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摘 要 

共軛高分子由於具有優越的電學及光學半導體性質，因此在學界及產業界均

投入廣泛地研究。然而，許多文獻利用光譜証明共軛高分子既使於稀薄溶液中亦

會形成分子鏈間的聚集體，進而影響其發光性質。然而，此聚集體之形成之原因

及構形則鮮少有文獻報導。在此篇研究中，我們將研究共軛高分子 poly(diphenyl 

phenylenevinylene) (DP-PPV) 高分子於溶液態之分子構形及其分子間聚集行為。 

Poly(2,3-diphenyl-5-hexyl-1,4-phenylenevinylene) (DP6-PPV) 分子鍵於不同

溶液性質中(氯仿、甲苯)，均具有聚集的情況發生，且聚集體之碎形尺度(mass 

fractal dimension)大約於 2.2 ~ 2.7 之間。此聚集體中於氯仿溶液中形成較為鬆散

結構但在甲苯溶液中變的較為緊密的結構，乃由於 DP6-PPV 分子鍵在甲苯溶液

中，高分子鏈間之作用力所致。於甲苯溶液中，此種較弱的分子鏈間作用力可藉

由增加系統溫度而去除之。然而，加熱至高溫時，依然有許多的分子鏈間作用力

無法被完全消除，因此，在分子鏈間存在著另一種具有高穩定性之作用力。此種

高穩定性的分子鏈作用力存在於氯仿及甲苯溶液之中。此種高穩定性之作用力形

成原因為 π-π complex 存在於 DP6-PPV 粉末中。高分子鏈被此作用力緊緊地綁

在一起並於溶劑中形成了網狀結構，因此降低了高分子之溶解度。 
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另一方面 Poly(2,3-diphenyl-5-decxyl-1,4-phenylenevinylene) (DP10-PPV)為具

有較長側鍵之高分子於溶液態之構形亦於本研究討論之。其實驗結果發現，於氯

仿溶液中，DP10-PPV 分子鍵具有較佳之分散行為，推論為 DP10-PPV 之長側鍵

可有效的抑制 π-π complex 於 DP10-PPV 粉末的產生，因此分子間之作用力較

DP6-PPV 來的弱。所以 DP10-PPV 高分子可均勻分佈於氯仿溶液中。而於低濃

度時，DP10-PPV 分子鍵承呈現 worm-like chain 行為，且其抗彎長度(persistence 

length)與濃度成正比。另一方面於甲苯溶液中，其分子間作用力變強，因此，

DP10-PPV 分子鍵形成碎形之聚集體。其聚集體之結構隨濃度增高而更緊密，此

種聚集體具 disklike 之行為，而其厚度可藉由 Kratky-Porod 方程式來求得其

disklike 之厚度(T ~ 20Å)。由此結果可推論 DP10-PPV 於甲苯溶液中所形成之聚

集體為其分子鍵互相交錯而成。 
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Abstract 
Conjugated polymers constitute a family of semi-rigid polymer which have 

found great potential in opto-electronic applications due to their unique 

semiconducting properties and solution processability.  The solutions of 

light-emitting polymers are usually homogeneous in appearance; however, their 

conjugated segments may exhibit some extent of aggregation in the solution and such 

an aggregation may exert dramatic impact on the photophysical properties of the 

polymer in the solutions. Previous studies based primarily on absorption and 

photoluminescence spectroscopies have indicated that these polymers underwent 

inter-chain aggregation in the solution state even at large dilution; however, the origin 

of this event and the structure of the resultant aggregates remain the crucial issues to 

be resolved.  

This thesis centers on the studies of the conformational structures and 

aggregation behavior of two poly(diphenyl phenylenevinylene)s (DP-PPVs) bearing 

different side chains in the solutions states. We reveal that the inter-chain aggregation 

V 



of the conjugated polymer, poly(2,3-diphenyl-5-hexyl-1,4- phenylenevinylene) 

(DP6-PPV) composing hexyl side chains, in the solutions with chloroform and 

toluene generates network aggregates with the hydrodynamic radii of several μm.  

Small angle neutron scattering (SANS) demonstrates that the internal structure of 

these aggregates can be characterized by the mass fractal dimensions of 2.2 ~ 2.7.  

The networks are looser in chloroform but become highly compact in the poorer 

toluene solvent due to severe segmental association.  Increasing the temperature 

alleviates the segmental association in toluene while largely retaining the mass fractal 

dimension of the aggregates. However, the inter-chain aggregation is never 

completely dissipated by the heating, suggesting the existence of two types of 

segmental association with distinct stability.  The highly stable segmental association 

that can neither be solvated by chloroform nor be disrupted thermally in toluene is 

attributed to the π-π complex already present in the DP6-PPV powder used for the 

solution preparation.  The chains tied firmly by this complex form network 

aggregates in the solution and hence reduce the entropy of mixing of the polymer.  In 

the poorer toluene solvent further segmental association takes place within the 

pre-existing aggregates, making the networks more compact.  This type of segmental 

association can be disrupted by moderate heating and its occurrence is ascribed to the 

poor affinity of the aliphatic side chains of DP6-PPV to toluene.  

The conformational structure and the aggregation behavior of another hairy-rod 

conjugated polymer, poly(2,3-diphenyl-5-decyl-1,4-phenylenevinylene) (DP10-PPV) 

bearing decyl side chains, in the solutions with chloroform and toluene have also been 

investigated by means of SANS and DLS.  The results are systematically compared 

with those of DP6-PPV to reveal the effect of side chain length on the aggregation 

behavior.  The DP10-PPV chains well dispersed in chloroform are found to exhibit 

the expanded wormlike chain conformation with the persistent length increasing with 
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overall polymer concentration.  This molecular level dissolution is in contrast with 

the colloidal dissolution of DP6-PPV in chloroform, indicating that increasing the 

length of the side chain tends to suppress the segmental aggregation of DP-PPVs.  

DP10-PPV however aggregates significantly to form aggregates of several μm in size 

in toluene.  The internal structure of the aggregates is characterized by a fractal 

dimension of 1.3 at the overall polymer concentration of 0.1 wt%, indicating that the 

aggregates are loose networks. Compact disklike domains develop within the 

aggregates as the concentration increases to 0.5 wt% and 1.0 wt%.  The thickness of 

the disk domains determined from the Kratky-Porod approximation is ca. 20 Å, 

implying that the DP10-PPV chains formed a bilayer structure in the domains.  The 

formation of the layer like structure is assisted by the longer side chains attached to 

DP10-PPV compared with DP6-PPV. 
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CHAPTER 1 

Introduction and Literature Review 

 

1.1 Historical Development of Semiconducting Polymers 

 

Traditionally, polymers have been considered as a class of insulating materials. 

