore length.94-96 In addition, there is no noticeable 

difference between the linear and bent polymers with the same chromophore size in 

solution. Unlike the single molecule data, the morphons do not strongly affect the 

polymer spectroscopy in solution due to a lack of strong inter-chromophore interactions 

between oligomer units along the polymers. The spectra differences are only based on the 

length of the chromophore, not the linear or bent natures of the linkers. 97 The λabs,max of 

the linear polymers (4-6) are slightly red shifted compared to their bent counterparts (1-

3), which can be attributed to packing induced planarization of polymer backbone and 

leads to a slight increase in the effective conjugation length. Similarly, λem,max of all 

polymers are red shifted going from solution to film.  This is likely the result of a 

combination of the chains adopting a conformation with a longer conjugation length in 

the films along with efficient energy transfer to the lowest energy segments.  
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Figure 3.2: Absorption spectra of 1-6 in toluene (A) and thin film (B). Fluorescence 
emission spectra of 1-6 in toluene (C) and thin film (D). 
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The fluorescence emission spectra (Figure 3.2C & D) also gives the expected red 

shift in λem,max with increasing chromophore size.  Comparisons of the solution and 

thin film emission spectra (Figure 3.2B & C) show the pentamer- and heptamer-

containing polymers redshift (~15 nm or 438 cm-1 and ~18 nm or 578 cm-1, respectively) 

in the solid state due to packing-induced intra-chain planarization (e.g., more efficient 

conjugation along the oligomer backbone). In contrast, the trimer-containing polymers 

(Figure 3.3A) do not show significant spectral shifting because their shorter chromophore 

length cannot distort from planarity as much as the longer chromophores can in solution. 

The shorter length of the trimer chromophore does not allow for significant 

conformational change from solution to film compared to the longer chromophores.  
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Figure 3.3: A side-by-side comparison of solution and thin film emission spectra of 
polymers composed of same chromophore size and the spectra are 
normalized to 0-1. 
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In addition to the spectral shifts, the vibronic structures in fluorescence emission 

have, in general, changed for all polymers going from solution to film. For the trimer-

containing polymers seen in Figure 3.3A, the film emission bands are broader, 

accompanied by a loss of some vibronic structures and show a suppressed 0-0 transition. 

Upon formation of thin films, the short chromophores with bent morphon polymers (e.g., 

1) may not stack on top of each other in an ordered fashion due to the broad distribution 

of their single chain conformations (Figure 3.1), which leads to a distribution in emission 

energies.  Despite the disorder, some chromophores from neighboring chains can still 

interact strongly and lead to H-aggregate like emission.98,99 For the pentamer- and 

heptamer-containing polymers in Figure 3.3B & C, the larger chromophores lead to a 

more uniform packing and a smaller distribution of energies.  The longer chains also 

allow for interaction between neighboring chains and similarly result in H-aggregate like 

emission, which is characterized by a depression in the 0-0 transition.    

One hypothesis for the more featureless emission spectra for 1 in thin film is that 

the fast solvent evaporation during spin casting could have trapped the chains to form an 

array of distinct domains of different energies. To address this possibility, we performed 

solvent vapor annealing (SVA) to allow polymer chains in the films to reorder 

themselves in a toluene vapor. The absorption (Figure 3.4) and emission (Figure 3.5) 

spectra of all polymer films do not exhibit any obvious change upon SVA for all trimer- 

and pentamer-containing polymers.  
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Figure 3.4: Absorption spectra of thin film of trimer (A, polymer 1 and 4), pentamer (B, 
polymer 2 and 5) and pentamer (C, polymer 3 and 6) before and after SVA. 

 

 

Figure 3.5: Fluorescence emission spectra of thin films of 1, 4 (A), 2, 5 (B) and 3, 6 (C) 
before and after solvent vapor annealing. 
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However, for thin film 6, it appears that the Huang-Rhys factor100-102 has increased 

slightly while the 0-0 transition is additionally suppressed. This may indicate interactions 

between the chromophores but the effect is very small. In general, SVA does not have a 

drastic effect on thin film photophysics and this suggests that the spectral features seen in 

Figure 3.2 & 3.3 are attributed mainly to polymers’ inherent single chain structures.   

3.3.3 Atomic Force Microscopy.  

 To gain an insight into the correlation between single chain conformation and 

thin film morphology, atomic force microscopy (AFM) was used to investigate the 

surface properties of thin films composed of two polymers with markedly different single 

chain structures (1 and 6).  After SVA, the thin films were visualized with AFM phase 

imaging, which is capable of elucidating surface inhomogeneity.103-105 The phase image of 

6 (Figure 3.6B) reveals that highly oriented, closely packed fibril structures prevail 

throughout the film. By sampling line scans across the scan areas, an average width of 

~80 nm is obtained for the fiber domains. This value is consistent with the length of a 

fully extended polymer chain of 6, suggesting the fiber growth direction is along the π-π 

stacking direction.  In spite of the fiber structure observed in the AFM, no structural 

information could be obtained with X-Ray diffraction (XRD) experiments suggesting the 

polymers were not crystalline enough for sufficient X-Ray scattering.  In contrast, AFM 

phase images of 1 (Figure 3.6A) show a drastically different surface morphology where 

small domains are prevalent. This is in agreement with the inherent bent nature of the 

material.  
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Figure 3.6: AFM phase images (1x1 𝜇m) of polymer 1 (A) and 6 (B) thin films and their 
respective sample cross-section line profiles. 
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3.4 CONCLUSION 

In summary, we have successfully synthesized a series of oligo(phenylene 

vinylene) polychromophores with rigid, non-conjugatable morphons. Their single chain 

conformation, measured with single molecule fluorescence excitation polarization 

spectroscopy, highlights the effectiveness of the linear diamantane morphon compared to 

its bent adamantane counterpart in preserving an extended polymer backbone. Further 

investigations into their solution, thin film photophysics and thin film morphology 

suggest that the polymers’ single chain conformation is correlated to the bulk film 

property. This bottom-up approach of polymer synthesis with controlled rigidness, in 

addition to the controlled chromophore size, could offer powerful insights into future CP 

designs using morphons to achieve desired morphology control and ultimately, energy 

migration.  
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Chapter 4: Controlling the Folding of Conjugated Polymers at the 
Single Molecule Level via Hydrogen Bonding  

This chapter was reproduced in part from: Shao, B. †; Zhu, X.J.; Plunkett, K.N.; 