Indeed, a conventional application of polymer is the safe insulation of metallic 

conductors. Since the discovery of electrical conductivity of doped polyacetylene in 

1977,1, 2 remarkable progress has been made in synthesizing conducting polymers, in 

understanding their properties, and in developing them for use in electronic and 

optical devices.3 The backbone of polyacetylene (Figure 1-1) consists of conjugated 

double bonds. Conjugated polymers derive their semiconducting properties from 

delocalized π-electron bonding along the polymer chain. The extended π-conjugation 

reduces the energy gap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) of the π-system. The electrons in π 

orbital are easier to move but they are still highly localized. Doping of the material by 

removing electrons from the π-system (i.e., creating a hole) or adding electrons into it 

substantially increases its conductivity by allowing migration of the holes or the extra 

electrons along the polymer chain. Interchain hopping of charges permits bulk 

conductivity.  

Shortly afterwards, development of organic electroluminescent (EL) thin film 

was spurred in the 1980s through the work of Tang and Vanslyke4 at Eastman Kodak 

company. They found for the first time the efficient electroluminescence in a 

two-layer organic thin-film device. The EL device consisted of a hole-transporting 

layer of an aromatic diamine and an emissive layer of 8-hydroxyquinoline aluminum 

(Alq3), as shown in Figure 1-2. They employed indium-tin oxide (ITO) as the 
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transparent hole-injecting anode and a magnesium-sliver alloy as the 

electron-injecting cathode on glass substrate to improve the extraction of light. The 

use of this two-layer structure, purified material, and properly chosen electrodes 

permitted organic light-emitting diodes (OLEDs) to operate at voltages below 10 V 

for the first time with high quantum efficiency (1 % photon electron) and good 

brightness ( > 1000 cd/m3). A large number of other molecular materials have later 

been developed as the charge transporting or emissive layer in light-emitting diodes 

(LEDs) (cf. Figure 1-2) and to date, LEDs based on vacuum-sublimated small 

molecules follow this Kodak technique. From then on, the development of organic 

LEDs grew rapidly and devices with high quantum efficiencies have been reported.  

In 1990, the Cambridge University group of Friend announced that they had 

achieved green-yellow EL using the conjugated polymer poly(p-phenylene 

vinylene)(PPV) in a single-layer device structure5, 6 shown in Figure 1-3. PPV, with its 

aromatic phenyl ring and conjugated vinylene linkage, was first synthesized by 

Wessling at Dow in 19687-9 and has a π-π* electronic energy gap of about 2.5 eV. The 

ITO layer functions as a transparent electrode, which allows the light generated within 

the diode to leave the device. The top electrode is formed by thermal evaporation of 

aluminum. The levels of efficiency of this first, simply PPV-based LED was relatively 

low, of the order of 10-4 photons generated within the device per electron injected (an 

internal quantum efficiency of 0.01%.)10 

PPV is insoluble in common solvents, and as such requires special processing 

steps to produce a conjugated thin film necessary for EL device application. In this 

case, a precursor polymer that is soluble is first prepared, then a film is applied from 

solution by spin casting, which then thermally converted to the conjugated form. 

Cambridge Display Technology (CDT) was founded in 1992 to exploit a key patent of 

Cambridge University in light emission from conjugated polymers.11 In 1991 Heeger 
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and co-workers at the University of California at Santa Barbara announced the EL 

application of a soluble derivative of PPV, namely 

poly(2-methoxy-5-2'-ethyl-hexyloxy)-1,4-phenylene vinylene) or MEH-PPV12 (cf. 

Figure 1-4), in which the dialkoxy side chains are attached to the main chain of PPV. 

Owing to its side-group substituents the polymer not only renders solubility in 

common organic solvents such as chloroform and toluene, but also changes the 

electrical and optical characteristics. The emission of MEH-PPV is shifted to the 

orange-red region with the wavelength of 605 nm, which is a red-shift from that of 

PPV.12, 13 This synthesis of the soluble conjugated polymer urges a great deal of basic 

scientific and applied researches with the goal of commercialization of PLEDs.  
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Figure 1-1 Chemical structure of polyacetylene. 

 

 

 

 

 

 

 

 

 

 

 

    

     (a)          (b) 

Figure 1-2. (a) The chemical structures of molecules Alq3, TPD, and PBD that have 

been use in thin-film EL devices; (b) The device of Tang and Vanslyke.  
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Figure 1-3. The single layer device structure of polymer light-emitting diode based on 

PPV. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4 The chemical structure of MEH-PPV 
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1.2 The Light Emission, Conduction Mechanism and Electronic 

Structure of Conjugated Polymers  

 

1.2.1 Electronic Structure of Conjugated Polymers 

 As two atoms approach each other and become bonded, the two atomic orbitals 

overlap each other with the formation of two molecular orbitals of different energy. 

The split energy levels will form a “band-like” shape (called energy bands) when 

many atoms are involved in the bond formation. We call the difference between two 

energy bands the “band-gap”. Briefly, the energy spacing between the highest 

occupied and the lowest unoccupied band is called the band gap. The highest 

occupied band is called the “valence band” and the lowest unoccupied one the 

“conduction band”. The electrical properties of a material is determined by its 

electronic structure that can be simply described by the Band Theory.14, 15 Basically, 

we can classify the materials into three types, namely, an insulator, a semiconductor, 

and a conductor. In a conductor, the atomic orbitals overlap with equivalent orbitals of 

their neighbouring atoms in all directions to form molecular orbitals. With so many 

molecular orbitals spaced together in a given range of energies, they form an 

apparently continuous band of energies with effectively no gap between valance and 

conduction bands (illustrated in Figure 1-5). The conductivity of a metal is due to a 

zero band gap, so that weak applied energies can redistribute the electrons: electrons 

at higher energy and holes at lower energy. This situation is suitable for rapid charge 

transport. 

 For inorganic semiconductors, the mechanism of charge generation from incident 

photons is well established. Because these materials are typically crystalline solids 

with an exceedingly large number of atoms in the periodic lattice, their electronic 

structure can be appropriately described in terms of energy bands. For an idealized 
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semiconductor, the electronic structure consists of a conduction band (LUMO band) 

and a valence band (HOMO band) separated by an energy gap, the size of which 

depends upon the material. Conjugated conducting polymers may also act as 

semiconductors, and their electronic properties appear to be somewhat analogous to 

those of inorganic semiconductors. Most semiconducting polymer appear to have a 

band gap that lies in the range of 1.5 to 3.0 eV, in contrast to that of 0.66 to 1.42 eV 

for inorganic semiconductor devices working in the visible light range.   

 Doping of semiconducting polymers may enormously enhance the conductivity. 

The role of the dopant is either to remove or to add electrons to the polymer. For 

example, an iodine (I2) molecule will abstract an electron from polyacetylene to form 

an I3¯ ion.16 The electron is removed from the top of the valence band of the 

semiconducting polymer, such as polyacetylene, therefore a vacancy (hole) is created. 

Those electron-hole pair is called a “radical cation” (or positive polaron) and it can 

migrate along the polyacetylene chain upon the application of an electric field (Figure 

1-6). On the other hand, one can use sodium to dope the polymer to form radical 

anion (a negative polaron). With continuing doping, a second electron is removed 

from an already-oxidized section of the polymer, either a second independent polaron 

may be created or the unpaired electron of the first polaron is removed to from a 

bication (also called a bipolaron). Figure 1-7 illustrates the bipolaron.16  

 

    Figure 1-8 illustrates the variation of band picture of conjugated polymer with 

the extent of doping (using I2 for oxidization process).16 After doping, two new energy 

level are formed between the original valance band (HOMO) and the conduction band 

(LUMO). Polaron is formed in the conjugated polymer upon slightly doping. Further 

doping can generate bipolaron and many bipolarons formed can narrow down the 

bipolaron bands. Polaron and bipolaron are movable because of the rearrangement of 
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the single-double bonds in the conjugated system. The mechanisms of transport of the 

charge combined with the band theory is very useful for explaining the conductivity 

and optical properties after doping.  
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Figure 1-5 Band picture for an insulator, a semiconductor and a metal (conductor). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6 Diagrammatic representation of the energy levels of π molecular obritals 

with increasing size of the molecule for (CH)x. 
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Figure 1-7. Illustration of the formation of bipolaron. 

 

 

 

 

 

 

 

 

 

CB 

VB 

Undoped 
polymer 

Slightly doped 
polymer 

Polaron 
energy 
levels 

Bipolaron 
energy 
levels 

Heavily doped polymer 

Bipolaron 
bands 

 

 

 

 

 

Figure 1-8. The energy level of polaron and bipolaron. 
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1.2.2 Fluorescence and Phosphorescence  

In most cases, conjugated polymers present broad, inhomogeneous optical 

absorption bands. This broadness is originated from distribution of chain lengths, 

chain conformation, or defects. In other words, the broad absorption spectrum reflects 

the distribution of conjugation lengths. By definition, the absorption edge at the high 

wavelength end corresponds to the absorption by entities of the longest conjugation 

lengths, and therefore approximates the band gap of the system. Basically, we can use 

Jabłoński diagram (Figure 1-9) to explain the mechanism of fluorescence and 

phosphorescence.17 The diagram presents the molecular electronic and vibrational 

energy levels; the singlet ground, first and second electronic states are denoted by S0, 

S1, and S2 respectively, and in any electronic state there exists a number of vibrational 

energy levels. These are denoted by 0, 1, 2, etc. The singlet ground state (S0) means 

that even number of electrons occupying two by two and spin-paired (↑↓) at the 

lowest molecular orbitals for most stable molecules. When the fluorescent molecules 

absorb ultraviolet or visible light, the electron in the ground state will be excited to the 

higher vibrational energy level of either S1 or S2. The spin state of electron in the 

excited state is still anti-parallel to its paired electron in the ground state. The 

molecules in the excited electronic state (S1 or S2) usually relax to the lowest 

vibrational energy level (ν = 0) due to molecular collisions. The vibrational energy 

can be transformed into thermal energy or transferred to other molecules because of 

molecular collisions. This process is called “internal conversion” and generally occurs 

in 10-12 second or less. The electron in the lowest-energy vibrational state of S1 or S2 

returns to the ground state S0, leading to the radiation emission called fluorescence 

with lifetimes typically near 10-8 second.  

    In addition to the singlet state, a triplet state (T1) is defined as the spin state of 

the excited electron being parallel to its paired electron (↑↑). The mechanism of 
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phosphorescence is similar to fluorescence except for the process of emission. The 

electrons in the phosphorescent molecules are also excited to the singlet excited state 

when they absorb light. But as the energy of an excited triplet state overlaps the 

excited singlet state, the electron in the excited singlet state may convert its spin state 

to the triplet state. This spin conversion process is called “intersystem crossing”. 

Emission from T1 is generally shifted to longer wavelengths (lower energy) relative to 

the fluorescence.  

    Occasionally, energy of the excited state could be lost because the excited 

molecules may interact with the unexcited molecules and solvents by collision. 

Energy will be released in the form of heat and this phenomenon is called “external 

conversion”.  
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Figure 1-9. A typical Jabłoński diagram. 
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1.2.3 Aggregate and Energy Transfer 

The definition of aggregate in conjugated polymers is not very clear and is still 

controversial. It is generally accepted that the ground state and excited state wave 

functions are delocalized over one or more chromophores in the same chain or 

different chains of polymer.18 In other words, aggregate means the conjugated system 

is extended from several single chromophores to re-hybridize to form new species 

having their own ground state and/or excited state. Therefore aggregate can be excited 

directly and emit light at the longer wavelength because of the extension of 

conjugated system.19, 20 

In 1995, Köhler et al. have found that ladder-type poly-(paraphenylene) (LPPP) 

may form aggregates in the film for photovoltaic devices.21 Besides the photocurrent 

in the blue spectral range (higher energy) associated with intra-chain absorption, the 

yellow part of the spectrum (lower energy) was also observed. The weak absorption 

of this part was also observed by UV. They have proposed that the aggregates formed 

over several aggregated polymer chains exist in the polymer film, and energy transfer 

from intra-chain chromophore into aggregates would happen and affect the dynamics 

of excitations in the solid film.22 

    In 1996, Blatchford et al. used poly(p-pyridyl vinylene) (PPyV) as the model 

conjugated polymer to investigate its photophysics and find the relation between 

photophysics and film morphology.23, 24 They have found that PPyV could form 

aggregates in the bulk state. The PL spectra for PPyV film is red-shifted by about 

100nm versus the solution state and is featureless. The emission efficiency is also 

reduced in the film relative to that in solution. Some species formed through 

interchain interactions, such as aggregates, excimers, and exciplexes was adopted to 

explain these observations. Excimers and exciplexes are only stable in the excited 

state, so they can not be excited directly from the ground state. From the absorption 
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and PLE spectra, the new species possessing lower-energy state has been found to 

exist in the polymer films. Consequently, the formation of excimers has been ruled 

out. The absorption spectrum shows the evidence of extra lower-energy absorption in 

the film. However, the PLE spectrum of the film is dramatically different from that of 

the solution. The peak position where the solution absorbs is essentially zero. If only 

one chromophore exists, the UV and PLE spectra should be similar. Since the new 

species may be excited directly and recorded by PLE, PLE spectrum will differ from 

the UV spectrum. By comparing the analysis of spectra, they suggested that 

aggregates form in the polymer film. 