Vanden Bout, D.A.  Polym. Chem., 2017, 8, 1188-1195 †First Author 

4.1 INTRODUCTION 

One defining feature of biological systems is the controlled folding of 

biopolymers into well-defined, three-dimensional structures. The unique secondary 

structures, including α-helices, β-sheets and turn motifs in proteins, for example, allow 

biopolymers to express functions that are crucial to life.106 While nature has evolved the 

ability to realize various functions based on unique structural and conformational 

changes, chemists have made considerable strides in the development of synthetic 

polymeric materials with increasing degrees of structural control. These advances have 

not only provided insights into structure-property relationships, but have also enabled the 

engineering and functionalization of these materials.107,108 One method to achieve 

assembly control is through the utilization of non-covalent hydrogen bonding (H-

bonding) interactions, which are widely used in self-assembly processes owing to their 

directionality and strength.109 H-bonding plays a critical role in both structure and 

function for many biological systems (e.g., proteins, DNA, etc.).110 In material science, 

efforts have been made to incorporate H-bonding motifs such as carboxylic acids,111 

ureas,112-118  and ureidopyrimidinones119-123 into a multitude of small molecules and 

polymers to manipulate molecular packing and ultimately film morphology.124,125  

While the synthesis of highly defined and functional, non-biopolymer based, 

three-dimensional structures is still relatively elusive, the control of single-chain folding 

is actively being explored.126-129 Unfortunately, current methods traditionally result in 
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poorly defined folding geometries and therefore, it remains a challenge to design 

synthetic polymers that fold into predictable, well-defined species. In addition, the 

analytical characterization tools commonly used to investigate the materials, such as size 

exclusion chromatography (SEC), dynamic light scattering (DLS), circular dichroism 

spectroscopy (CD) and NMR spectroscopy, measure average bulk properties with 

information involving individual polymer chains being buried. To address this problem, 

our group has studied a series of model polymers composed of bis(2-ethylhexyl)-p-

phenylene vinylene (BEH-PPV) oligomers (trimer, pentamer and heptamer) joined by 

flexible 90,91 or rigid linkers.73 Each PPV oligomer unit is an interrogable chromophore 

and the overall polarization of all the chromophores within a polymer chain can be used 

to measure its orientation or folding order. This approach has allowed for a better 

understanding of the single chain conformations in these linked oligomer systems.  With 

a combination of single molecule excitation polarization spectroscopy and molecular 

dynamics simulations, we found that the folding order of a flexible chain-linked polymer 

increased with chromophore size, where the heptamers adopted the best folding order 

within a single chain while the trimers showed rather isotropic folding configurations.  

The highly aligned nanostructures of the heptamer-containing polymer is a result of 

stronger π-π interactions between larger surface area-containing chromophore segments. 

These results raised the question of whether an otherwise isotropic flexible-linked, 

trimer-containing polymer could be directed to fold into ordered structures using 

engineered interactions such as H-bonding. These studies contribute to the building 

interest in using conjugation-interrupting segments to control structure and 

function.80,85,130 
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Figure 4.1:  Polymers with no H-bonding (1) and H-bonding capable polymers containing 
carboxylic acids (2) and urea (3) groups. 
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In this contribution, we designed a series of polychromophores composed of 

BEH-PPV oligomers (trimers) and tetraethylene glycol linkers that are capable of 

hydrogen bonding (Figure 4.1) and investigated the folding of these materials at the 

single polymer chain level. Carboxylic acid and urea units were incorporated onto the 

rigid chromophore segments to provide recognition elements for enabling increased order 

at the single polymer level. Two different folding schemes are hypothesized, which are 

referred to as side-on stacking and face-on stacking for the carboxylic acid and urea 

groups, respectively (Figure 4.2). As a control polymer with no H-bonding donor or 

acceptors, a t-butyl capped ester (protected COOH) was incorporated onto the rigid 

chromophore backbone. Investigations of these polymer systems reveal that it is indeed 

possible to direct the self-assembly of the trimer-containing polymers into highly ordered 

structures. This bottom-up approach via side-chain functionalization for the design of 

predictable and well-defined nanostructure has important implications for developing a 

toolkit to direct polymers that fold into predictable structures with the potential for 

designing tailored functional conjugated polymer materials. 
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Figure 4.2: A schematic drawing of proposed folding of polymer 1 (A), polymer 2 (B, 
‘side-on’) and polymer 3 (C, ‘face-on’). 
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4.2 EXPERIMENTAL 

4.2.1 Materials 

Polymers were synthesized by Professor Kyle Plunkett’s group. For more details 

on the synthesis, see the article listed at the beginning of the chapter 4. General schemes 

for hydrogen bonding functionalized trimeric BEH-PPV oligomers and the linked 

oligomers (or polychromophore polymers) are listed in Scheme 4.1 and Scheme 4.2, 

respectively. The polymers were fractionated by gel permeation chromatography (GPC, 

GPCmax VE-2001, Viscotek) for desired molecular weights to ensure each polymer 

contained the same number of repeating units of c.a. 10. Poly(methyl methacrylate) 

(PMMA, Mn =45 kDa), used as a matrix in single molecule studies, was purchased from 

Sigma-Aldrich.  Dry chloroform was obtained from Acros Organics.  
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Scheme 4.1: Synthesis of hydrogen bonding functionalized trimeric BEH-PPV oligomers. 
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Scheme 4.2:  Synthesis of polychromophores 1-3. 
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4.2.2 Steady-State Absorption and Emission Spectroscopy 

The polymer solutions were prepared in tetrahydrofuran (THF, Pharmco-Aaper). 

Absorption and fluorescence emission measurements were performed with an Agilent 

8453 UV-visible spectrophotometer (Agilent Technologies Inc.) and a Fluorolog-3 

spectrofluorometer (Jobin-Yvon), respectively. 

4.2.3 Single Molecule Sample Preparation 

Single molecule samples were prepared by spin-casting ultra-dilute polymer 

solutions in 1.5 wt% PMMA/chloroform onto piranha cleaned coverslips with resulting 

PMMA/polymer films of ~200 nm in thickness. 

4.2.3 Single Molecule Excitation Polarization Study 

The measurements for all single molecule spectroscopy were performed under the 

protection of N2 and at ambient temperature. A linearly rotating 457 nm excitation beam 

(Melles Griot, model 35-IMA-040-208) was generated via an electro-optical modulator 

(Fastpulse Technology, model 3079-4). A collimated laser beam was introduced onto the 

sample plane through a high numeric aperture objective (Zweiss, Achrostigmat, x100, oil 

immersion, N.A. 1.25) in a wide-field optical microscope (Zweiss, Axiovert 200) for 

fluorescence excitation polarization measurements. Methods are described elsewhere in 

more detail.50 Fluorescence emission was captured by an EMCCD detector (Andor, 

model iXon+ DU-897E).  