   So far formation of aggregates has been established for the polymer films only. In 

the case of the dilute solution used for film casting, where the polymer concentration 

may be too low for inter-chain interactions, it is usually believed that the polymer can 

be dissolved down to the molecular level in the solvent. However, some recent studies 

have revealed that interchain interaction depends not only upon the polymer 

concentration but also upon the solvent quality. Hsu et al. used poor solvent to induce 

the aggregation of poly(2,5-dioctyloxy p-phenylene vinylene) (DOO-PPV) in dilute 

solution.25 The solubility of DOO-PPV in toluene could be varied at temperatures 

between 10 and 80 . Lowering the temperature reduce the solubility and hence ℃

induce the interchain interactions. These interchain interactions are likely to led to the 

formation of dimer-like aggregates as suggested from the UV spectra.  

Energy transfer is indeed observed in nature, such as photosynthesis is plants, 

where the excitation energy is released from one species at higher energy state to 

another at the lower energy state.26 Polymers with a high density of lumophores also 

have this feature where energy is transferred intramolecularly or intermolecularly 

between different lumophores. 

    Schwartz et al. prepared a polymer composite to control the energy transfer by 
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changing the conformational of MEH-PPV.27 MEH-PPV was placed in the 

hexagonally arrayed channels of mesoporous silica glass. They have found that 

energy could be transferred from aggregates outside the pores to isolated, aligned 

single polymer chains within the pores which are at lower energy due to extension of 

the conjugation length.  

In conjugated polymers such as PPVs, randomly distributed tetrahedral defects 

are unavoidably introduced during the Gilch-type polymerization28 or from 

incomplete elimination of the Wesslin-type precursor polymer.29 These synthetic 

methods inevitably affect the distribution of tetrahedral defects and interrupt 

conjugations along the polymer chains. In this case energy is found to be transferred 

from shorter to longer conjugated segments.29 Therefore it is difficult to identify 

energy transfer mechanism in fully conjugated polymers.  

Peng et al. used poly(distyrylbenzene) poly(DSB) as a model compound with 

fixed conjugation length30 to investigate energy transfer mechanism. They have found 

that lumophore interactions exist at both dilute and concentrated solutions. In dilute 

solutions, lumophore interactions are owing to intramolecular aggregates while 

intermolecular aggregates were formed in concentrated solutions and films. The 

intermolecular aggregates can be further classified into loose, compact, and the most 

aligned aggregates. Energy has been found to be transferred from individual 

lumophores to the most aligned aggregates via loose and compact aggregates (Figure 

1-10). Using this proposed energy transfer model, one may explain the relation 

between polymer morphology and photophysics of electroluminescent polymers.  

Recently, Schwartz et al. and Yang et al. have investigated the effects of a series 

of variables, such as concentration and solvent, on the photophysics of MEH-PPV in 

solution state and in the solvent-cast films.31-34 The processing conditions of spin 

casting and thermal annealing have also been considered. By adjusting these variables, 
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they could control the degree of aggregation in solution state and revealed a memory 

effect where the solution structure was transferred to the film during spin or drop 

casting processes. Schwartz et al. have shown that the conformation of MEH-PPV 

varies greatly in different solvents. MEH-PPV chains dissolved in chlorobenzene (CB) 

are found to be more extended than those in tetrahydrofuran (THF), therefore, the 

concentration of aggregates formed in CB is larger than that in THF due to easier 

chain packing. Yang et al. proposed that the aggregation of MEH-PPV molecules in 

aromatic solvents, such as CB and toluene, resulted in aromatic polymer backbone 

facing the solvent, while the side chains pointing inwards toward each other because 

this type of solvent was poor for the side chains. In nonaromatic solvents, such as 

chloroform and THF, the aromatic polymer backbone exhibited a twisted 

conformation which decreased the conjugation length. In the solvent-cast process, the 

structure in the solution may be transferred into the film; therefore, different solvents 

used may result in different polymer film morphology and hence different 

photophysical and electroluminescent properties. In addition to the solvent quality, the 

solution concentrations may also affect the solution structure. The extent of 

aggregation increased with increasing concentrations and the concentration for loose 

aggregate formation (CLA) in MEH-PPV solution where the polymer chains started 

to penetrate into each other and entangled to form intermolecular aggregates has been 

identified.  
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Figure 1-10. Diagram for energy transfer between different extents of aggregations. 
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1.3 Hairy-rod Polymer 

 

As has been pointed out, the semi-rigid backbones of conjugated polymers are 

usually grafted with short flexible side chains to enhance the solubilities of the 

polymers in common organic solvents for device fabrication. In a coarse-grained 

picture, the segments of these polymers may be represented by the “hairy rods” and 

the polymers may be called the “hairy-rod polymers”.   

A hairy-rod polymer is indeed one of the representatives of the comb polymer 

famil.35-38 In general rigid-rod polymers do not melt and dissolve only poorly, if at all, 

in common solvents due to a strong aggregation tendency and a small gain of 

conformational entropy upon dissolution or melting. By covalent connection of 

substituent groups (notably flexible alkyl chains) to the backbone, a system is 

achieved where the semi-rigid polymer can be regarded to dissolve in the background 

of the side chains due to the attractive interaction between the solvent molecules and 

the backbone. This causes melting point depression without loss of rigidity of the 

backbone.39  

The concepts of self-organization and improved solubility for these polymers of 

semi-rigid backbone and covalently bonded flexible side chains have gained firm 

footing. Supramolecular hairy-rod polymers self-organize through the side groups 

connected to the backbone by physical bonds.40, 41 As with other block copolymers, 

they also tend to self-organize to form nanoscale structure in bulk and in solutions. 

The electrical conductivity of such architectures has received a lot of attention, since 

the backbones consist of conjugated polymers. Besides block copolymeric 

self-organization, there is an even more important reason why semi-rigid polymers 

have attracted so much interest, which is the ability of these polymers to form liquid 

crystalline phases.  
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Rigid rodlike and semi-rigid polymers can form lyotropic (in concentrated 

solution within a specific concentration range) or thermotropic (in the bulk state at 

certain temperatures) liquid-crystalline mesophases. In the liquid-crystalline state, 

cooperative interactions will enhance the influence of even weaker forces. A high 

degree of order can thus be induced in them by some interaction with an external 

agent, for example, the interaction between an external electric field and molecular 

dipole moments, diamagnetic anisotropy and strong magnetic fields, interactions with 

a planar surface or inhomogeneous flow pattern. Therefore, understanding the phase 

behavior of rigid-rod polymers42 is important to design liquid crystallinity,43, 44 which 

allows facile alignment of the otherwise crystalline infusible and intractable polymers. 

With conjugated polymers,45 the alignment results in anisotropy of their optical and 

electronic properties. The alignment of conjugated polymers in thin films can also 

result in completely new structural features46 compared to the bulk. Introduction of 

specific side chains, such as enantiomerically pure side chains, that result in rich 

photonic phenomena, such as circularly polarized luminescence,47 provide another 

domain for their structural investigation. Such studies have elucidated the formation 

of a highly ordered phase in solution where the excited state splits into two exciton 

levels.  
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1.4 Self-Assembly 

 

The phase behavior of conjugated polymers in bulk and solution state is closely 

related to the “self-assembly” process.  Self-assembly is the fundamental principle 

which generates structural organization on all scales from molecules to galaxies. (cf. 

Figure 1-11) It is defined as a reversible processes in which pre-existing parts or 

disordered components of a system form structures of patterns. Self-assembly can be 

classified as either static or dynamic.48 In static self-assembly the ordered state occurs 

when the system is in equilibrium and does not dissipate energy. Dynamic 

self-assembly, on the other hand requires dissipation of energy of the ordered state. 

Examples of self-assembling systems include weather patterns, solar system, 

histogenesis and self-assembled monolayers (table 1-1). The most well-studied 

subfield of self-assembly is molecular self-assembly. Molecular self-assembly is the 

assembly of molecules without guidance or management from an outside source. 

There are two types of such self-assembly, intramolecular self-assembly and 

intermolecular self-assembly. Intramolecular self-assembling molecules are often 

complex polymers with the ability to assemble from the random coil conformation 

into a well-defined stable structure. An example of intramolecular self-assembly is 

protein folding.49 Intermolecular self-assembly is the ability of molecules to form 

supramolecular structures. A simple example is the formation of micelles by 

surfactant molecules in solution. 50 Self-assembly can occur spontaneously in nature, 

for example in cells (such as the self-assembly of the lipid bilayer membrane51) and 

other biological systems, as well as in human engineered systems such as a Langmuir 

monolayer. It usually results in the increase in internal organization of the system. 

Biological self-assembling systems, including synthetically engineered 

self-assembling peptides and other biomaterials, have been shown to have superior 
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handling, biocompatibility and functionality. These advantages are due to direct 

self-assembly from biocompatible precursors creating biomaterials engineered at the 

nano-scale. 

Also, self-assembly is a manufacturing method used to construct things at the 

microscale, which is comprised of structures with at least one dimension that is less 

than 100 microns. Many systems use self-assembly to assemble various molecules 

and structures.52-54 Imitating these strategies and creating novel molecules with the 

ability to self-assemble into supramolecular assemblies is an important technique in 

nanotechnology. In self-assembly the final structure is ”encoded” in the shape and 

properties of the molecules that are used, as compared to traditional techniques, such 

as lithography, where the desired final structure must be carved out from a larger 

block of matter. Self-assembly is thus referred to as a 'bottom-up' manufacturing 

technique, as compared to lithography being a 'top-down' technique. An example of 

self-assembly in nature is the way that hydrophilic and hydrophobic interaction cause 

molecules to self assemble. Molecular self-assembly is a strategy for nanofabrication 

that involves designing molecules and supramolecular entities so that 

shape-complementarity causes them to aggregate into desired structures. 

Self-assembly hence has became a rapidly growing part of organic field for two 

reason: first, it is a concept that is crucial to understand many structures important in 

biology and second, it is one solution to the problem of synthesizing structures larger 

than molecules. Self-assembly also poses a number of substantial intellectual 

challenges. The brief summary of these challenges is that we do not yet know how to 

do it, and cannot even mimic those processes known to occur in biological systems at 

other than quite elementary levels. Although there are countless examples of 

self-assembly all around us – from molecular crystals to mammals - the basic rules 

that govern these assemblies are not understood in useful detail, and self-assembling 
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processes cannot, in general, be designed and carried out "to order". Many of the 

ideas that are crucial to the development of this area – “molecular shape”, the 

interplay between enthalpy and entropy, nature of non-covalent forces that connect 

the particles in self-assembled molecular aggregates – are simply not yet under the 

control of investigators. The design of components that organize themselves into 

desired final patterns and functions is the key to applications of self-assembly. The 

components must be able to move with respect to one another. Their steady-state 

positions balance attractions and repulsions. Although self-assembly originated in the 

study of molecules, it is a strategy that applicable at all scales. Molecular 

self-assembly involves non-covalent force or weak covalent interactions (i.e. van der 

Waals, electrostatic, and hydrophobic interactions, hydrogen and coordination bonds). 

In the self-assembly of larger components – meso- or macroscopic objects – 

interactions can often be selected and tailored, and can include interactions such as 

gravitational  attraction, external electromagnetic fields, and magnetic, capillary, and 

entropic interactions, which are not important in the case of molecules. Larger 

molecules, molecular aggregates, and forms of organized matter more extensive than 

molecules cannot be synthesized bond-by-bond. Self-assembly is one strategy for 

organizing matter on these larger scales. By utilizing interactions as diverse as 

aromatic π – π stacking and metal-ligand coordination for  the information source for 

assembly processes, chemists in the last decade have begun to construct nanoscale 

structures and superstructures with a variety of forms and functions. Therefore, 

self-assembly necessarily play the important role of nanoscale science in future.  
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     (c)         (d) 

Figure 1-11. Example of self-assembly (a) Crystal structure of ribosome. (b) 

self-assembly of peptide-amphiphile nanofibers. (c) Thin film of a nematic liquid 

crystal on an isotropic substrate. (d) A school of fish (dymanic self-assembly). 