4.2.4 Single Molecule Spectra and Franck-Condon Fitting 

The fluorescence emission spectra were acquired under a confocal scheme where 

the laser beam was focused to a diffraction limited spot on the sample with an intensity of 

~30 W/cm2. The piezo stage was controlled through a home-written LabView program 

(National Instrument). The emitted light was filtered through a 466 nm long pass edge 
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filter (Semrock) and directed onto the spectrograph (Princeton Instrument, Acton SP-150) 

that was coupled to a liquid N2 cooled CCD detector. For each molecule examined, the 

spectrum was recorded with an integration time of 20 s. Three consecutive spectra of 

each molecule were averaged to increase the single-to-noise ratio. 

The fluorescence emission spectrum of each polymer chain in photons/energy 

interval 𝑃 ℏ𝜔  was fit to the Franck-Condon model as follows, 

𝑃 ℏ𝜔 =  𝑛!(ℏ𝜔)!  
!!!!!!

!!

!!!
Γδ[ℏω− ℏ𝜔! − 𝑛!ℏ𝜔! ] !!!!                    (4-1) 

where n is the refractive index of the medium, ℏ𝜔! is the 0-0 transition energy, ni denotes 

the vibrational quantum number and i is the ith vibrational mode, Si is the Huang-Rhys 

factor which measures of the coupling strength between the ith vibrartional mode to the 

electronic transition, Γ is the Gaussian line shape operator (and was kept constant at full 

width at half maximum for all vibrational modes and overtones). 

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of Side-Chain H-Bonding Groups on Single Chain Folding Order  

All three polymers show indistinguishable absorption and fluorescence emission 

spectra in THF solution (Figure 4.3).  In the absorption spectra, all polymers gave 

identical 𝜆!"# values demonstrating that the same chromophore is active in all three 

systems as expected.  The identical vibronic progressions in the emission spectra of all of 

the polymers suggest there is little H-bonding induced aggregation within the polymer 

chains in solution.  Chromophore aggregation typically results in either a shifting of the 

origin spectral band or a change in the ratio of the vibronic peaks, as proposed in Spano’s 

H- and J-aggregate model.131 The lack of H-bonding interactions in solution could be 

attributed to the torsional motions for polymer chains in solution, which could minimize 

the H-bonding effect both between different polymer chains and within a single chain. In 
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addition, information regarding how each individual chain behaves is averaged out in the 

bulk measurement. However, the lack of any apparent change in the spectra is indicative 

of little or no interaction between the chromophores.  
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Figure 4.3:  Solution absorption and fluorescence emission spectra of polymer 1 (green), 
polymer 2 (blue) and polymer 3 (red) in tetrahydrofuran (THF). 
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 In order to study how H-bonding affects the chain folding within an individual 

molecule, we employed single molecule excitation polarization spectroscopy.50 In this 

experiment, an ultra-dilute polymer sample was embedded in a non-fluorescent 

poly(methyl methacrylate) (PMMA) matrix and was excited by a rotating linearly 

polarized laser source. By fitting the emission intensity of each individual molecule, I, as 

a function of the rotating angle of the linearly polarized excitation, θ, 

𝐼(𝜃) ∝ 1+𝑀𝑐𝑜𝑠2(𝜃 − 𝜙)                                                (4-2) 

where 𝜙 is the angle of the maximum emission, the modulation depth, M, can be 

extracted. Here, M is a projection of the molecular absorption tensor onto the sample 

plane, with a magnitude ranging from 0 to 1, and its value is an indication of the degree 

of chromophore alignment within a single molecule. A high (low) M value corresponds to 

a high (low) degree of chromophore alignment within the molecule, which is 

characteristic of an anisotropic (isotropic) structure.  

By sampling over 200 molecules, a histogram of ensemble M values is generated 

for each polymer type, as shown in Figure 4.4. Polymer 1, designed with no H-bonding 

sites (Figure 4.4A), exhibits a low mean M value of around 0.38, indicating a disordered 

alignment of chromophores within the single chains. This low morphological order is 

comparable to the linked BEH-PPV trimer polymers previously studied where H-bonding 

groups were similarly absent in the side chains.91 Polymer 2, which was designed to stack 

in a side-on manner (Figure 4.4B), on the other hand, has a broad distribution of M values 

with a mean M of ~0.5. This result suggests these polymers adopt a range of 

conformations, from ordered to disordered. The improved alignment of the chromophores 

within polymer 2, in comparison to polymer 1 which contains no H-bonding groups, 

suggests that the carboxylic acid H-bonding interactions (O-H⋅⋅⋅O=C) are active and 

influence the chain conformation. Despite the seeming ease of side-on stacking geometry 



 70 

owing to a lack of steric hindrance, the conformation variations could result from either 

the flexibility of the side chains and the linkers or the limited length of the linker. In the 

former case it allows more torsional movement between the two H-bonded 

chromophores, whereas in the latter case, the limited length of the linker prevents the two 

neighboring chromophores from a perfect side-by-side alignment, but rather, with them 

aligning at some angle. In stark contrast, the polymer that was designed to have a face-on 

stacking geometry, polymer 3 (Figure 4.4C), has a mean M peak at ~0.8 and with 50% of 

M values greater than 0.8. This suggests highly ordered alignment of chromophores 

within the polymer due to the urea bifurcated H-bonding (N-H⋅⋅⋅O=C) interactions. While 

it is not surprising that polymer 3 packs into a more ordered structure than polymer 1, 

which lacks H-bonding, it is interesting that this proposed face-on stacking configuration 

adopts a better conformational order than polymer 2. One hypothesis for why polymer 3 

does this is that the face-on conformation can utilize both H-bonding as well as π-π 

stacking to stabilize the folded structure. By contrast, the side-on polymer 2 can only use 

the interactions between the side-chains and does not take advantage of chromophore 

stacking. While the chromophore interaction alone was not sufficient to lead to ordered 

structures (e.g., polymer 1 and previous results91), a combination of chromophore 

interaction and side-chain interactions could result in more anisotropic conformations. In 

addition, the average energy per H-bond in a urea moiety was calculated to be ~20 kJ/mol 

and since each urea group has four binding sites, the urea moiety has a total binding 

energy of ~80 kJ/mol, whereas the carboxylic acid H-bonding interaction energy was 

calculated to be 35-40 kJ/mol based on a dimer model.132,133 The overall higher H-bonding 

energies in the urea-containing polymer could partially influence the chromophores to 

pack in a more organized fashion. We believe that a combined effort from both the 
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conformational geometry of the chromophores and the type of H-bonding interaction 

gives rise to the highly ordered structure of polymer 3.  
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Figure 4.4: Histograms of the ensemble of fluorescence intensity modulation depth, M, of 
A) polymer 1, B) polymer 2 and C) polymer 3  
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4.3.2 Effect of Polymer Folding Order on Electronic Properties  

To further understand the structure-property relationships in these model 

materials, we examined the electronic properties of single molecules by investigating 

their spectral signatures.  Figure 4.5 shows the ensemble single molecule spectra of all 

three polymers. The ensemble single molecule spectrum of polymer 3 is red shifted  ~10 

nm (0.05 eV) compared to the other two, indicating a more delocalized excited state 

within a face-on stacking polymer chain. Based on our hypothesized folding scheme, a 

coplanar, stacked arrangement of chromophores within polymer 3 should lead to a H-type 

interaction. Upon further scrutiny, however, the vibronic progressions of all three 

ensemble spectra remain identical in spite of a slight spectral shift. Further, polymer 3 

lacks a depressed 0-0 transition. These two features are contrary to the signature H-

aggregate behaviors,99 but they are consistent with what is observed for other single 

conjugated polymers where folding of individual chains results in a slight red-shift of the 

spectrum and changes in the vibronic progression are not observed until many chains are 

aggregated together.54 We could therefore attribute this spectral shift solely to enhanced 

intrachain planarization of the trimeric chromophores, which would lead to an effective 

conjugation length increase. It further validates the H-bonding induced folding of 

polymer 3 with face-on stacking configuration as planarization occurs concomitantly with 

better folding of the materials. 124  
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Figure 4.5: Single molecule ensemble spectra of polymer 1 (green), polymer 2 (blue) and 
polymer 3 (red)  
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To elucidate the spectral features in further detail, we performed Franck-Condon 

analysis where three vibronic transitions (0-0, 0-1 and 0-2) were modeled. Each spectrum 

is presented in photons per energy interval for modeling purposes and therefore the x-axis 

units are converted to an energy term eV instead of wavelength. All spectra fit well with 

normal Franck-Condon progressions. Figure 4.6 contains examples of the experimental 

spectra of the three polymers and their corresponding fits. The 0-0 transition energy, E0-0, 

was extracted from each fitting and the distribution histograms of these values are shown 

in Figure 4.7. The energy distributions (Figure 4.7A, 4.7B) for the no H-bonding polymer 

1 and side-on stacking polymer 2 have mean E0-0 values centered at 2.470 eV and 2.468 

eV, respectively, while that of the face-on stacking polymer 3 is 2.408 eV. The red 

shifted (~0.06 eV) mean E0-0 of the face-on stacking polymers agrees with the spectral 

shift seen in the ensemble single molecule spectra in Figure 4.5, which we contribute to 

planarization of the chromophore backbone. In addition, the vibronic progression 

observed for individual polymer 3, is different from the other two polymers, again 

suggesting some new interactions between the chromophores. The aforementioned 

difference in the spectra could result from one of two changes.  Either the 0-0 origin peak 

has been suppressed as one might expect for a face-on H-type aggregate, or the Huang-

Rhys factor that defines the displacement of the vibration in the excited state (the 

electron-phonon coupling) is different for the well-folded polymer. When individual 

spectrum of the face-on stacking polymer 3 is examined, each could be fitted with a 

normal Franck-Condon progression with a different Huang-Rhys factor (S). Although 

simply examining the 0-0/0-1 peak ratio would suggest H-type aggregation, 

distinguishing between these two relies on the details of fitting the third peak (0-2) for 

which the signal to noise is not sufficient. If one assumes a standard progression, polymer 

3 has an average S value of 1.18 ± 0.11 that is slightly larger than those of polymers 1 
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(1.07 ± 0.14) and 2 (1.07 ± 0.10), respectively, where the standard deviations represent 

the diversity in the individual polymers not the error in the measurement (Table 4.1). This 

is in contrast to what one might expect, as greater delocalization, implied by the lower 

origin energy, should lead to a smaller value of S.  An examination of individual spectra 

for all the molecules shows no correlation between the origin energy and S (Table 4.1), 

and this is consistent with previous studies of polythiophene systems that have shown 

large variations in origin energy but no change in the vibronic structure.134 In either case, 

the differences in the spectra clearly demonstrate that the face-on folded polymer has 

stronger interactions between the chromophore units as was intended by the initial 

design.  

The current study is focused solely on the conformation of individual polymer 

chains.  Therefore typical bulk tools used to examine structure and or H-bonding, such as 

XRD, DSC, or STM cannot be applied to the single isolated polymers.  While the single 

molecule polarization data is consistent with the structure presented in Figure 4.2, it is 

important to recognize that this assignment is based solely on the increased alignment of 

the chromophores rather than directly on structural data.   
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Table 4.1: Franck-Condon fitting results of single molecule and solution fluorescence 
spectra of all three polymers. 
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Figure 4.6: Sample single molecule spectra (black) of A) polymer 1,B) polymer 2 and C) 
polymer 3 and their Franck-Condon fits (red). Three vibrational overtones 
were included in the fitting and are labeled in A.   

 

 

 

Figure 4.7: Histograms of 0-0 energy peaks extracted from Franck-Condon fits of single 
molecule spectra of A) polymer 1, B) polymer 2 and C) polymer 3. 
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4.4 CONCLUSION   

To elucidate how H-bonding between polymer side-chains could be used to 

control the folding of single polymer chains, we synthesized tailored polymer structures 

both with and without H-bonding motifs, i.e., carboxylic acid and urea units, and a 

control polymer with a t-butyl capped ester. Polychromophore-based conjugated 

polymers that were previously demonstrated to adopt isotropic conformations were re-

designed to include two different H-bonding motifs that could direct their folding into 

ordered structures.  By taking advantage of the polarization of the optical transitions of 

the conjugated chromophores, single molecule spectroscopy directly determined the 

alignment of the oligomer segments in the individual chains. The results demonstrate that 

the polymers with H-bonding side-chains lead to structures with distinctly higher 

anisotropies than the control polymers that lack H-bonding side-chains. Urea-containing 

polymer 3, which was designed to fold into face-on stacking geometries, was the most 

highly aligned and yielded presumably nearly rod-like, single molecule structures.  