 

Table 1-1. Examples of self-assembly  

 

 

 

 

 

 

(S: static, D: dynamic, T: templated, B: biological)  
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1.5 Small-Angle Scattering55-57 

 

The small-angle scattering (SAS) technique is a method for determining structure 

on a length scale from 10 Å or larger. SAS experiments give an intensity distribution 

in reciprocal space and usually considerable effort has to be invested in the data 

analysis in order to obtain the corresponding real-space structure. Information on such 

relatively large-scale structure is contained in the intensity of the scattered x-ray or 

neutrons at small angels, typically at 2θ less than 2°. However, all the methods 

developed for the analysis of wide-angle data are applicable to the analysis of 

small-angle data as well. In addition, there are theoretical results that have been 

developed specifically for the analysis of small-angle data. These incorporate some 

additional assumptions about the nature of the sample or some additional 

approximations applicable only to small-angle scattering. For example, in small-angle 

scattering, sinθ can always be approximated by θ. Similarly, in discussing the 

structure of a sample, any details of size scale less than about 10 Å are usually 

assumed not to exist. Such a practice corresponds to ignoring any scattering intensity 

observable at 2θ larger than a few degrees and performing the analysis on data 

observed in the small-angle region only. The scattering intensity I(q) can always be 

calculated from a knowledge of structure or the scattering length distribution ρ(r) in 

the sample, but the reverse is not in the true space. In other words, the inverse Fourier 

transform operation applied to the observed I(q) merely leads to the autocorrelation 

function Γρ(r), from which there is no efficient way to recover ρ(r). Scientists usually 

seek direct interpretation of either I(q) or Γρ(r) in terms of a reasonable model, chosen 

on the basis of some additional information, as may be available from other physical 

measurements. Most of the models that are adopted in practice for analysis of 
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small-angle data belong to one of the following: 

 1. The dilute particulate system: When the concentration of the particles is 

sufficiently dilute, the positions of individual particles are uncorrelated to each other. 

For particles of well-defined geometry, the size of the particle may be determined 

from the scattering intensity profiles. For the particles with irregular or unknown 

shapes, the average Rg may be determined conveniently using the low-q intensity via 

the “Guinier‘s law”.  

2. The nonparticulate two-phase system: The two “phases” could be the different 

phases of a single material in a true thermodynamic sense, such as the crystalline and 

amorphous phases in a semicrystalline polymer. The analysis of the scattering from 

such a system leads to determination of parameters characterizing the state of 

dispersion of the materials in the samples. And,  

3. The periodic system: For example, semicrystalline polymers consisting of 

stacks of lamellar crystals and block copolymers having ordered, segregated 

microdomains. The methods developed for the analysis of wide-angle diffraction from 

crystalline solids are directly applicable to such periodic systems. 
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1.6 Scattering of polymers in solutions 

 

In amorphous media, the interference of the incident wave with the 

heterogeneities in the material provides structural information. These heterogeneities 

may be several to hundreds of radiation wavelengths long. In the amorphous polymers 

and polymer solutions, structural information such as the concentration fluctuation, 

shape and size, number of objects, and long-range correlation is expressed in the 

scattering patterns at small angles. The scattering of polymers shows different 

dimensions, depending on the q range of the measurement and its relation to the 

dimension of the polymer. q is the scattering vector, which is defined as55, 56, 58: 

)
2

sin(4 θ
λ
π

=q              (1) 

where θ is the scattering angel with respect to the incident beam path. Figure 

1-12 presents a schematic representation of different length scales in a solvated 

polymer as a function of the relation between q, the persistence length (lp), and the 

radius of gyration (Rg) of the polymers. The scattering data reveal a series of different 

regimes with a behavior characteristic of the various length scales of the polymer 

chains. The exact dimensions depend on the molecular weight of the polymer and its 

interactions with the environment. If the polymers are fully solvated, at small q at 

which qRg approaches 0, each polymer molecule forms a random coil that is viewed 

as a center of mass. With increasing q, at which q-1 is greater than Rg, the entire 

dimension of the coil is observed, and Rg is measured. The scattered intensity I(q) 

becomes insensitive to structural details and is dominated by the finite overall length 

of the particles, and we can determine the radius of gyration Rg of the particles. This 

region is the so-called Guinier regime and the corresponding size of the coil is well 
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described by Guinier approximation.59, 60 Further increase of q to lp < q-1 < Rg (i.e lp: 

persistence length) results in an insight into the segmental distribution within the coil. 

I(q) becomes much sensitive to the local aggregate structure, and polymer theory for 

flexible polymer coils predicts that I(q) should decay with a power-law of the form I(q) 

~ q-α, where α = 1.66 for a wormlike chain behavior and 2.0 for an ideal random walk 

chain (Gaussian coil). Finally, for q-1 << lp, I(q) is controlled by distances over which 

polymers are rod-like rather than flexible, and we expect a crossover an asymptotic 

q-1-dependence for I(q) which is typical for locally cylindrical structures. However, a 

real polymer is not an infinitely thin chain. Therefore, at large values of q, the local 

cross sectional structure of the chains give rise to a cross section Guinier behavior and 

a strong decrease in the scattering intensity at still large q value (cf. Figure 1-13). 

Therefore, tuning the q range of the measurement allows us to focus on different 

length scales.  

Study the structures of these complex fluids requires probing dimensions from 

several angstroms to the nanometer length scale, at which individual polymer 

molecules can be detected, to the 100 nm range, at which the aggregates and 

correlations within networks can be observed. The technique must also be sensitive to 

small changes in the amorphous media. With the natural difference in the scattering 

length densities of hydrogen and deuterium and in the scattering length densities of 

hydrogen and fluorine, small-angle neutron scattering (SANS) has been at the core of 

the investigation of structure and association in polymer solutions. In general, the 

scattering intensity in solution state as a function of q can be expressed by: 55-57 

incohpp BqSqPVNAIqI +Δ= )()()()( 22
0 ρ                (.2) 

where I0 is the intensity of the incident beam and A is a constant that encapsulates 

instrumental factors. Np is the number concentration of scattering objects, Vp is the 
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volume of one scattering particle, (Δρ)2 is the scattering length density (SLD) between 

particles and solvents. P(q) is the form factor which describes the scattering 

interference of a single particle. S(q) is the scattering factor, describing the 

interference between scattering from different objects. BBincoh is the incoherent 

background of scattering.  

In extremely dilute polymer solutions, different macromolecules do not overlap 

and their physical properties may be considered as single chain properties. As the 

concentration is increased, the volume fraction occupied by the chains in the solution 

becomes larger and interchain interactions are more and more relevant. As log as the 

volume fraction occupied by the chains is much smaller than one, the solutions may 

be considered as a gas of chains interacting essentially as hard spheres (in good 

solvent). When the volume fraction occupied by the chains is of the order of one, the 

chains start to overlap and one cannot consider them individually; their behavior 

becomes cooperative. The chains are in the semi-dilute regime where they start to 

overlap with each other and make a dilute network in the solvent. For many purposes, 

an equivalent semi-dilute polymer solution can thus serve as a guide and a reference 

in the understanding of the physical properties of polymeric gels. 

  

 

 

 

 

 

 

 

 

 29



 

1.7 Fractals 

  

The concept of fractal geometry61 has emerged as an essential concept for 

characterizing disordered materials. Further, kinetic-growth models have aided in the 

elucidation of the chemical and physical processes occurring in many complex system 

such as silicates. (cf. Figure 1-14) 62-64 Fractals are objects, usually disordered, of 

non-integral or fractional dimension,61 and scattering data63, 64 are now routinely 

interpreted using concepts of fractal geometry.  

Fractals can be characterized by scattering techniques. Figure 1-15 display a 

collection of model structures and the result of small-angle scattering from them. The 

mass fractal dimension of an object can be directly determined in a scattering pattern 

through the application of mass fractal power-law. Using this laws, an object of mass 

fractal dimension dm display a power-law described by64  

         (1 ≤ dmdqqI −~)( m < 3)            (3) 

 A power-law of -2 is expected for the Gaussian regime. In general, the smaller 

the value of dm the more open in the structure of the fractal object. As the value is 

reduces to 1.0, the object becomes a rod. At the length scale of the primary particle 

size, the power law becomes dominated by surface fractal.62-64 Therefore, the 

scattering intensity can be summarized by the surface fractal power-law: 

)6(~)( sdqqI −−  (2 ≤ ds ≤ 3)                (4) 

The value dS = 2 corresponds to a smooth surface, while dS = 3 corresponds to 

extreme roughness. 
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Figure 1-12 Schematic representation of the part of the polymer viewed at different 

length scales. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-13 A schematic representation of the different asymptotic regions for the 

q-dependence of a s wormlike chain and their link to the different chain 

 31



conformation on various length scales.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-14 Computer simulated non-equilibrium growth processes produce 

three-dimensional structures with characteristic mass fractal dimensions.  
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Figure 1-15 Illustration of power-law scattering from fractal objects.  

1.8 The Motivations and Overview of the Study 

 

Rigid and semi-rigid polymers may exhibit rich phase behavior compared with 

fexible polymers due to their intrinsically anisotropic molecular shape that leads to the 

formation of mesophases. 65-69  For a flexible polymer, the conformation of the chain 

is governed by its degree of polymerization and its interaction with the immediate 

surrounding.70, 71 With the increase of the persistent length, the chain rigidity becomes 

a significant factor in the collective behavior. The stiffness may affect the viscosity of 

the solution and may induce phase separation, gelation and liquid crystallinity.72-74  

Another unique property of stiff polymers lies in the tendency of the polymer to 

aggregate in solvents even under large dilution.31, 75, 76  Such an aggregation behavior 

still remains relatively unexplored.  

Conjugated polymers constitute a family of semi-rigid polymer which have 

found great potential in opto-electronic applications due to their unique 

semiconducting properties and solution processability.  Poly(phenylenevinylene) 

(PPV) and its derivates are one of the most important classes of conjugated polymers 

for light-emitting diode application.  To facilitate the device processing using spin or 

drop casting techniques, the conjugated backbone of PPV is usually attached with 

short flexible side chains to endow them the nominal solubility in common organic 

solvents.   

The solutions of light-emitting polymers are usually homogeneous in appearance; 

however, their conjugated segments may exhibit some extent of aggregation in the 

solution and such an aggregation may exert a dramatic impact on the photophysical 

properties of the polymer in the solution.  The dispersion state of the polymer in the 

solution, governed by the solvent quality, concentration and temperature, further 
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influences the morphology and hence the photophysical properties of the 

light-emitting film formed after solvent removal.  Yang et al.33 reported that the 

threshold for gain narrowing of films prepared with tetrahydrofuran (THF) was lower 

than that of films prepared using chlorobenzene and p-xylene.  Baltchford et al. 31 

revealed different photoluminescent (PL) spectra for films prepared from different 

solvents.  Recently, Chen et al. have found that the mesomorphic structure and the 

associated PL at 640 nm of MEH-PPV film were suppressed by prolonged aging of 

the solution used for the film preparation.77  These instances indicate a 

solution-phase controlled morphology and photo-physics as the structure of the 

as-cast film is metastable presumably due to the fast solvent removal and the sluggish 

mobility of the stiff conjugated chains that prevent the polymer from attaining its 

equilibrium morphology during solvent casting.  As a consequence, resolving the 

solution structure of light-emitting polymers is important not only for understanding 

the basic dissolution behavior of semirigid or rigid polymers but also for effectively 

tailoring the photophysical performance of their cast films. 

This thesis centers on the studies of the conformational structures and 

aggregation behavior of two poly(diphenyl phenylenevinylene)s (DP-PPV) bearing 

different side chains in the solution states.  DP-PPVs are attractive green-emitting 

materials for PLED application due to their high glass transition temperatures, high 

fluorescence efficiencies and ease of monomer and polymer syntheses26-29 Here we 

intend to reveal the effects of side chain length, solvent quality, concentration and 

temperature on the aggregation behavior of DP-PPVs in the solutions. We employ 

small angle neutron scattering (SANS) as the major tool for resolving the solution 

structures.  SANS is known as a powerful tool for characterizing the conformational 

structure and aggregation behavior of macromolecules in solutions55, 56. This 

technique makes use of the distinct contrast in neutron scattering length between 
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deuterated (d-) solvent and hydrogenous polymer (or vice versa), which offers decent 

scattering intensity and effectively reduces the incoherent background for probing the 

solution structure at relatively low polymer concentration. SANS can effectively 

complement the conventional spectroscopic techniques such as photoluminescence 

spectroscopy where the attribution of the lower-energy emission to the presence of 

aggregates is sometimes complicated by other emission species such as excimers and 

chemical defects.   