Furthermore, the spectra of these individual polymers provide evidence of electronic 

interactions between the oligomer units as expected for a face-on stacking geometry. In 

contrast, polymer 2, which was designed for side-on interactions, yielded lower 

anisotropic structures and the spectra were more similar to the non-interacting polymers 

in solution. The increased chromophore alignment in polymer 3 is proposed to arise from 

the additive effects of H-bonding and chromophore π-π stacking in the folded structure. 

These results show that it is possible to design polymers with a primary structure that can 

fold into desirable secondary structures. In combination with previous studies, this work 

provides a tool kit of how side-chains, chromophores, and linker units can be used to 

program secondary structure via primary structure engineering. 
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Chapter 5: Probing the Molecular Weight Dependent Interactions in 
Single Molecules of PCDTBT 

5.1 INTRODUCTION 

There has been an emerging interest in push-pull polymers (donor-acceptor 

copolymers) as the donor polymeric material for applications in polymer solar cells ever 

since the pioneering work of the bithiophene-acceptor based materials135 and the 

introduction of 2,7-carbazole-based push-pull polymers.6,136 Push-pull polymers consist of 

alternating electron-rich and electron-deficient moieties. This architecture drastically 

reduces the optical band gaps of donor polymers and thus allows for efficient harvesting 

of the solar radiation and improved photovoltaic performance.137-140 The narrow band gap 

is a result of molecular orbital mixing of the neighboring donor and the acceptor 

moieties, which ultimately raises the level of the highest occupied molecular orbital 

(HOMO) and lowers that of the lowest unoccupied molecular orbital (LUMO). In 

addition, the individual HOMO and LUMO levels and the resulting optical band gap of 

the push-pull polymers can be readily tuned by choice of donor or acceptor. As with other 

donor materials, the molecular structure of push-pull polymers plays an important role in 

their photophysics and ultimately device performance.141-144 However, compared to 

prototypical homopolymers based on polythiophenes and poly(phenylene vinylene)s, 

there has been fewer systematic studies of the fundamental photophyics of these 

materials.  

It is vital to gain a better understanding of the structure-property relationship of 

these polymers to facilitate the enhancement of their performance. The push-pull polymer 

monomers have significantly more atoms compared to the monomer repeat unit of typical 

conjugated polymers homopolymers. The complex nature of the repeat unit of the 

material makes it largely disordered and noncrystalline. Due to the complexity of the bulk 
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film and the intricate and intertwined structural factors between polymer chains, it is 

beneficial to interrogate these polymers at the single molecule level. Single chains are 

inherently less heterogeneous than the bulk film and this isolation allows us to examine 

the connections between the intrinsic single polymer chain conformation and its 

photophysical property.  

Poly[N-(1-octylnonyl)-2,7-carbazole]-alt-5,5-[4′,7′-di(thien-2-yl)-2′,1′,3′-

benzothiadiazole] (PCDTBT) was first synthesized by Leclerc and colleagues.136 Its 

structure is shown in Figure 6.1. It has shown high device performance with a power 

conversion efficiency exceeding 6% and a lifetime of seven years. 6,145-147 There have been 

great interests in understanding the charge-transfer character of PCDTBT with 

solvatochromism studies and ultrafast spectroscopy in the bulk system. However, there 

has not been any systematic study on the effect of polymer chain length on its molecular 

structure and associated photophysics.148-152 Its spectral range makes PCDTBT an 

interesting functional material for single molecule studies compared with other push-pull 

polymer systems that can only be accessed in the near-infrared region.  

In this report, we will examine the photophysics of PCDTBT as a function of 

chain length in chloroform solution as well as at a single chain level. More specifically, 

we will explain the origin of the redshift in spectra with increasing PCDTBT molecular 

weight.  

 

 



 82 

 

Figure 5.1: Polymer structure of PCDTBT 

5.2 EXPERIMENTAL: 

5.2.1 Materials 

PCDTBT polymers (64KDa, PDI=2.4) were purchased from 1-Material Inc. The 

polymers were further fractionated by gel permeation chromatography (GPC), GPCmax 

VE-2001, Viscotek) to achieve desired molecular weights (Mn) and a polydispersity 

(PDI) less than 1.5. Tetrahydrofuran (THF, Acros Organics) was used as the mobile 

phase. Poly(methyl methacrylate) (PMMA, Mn = 45 kDa, PDI= 2.2) was purchased from 

Sigma-Aldrich. Extra dry chloroform solvent was purchased from Acros Organics. Glass 

coverslips were cleaned in an acid piranha solution (1:3 v/v hydrogen peroxide and 

sulfuric acid) and thoroughly rinsed with nanopure water (resistivity=18.2 MΩ�cm) 

before use. 

5.2.2 Solution Optical Characterization 

The fractionated PCDTBT samples in THF were dried with N2 and redissolved in 

extra chloroform for solution optical characterizations.  The UV-Vis absorption was 

recorded with a monobeam UV spectrophotometer (Agilent Technologies Inc.). For 

fluorescence measurements, all solutions had absorbance < 0.1 at peak wavelength of the 
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low energy band to minimize self-absorption among the polymers. Fluorescence spectra 

were acquired with a Fluorolog-3 (Jobin-Yvon) spectrofluorometer. 

5.2.3 Single Molecule Excitation Polarization Spectroscopy 

Single molecule samples were prepared by spin-casting an ultra-dilute solution of 

polymer out of 2 wt% PMMA/Chloroform to achieve a sample density of ~80 molecule 

per illumination area of 40 x 40 μm2. Fluorescence excitation polarization spectroscopy 

was performed on a wide-field optical microscope (Zeiss Axiovert) with a 1.25 NA 

objective lens (Zeiss, Achrostigmat, 100x, oil immersion) operating at the 488 nm line of 

an Ar ion laser (Melles Griot, model 35-IMA-040-208). The illumination intensity was ~ 

1.5 W/cm2. The excitation beam was modulated through a combination of an electro-

optical modulator (Fastpulse Technology, model 3079-4) and a quarter waveplate (Tower 

Optical Corporation) to achieve a rotating linearly polarized beam. The fluorescence 

signal was collected through the same objective, filtered with a 496 nm edge filter and a 

notch filter. The fluorescence images were recorded on an EMCCD detector (Andor, 

model iXon+ DU-897E).  By fitting the emission intensity of each single molecule, I, as a 

function of the rotating angle, θ 

𝐼(𝜃) ∝ 1+𝑀𝑐𝑜𝑠2(𝜃 − 𝜙)     (5-1) 

where 𝜙 is the angle of the maximum emission. The modulation depth, M, can be 

extracted where M is a projection of the molecular absorption tensor onto the sample 

plane. The value of M reflects the morphological order of polymer chains. Polymers with 

values of M close to one adopt an ordered conformation while polymers with M values 

close to zero suggest an isotropic conformation. A distribution of M values for each 

polymer is plotted and shown in histograms.  
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5.2.4 Single Molecule Fluorescence Spectroscopy 

The experiment was performed on the same optical microscope under a confocal 

mode where the laser beam was focused to a diffraction-limited spot on the sample plane. 

Fluorescence emission spectra were acquired with an excitation power of ∼30 W/cm2. 

The emitted light was filtered with a 496 nm blocking edge long-pass filter (Semrock) 

and delivered to a spectrograph (Princeton Instruments Acton SP-150) that was coupled 

to a liquid N2 cooled CCD camera (Princeton Instruments). A single molecule spectrum 

was obtained by averaging 3 consecutive spectra collected with an integration time of 15 

s each. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Comparative Steady State Absorption and Fluorescence Emission 
Measurements 

Here, a series of PCDTBT with a range of molecular weights from 8 kDa to107 

kDa (Mn, n = 7-142) are investigated and their absorption spectra in chloroform are 

shown in Figure 5.2a. PCDTBT polymers are known to show a high energy band (HEB) 

at 380 - 400 nm originating from the absorption of carbazole with adjacent thiophene 

rings and a broad low energy band (LEB) from benzothiadiazole at 530 - 580 nm.150 A 

substantial redshift of ~123 meV in the LEB is observed with an increase of molecular 

weight.  This shift to lower energy continues slightly  (~19 meV) as the molecular weight 

increases further with the energy staying constant above 50 kDa. The HEB shows a 

similar trend where a redshift of ~114 meV occurs as the MW increases at the lower end 

of the range.  The HEB no longer shifts to lower energy once the MW reaches 24 kDa. 

(Figure 5.2b) 
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Figure 5.2: (a) Steady state absorption spectra of a series of dilute PCDTBT polymers in 
chloroform (<0.1mg/mL) normalized to the peak of the LEB (b) Peak 
energy shifts of the HEB and LEB in corresponding to a change in 
molecular weight of the polymers 
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The fluorescence emission spectrum, consists of only one broad peak at ~700 nm. 

(Figure 5.3) The shape and spectral position of the fluorescence emission spectrum does 

not depend on the excitation wavelength due to an energy transfer from the HEB of the 

N-(1-octylnonyl)-2,7-di(thien-2-yl)carbazole (BTC) unit to the LEB with a charge 

transfer character formed by BTC and its adjacent benzothiadiazole.150 Interestingly, a 

similar molecular weight dependence on the peak emission wavelength is observed in 

absorption spectra. As is seen in Figure 5.3b, there is again a substantial redshift (~66 

meV) from the lowest molecular weight up to 24 kDa.   However, unlike the absorption 

spectra, the two lowest molecular weights are nearly identical and there is a discrete jump 

to a new emission wavelength above 24 kDa. (Figure 5.3b.)  

One possible explanation for the observed redshift is an increase in the 

conjugation length of the polymer as the molecular weight is increased.  The energy 

shifts up to a molecular weight of 24 kDa. This polymer size corresponds to 

approximately 33 monomer repeat units.  This would be a dramatically large conjugation 

length especially given the size of the monomer unit. The monomer size of a PCDTBT 

alone is much larger than prototypical homopolymers such as poly(phenylene-vinylene)s 

(~3 times) and polythiophenes (~9 times). This is equivalent to ~ 99 repeat units for 

MEH-PPV, whose conjugation lengths are believed to only be ~8 repeat units. It is 

unlikely conjugation can sustain such long distance as structural factors such as 

curvatures and kinks in the polymer chain would disrupt conjugation.  From a molecular 

dynamics study, PCDTBT in solution tends to have a wide range of dihedral angles, 

suggesting planar structures are not thermodynamically favored.153 The broad and 

featureless absorption peaks in Figure 5.2a are a result of the conformational disorders of 

the segments on the polymer backbone. It is unlikely that there is an ultra-long 

conjugation length of PCDTBT in solution. Additionally, an increase in conjugation 
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length is typically accompanied by a continuous shift, not a sudden jump as is observed 

in the emission spectra.  

If the substantial redshift is not due to an increase in conjugation length that 

simply results from having more monomer units, it must have another origin. It could 

arise from a change in the physical conformation of the polymer above a particular 

molecular weight. Below this molecular weight the polymers adopt an array of 

conformations many of which have higher energy absorptions. However, as the 

molecular weight increases, the polymer chain can fold to interact with itself.  This could 

lead to one of two possibilities.  Either it is the interaction of the chain with itself that 

leads to a longer conjugation length. Or the excitations are more delocalized across the 

polymer units leading to a lower energy transition.   
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Figure 5.3: (a) Fluorescence emission spectra of PCDTBT in chloroform, excitation at 
LEB (b) Peak emission wavelengths with varying PCDTBT molecular 
weights 
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5.3.2 Single Molecule Correlated Structure-Property Relationship Study 

Solution measurements indicate a potential existence of various structures for the 

polymer chains. In order to study the local conformation of individual polymer chains 

and their effects on photophysical properties, we employed single molecule spectroscopy. 

We first characterized the anisotropy of the structures the single polymer chain adopted 

using the excitation polarization technique described in “Experimental”. By examining a 

sample set of >300 individual PCDTBTs for each molecular weight, a modulation depth 

distribution histogram of each different molecular weight polymer is obtained. The closer 

M is to 0, the more isotropic the conformation of the polymer is. On the contrary, a higher 

M value close to 1 indicates a highly ordered or anisotropic conformation. The average M 

for each molecular weight of PCDTBT is less than 0.45, which is significantly lower than 

those of typical homopolymers such as MEH-PPV and rr-P3HT. 49,50 Yet, a slowly rising 

population with higher M can be seen evolving with a decrease in molecular weight. A 

direct comparison of M distributions between the lowest and highest molecular weight 

polymer examined (8 kDa and 107 kDa) is illustrated in Figure 5.4a, where a rising 

population with higher M values (more anisotropic structures) is clearly seen in the case 

of the shorter polymer.  

The overall low conformational order of PCDTBT single polymer chains, 

indicated by the average M< 0.45, could result from the twisted backbone conformation 

in the ground state.154 Moreover, intramolecular electro-static interactions between S⋅⋅⋅N 

have been hypothesized to stabilize particular orientations of the constituent components 

along the backbone.155 The increased degrees of freedom in the polymer as an increase in 

chain length further lowers the structural order within a polymer chain. This suggests that 

the length of polymer backbone of PCDTBT indeed plays a role in individual polymer 

conformation.  
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Figure 5.4: (a) Overlaid modulation depths histograms of PCDTBT of 8 kDa and 107 
kDa. A rising population in the higher M regime can be clearly seen for 8 
kDa. Bin size 0.2  

The conformation characterization is followed by a scrutiny of individual polymer 

chain spectrum in order to identify the impacts polymer chain conformations have on 

their photophysical properties. An ensemble of single molecule fluorescence emission 

spectra of four molecular weights are compiled and shown in Figure 5.5. The spectrum of 

8 kDa peaks at ~635 nm, whereas the peak position of the 16 kDa and other higher MW 

polymers occur at ~690 nm. In addition, there is a decrease in the high-energy shoulder 

(~635 nm) of the higher MW polymer spectra. We believe the two transitions observed 

(at ~635 nm and ~690 nm) are due to the existence of two emitting species of PCDTBT 

in the solid state. In order to verify our speculation, we plotted the energy distributions of 

the individual single molecule spectra. Because most of the single molecule spectra do 

not contain pronounced vibronic structures, the energy of the origin of the transition (E0-0) 

cannot be unambiguously assigned. Therefore, we plotted the energy at half height of 

Emax on the blue edge of the spectrum as a proxy for the origin energy.(Figure 5.6) It 

shows that the 8 kDa polymers are made up from most of the high-energy species and 
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that the 107 kDa polymers are comprised of mainly the low-energy species.(Figure 5.7) 

The 16 kDa polymer has a broad bi-modal distribution of both low and high energies. 

Several conjugated polymers are known to show a conformational transformation from a 

phase consisting of disordered non-interacting chains to a phase that is dominant by 

interacting chains. These have been shown extensively in low temperature solution 

studies with homopolymers as well as another push-pull polymer poly{4,4-dialkyl-4H-

cyclopenta[2,1-b;3,4-b′]dithiophene-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl} 

(PCPDTBT). 156-159  We propose that our observed high-energy species originate from the 

non-interacting segments on the PCDTBT polymer chain. At these molecular weights, 

the polymer chain is mostly extended and is less likely to be interacting with itself. On 

the other hand, the more isotropic low-energy species has interacting segments once the 

size of the polymer has reached 30 monomer units. While the persistence length of 

PCDTBT has not been reported experimentally, we suspect it to be on the order of ~5-10 

monomer units (well less than 30) based on the abrupt redshift observed in both solution 

and single molecule spectra. A recent theoretical calculation, however, suggested a 

persistence length of PCDTBT merely equivalent to 0.6 monomer unit.160 We believe this 

might be an underestimation as such short persistence lengths would lead to the polymers 

have significantly more isotropic structures at all of the molecular weights probed. Our 

polarization data, on the other hand, has shown a clear molecular weight dependence on 

the polarization of the polymers. The more disordered high molecular weight polymer 

chain is not likely to support excitation delocalization across the chain without breaking 

the conjugation, but it is possible to induce interactions within itself with such 

conformation. This interaction either creates a few segments with longer conjugated 

length or allows for further excitation delocalization among the donor-acceptor 

constituents across the chains.  
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Since most of the spectra lack normal vibronic progressions, we were interested to 

see whether there is a correlation between those shows clear vibronic progressions and 

one of the species observed. A similar plot to Figure 5.7 is generated for those spectra 

with vibronic structures shown in Figure 5.8.  Those polymer chains appear to be mainly 

responsible for the higher energy ends of the species. The more pronounced vibronic 

features of these polymer chains can be attributed to a lack of interactions between 

polymer chain segments in the high-energy species.  
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Figure 5.5: Ensemble single molecule spectra of PCDTBT of four molecular weights 
excited at 488nm (8 kDa, 16 kDa, 32 kDa and 107 kDa). ~80 molecules 
were examined for each polymer sample   
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Figure 5.6: A single molecule spectrum of 8KDa PCDTBT. The energy at half height of 
Emax on the blue edge of the spectrum is used as a proxy for the origin 
energy. 
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Figure 5.7:  Energy distribution of E at half height Emax on the blue edge of individual 
single molecule spectrum  
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Figure 5.8: Analysis of E at half height Emax on the blue edge for a subset of individual 
polymers that show some vibronic structure   
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5.4 CONCLUSION 

With a combination of steady state absorption and fluorescence emission 

spectroscopy and single molecule spectroscopy, two distinctive PCDTBT species were 

found to exist at room temperature at the lower and the higher molecular weight regime, 

respectively. A similar “two species” phenomenon has been previously observed in 

homopolymers such as MEH-PPV. However for these materials the differences have only 

been detected at low temperatures (<77K). Low temperature studies have also revealed 

two types of emitting species in another push-pull polymer PCPDTBT. In the current 

system of PCDTBT, the difference in the high energy and the low energy emitters is clear 

even at room temperature. Moreover, there is a distinct correlation between the type of 

emitting species and the molecular weight of the polymer. In the ensemble, this appears 

as a shift in the peak absorption and emission wavelength. The single molecule studies 

reveal a bi-modal distribution of peak emission wavelengths that changes with increasing 

molecular weight. At sizes where the polymer chains are at most a few persistence 

lengths, the emission is from the higher energy of the two species. Once the polymer is 

sufficiently long that it could start interacting with itself, beyond the critical molecular 

weight of ~24 kDa (~33 repeat units), and the emission shifts to lower energy by 

approximately 100 meV.  The shift may result from an increase in conjugated length of 

the polymer. It, however, would not result directly from the polymer increasing in length 

but from the polymer interacting with itself. This cross-over at a critical molecular weight 

could be a general phenomena in push-pull polymers and suggests the importance of 

understanding molecular weight in probing photophysics. This presence of new states 

that are more delocalized could have important implications for energy and charge 

generation in OPV applications.  

. 
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Chapter 6: Outlook 

The scientific contribution of this dissertation provides some crucial 

understanding of the role of linkers, side chains and molecular weights in conjugated 

polymer conformation as well as their photophysics using single molecule techniques. 

With the aid of model oligomer systems as well as fluorescence excitation polarization 

spectroscopy, we have achieved better control over directing chain folding at the single 

molecule level. Unfortunately, this structural characterization has been limited to only 

general information about the orientation of the backbone of the polymer as measured 

through polarization spectroscopy and is an indirect technique. To date, there have not 

been other reported techniques capable of direct visualization of the single chain polymer 

structure. Gaining a more complete picture of individual chain conformation would be 

extremely valuable for not only establishing an accurate quantitative knowledge of how 

the structure of these polymers gives rise to their electronic and optical properties, but 

also serving as a benchmark for theoretical calculations. To achieve this, it requires a 

combined approach of single molecule spectroscopy and nanoscale structural 

characterization. First, polarization single molecule spectroscopy will be used to 

determine the general alignment of the backbone of the polymer.  This will also allow for 

collection of single molecule emission spectra to examine electronic and optical 

properties. Second, Förster resonance energy transfer measurements will be used on 

tagged polymers to measure the end-to-end distances in the polymers. Finally, the size 

and shape of the individual chains will be accessed using atomic force microscopy.    

One important piece of the knowledge that can support the backbone alignment of 

conjugated polymers is the polymer end-to-end distance. This can be achieved by tagging 

conjugated polymer chains with dyes on both ends where the end-to-end distance can be 
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measured by using single molecule Förster Resonance Energy Transfer (FRET). The 

mechanism of FRET relies on energy transfer between two light-sensitive molecules. An 

excited donor molecule (D) can transfer some of its energy to the neighboring acceptor 

molecule (A) through dipole-dipole coupling between the donor emission and acceptor 

excitation dipoles. The acceptor molecule then relaxes to the ground state radiatively in 

the form of fluorescence. This process can be illustrated by Figure 6.1.36 The FRET 

technique has expanded extensively in the past decade, with a particular interest of using 

it as an optical ruler in applications such as protein conformation, detection and locations 

of certain genes, and metabolic pathways.161-163  FRET can provide accurate measurement 

of inter-molecular distance due to its high distance sensitivity. FRET efficiency (EFRET) 

varies with the distance (r) between the donor and the acceptor to the sixth power and can 

be determined by the following equation:  

EFRET =
r0
6

r0
6 + r6                                                                 (6-1) 

where r0 is the distance at which the FRET efficiency is 50%, and is governed by the 

spectral overlap between the donor and the acceptor. In order to unveil how the chains are 

actually packing and folding at an individual chain level, a donor molecule and an 

acceptor molecule will be strategically placed on the two terminating positions of 

conjugated polymer chains. These tagged polymers will then be analyzed both by single 

molecule excitation polarization spectroscopy and FRET. Poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) can be used as a model polymer in 

this study because of the substantial amount of work done in the past on MEH-PPV with 

single molecule techniques.43,50,56 The extensive polarization data on this material can be 

utilized to help interpret new end-to-end distance results. Although MEH-PPV has shown 

to fold into highly ordered rod-like structures as evidenced by high M values, there are 
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many potential candidate structures that could yield these polarizations. This is because 

we only probe the projection of the absorption tensor onto the sample plane during the 

excitation polarization experiment, and some three-dimensional structural variations 

could have been overlooked. For examples, as shown in Figure 6.2, the end-to-end 

distance obtained from FRET would potentially distinguish the two conformations with 

similar polarization results (M values). This correlated microscopy approach will provide 

a much more in- depth picture of the chain morphology despite not using direct imaging 

methods. In addition, the end-to-end distance can be readily calculated in molecular 

dynamic simulations, providing a key benchmark to compare with theoretical 

calculations. 

To complete the picture of the polymer structure we need a general measure of the 

size and shape of the individual polymer chains.  This can be achieved by direct 

visualization of a single polymer chain using atomic force microscopy (AFM).135,164,165 

Traditional electron microscopy techniques such as scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) are capable of visualizing the individual 

chains but are not feasible given the substrate choices and limited contrast of the organic 

materials. Glass coverslips are required for the index-matching, oil-immersion, high 

numerical apertures of the objective lenses in the single molecule microscopes.  The 

impermeability to electrons makes these coverslips unsuitable for TEM while the non-

conductive nature makes them unappealing for SEM.  AFM, on the other hand, will serve 

as an ideal complimentary technique to the single molecule spectroscopy samples due to 

its capability of evaluating polymer structures at sub-micrometer and sub-nanometer 

length scales. To tailor the samples to be compatible with investigating single conjugated 

polymers with both AFM and our fluorescence microscope set-up, we can modify the 

experiments. The single molecule samples will be dispersed onto a coverslip that is 
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alphanumerically patterned with shadow mask deposition through a TEM grid for 

unambiguously locating the same polymer chains between experiments. Ultra-sharp 

probe tips will be used to minimize tip-sample contact area under a gentle tapping-mode 

in order to acquire images with the highest possible spatial resolution. The 

conformational information obtained from polarization data and FRET can then be 

correlated to that from AFM for a direct comparison.  

With characterizations of the backbone alignment, end-to-end distance, and the 

overall size and shape of the polymer, we can develop a more complete model of how the 

individual polymer chains are folded. This structural information can be further 

correlated with their photophysical behavior using single molecule spectroscopy with 

measurements of emission spectra and fluorescence dynamics such as lifetime and 

fluorescence intermittency (“blinking”). Moreover, all three of these structural 

parameters can be used to validate and improve upon molecular dynamic simulations to 

provide model structures that can be used for further theoretical calculations.  
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Figure 6.1: Schematic representation of FRET demonstrating the energy transfer from 
excited donor (D*) to acceptor (A) via nonradiative process. The superscript 
denotes the excited state. Solid and wavy arrows indicate the radiative and 
nonradiative processes, respectively. (Copied from the work of Sahoo et al, 

in Ref 36) 
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Figure 6.2: Illustration of two possible conformations of a polymer chain would yield 
similar modulation depths tagged with donor (green) and acceptor (red) 
molecules at the ends of the chain. A) An extended chain with a large 
distance between the donor and acceptor (donor emission dominates). B) A 
defect cylinder conformation with a small distance between the donor and 
acceptor (acceptor emission dominates).  
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