In Chapter 2, we revealed that the inter-chain aggregation of 

poly(2,3-diphenyl-5-hexyl-1,4- phenylenevinylene) (DP6-PPV) bearing a hexyl side 

chain per monomer unit in the solutions with chloroform and toluene generated 

network aggregates with the hydrodynamic radii of several μm.  SANS 

demonstrated that the internal structure of these aggregates could be characterized by 

the mass fractal dimensions of 2.2 ~ 2.7.  The networks were looser in chloroform 

but became highly compact in the poorer toluene solvent due to severe segmental 

association.  Increasing the temperature alleviated the segmental association in 

toluene while largely retaining the mass fractal dimension of the aggregates. However, 

the inter-chain aggregation was never completely dissipated by the heating, 

suggesting the existence of two types of segmental association with distinct stability.  

The highly stable segmental association that could neither be solvated by chloroform 

nor be disrupted thermally in toluene was attributed to the π-π complex already 

present in the DP6-PPV powder used for the solution preparation.  The chains tied 

firmly by this complex formed network aggregates in the solution and hence reduced 

the entropy of mixing of the polymer.  In the poorer toluene solvent further 

segmental association took place within the pre-existing aggregates, making the 

networks more compact.  This type of segmental association could be disrupted by 

moderate heating and its occurrence was ascribed to the poor affinity of the aliphatic 
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side chains of DP6-PPV to toluene.  

In Chapter 3, we proceeded to to reveal the conformational structure and the 

aggregation behavior of another DP-PPV, 

poly(2,3-diphenyl-5-decyl-1,4-phenylenevinylene) (DP10-PPV), which bears a longer 

decyl side chain per monomer unit.  The results obtained here, in conjunction with 

those in Chapter 2 for DP6-PPV, were useful for revealing the effect of side chain 

length on the dissolution behavior of DP-PPVs.  We showed that DP10-PPV 

displayed a weaker tendency toward aggregation than DP6-PPV.  In chloroform 

DP10-PPV chains were well dispersed and exhibited the expanded wormlike chain 

conformation with the persistent length increasing with overall polymer concentration.  

Like DP6-PPV, DP10-PPV chains aggregated significantly in toluene to form 

aggregates of several μm in size.  The internal structure of the aggregates was 

characterized by a mass fractal dimension of 1.3 at the overall polymer concentration 

of 0.1 wt%, indicating that the aggregates had a rather opened structure. Compact 

disklike domains developed within the aggregates as the concentration was increased 

to 0.5 wt% and 1.0 wt%.  The thickness of the disk domains determined from the 

Kratky-Porod approximation was ca. 20 Å, implying that the domains consisted of 

two layers of DP10-PPV chains lying parallel to the domain surface.   
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CHAPTER 2 

Fractal Aggregates of Poly(2,3-diphenyl-5-hexyl-1,4- 

phenylenevinylene) (DP6-PPV) in Solution State 
 

2.1 Introduction 

 

 Conjugated polymers have gained much interest due to their unique electrical 

and photonic semiconducting properties for the opto-electronic applications such as 

polymer light emitting diodes (PLED)1-3. This class of polymer usually composes of a 

semirigid conjugated backbone attached with flexible short side chains to render the 

polymer the nominal solubility in common organic solvents and hence facilitates the 

device processing using spin or drop casting techniques.  Spectroscopic studies have 

indicated that conjugated polymers undergo inter-chain aggregation in the solution 

state even at large dilution4-7.  However, the origin of this event and the structure of 

the resultant aggregates still remain the crucial issues to be resolved as the presence of 

aggregates even in trace amount can have profound impact on the photophysics of 

these materials4, 8-11. Considering that the aggregation is not accompanied with 

apparent macrophase separation and it may take place at very low polymer 

concentration, it becomes difficult to make a straightforward connection of this 

process to the phase transformations having been encountered in solutions of rigid 

macromolecules, such as crystallization and lyotropic nematic phase formation12.  

Micellization driven by the possible amphiphicility of the polymer due to the disparity 

in solvent affinity of the conjugated backbone and the aliphatic side chains may be a 

plausible mechanism for the aggregation13. Nevertheless, more in-depth studies are 

necessary to test this postulate, in particular as to whether the micelles are “segmental 

micelles” (formed by the local association of segments) or “molecular micelles” 

(formed by the aggregation of the whole polymer molecules as encountered in block 

copolymer solutions). 
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In this article, we investigate the inter-chain aggregation behavior of a 

conjugated polymer dissolved in two solvents of different qualities.  Here we use 

small angle neutron scattering (SANS) as the major tool for resolving the aggregation 

behavior.  SANS is known as a powerful tool for characterizing the conformational 

structure and aggregation behavior of macromolecules in solutions14, 15. This 

technique makes use of the distinct contrast in neutron scattering length between 

deuterated (d-) solvent and hydrogenous polymer (or vice versa), which offers decent 

scattering intensity and effectively reduces the incoherent background for probing the 

solution structure at relatively low polymer concentration. SANS can effectively 

complement the spectroscopic techniques such as photoluminescence spectroscopy 

where the attribution of the lower-energy emission to the presence of aggregates is 

sometimes complicated by other emission species such as excimers4,16-19 and chemical 

defects20-23.   

 

 In a recent study Perahia et al. have utilized SANS to probe the aggregate 

structure of a conjugated polymer, poly(2,5-dinonylparaphenylene ethynylene) (PPE), 

in the solution with toluene.24,25 The triple bonds along the backbone imparted 

conformational rigidity to the molecule; therefore, PPE chains were essentially 

rodlike.  The rodlike molecules were found to aggregate into large flat clusters 

driven by the π−π interaction below ca. 40 oC.  When the aggregates were too large 

to freely move in the solution, a transition into a constrained or jammed phase took 

place transforming the viscous solution into gel. 

The conjugated polymer studied here is poly(2,3-diphenyl-5-hexyl-1,4- 

phenylenevinylene) (DP6-PPV) with the chemical structure shown below 
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DP6-PPV is an attractive green-emitting material for PLED application due to its high 

glass transition temperature, high fluorescence efficiency and ease of monomer and 

polymer syntheses26-29. In contrast to PPE, the conjugated double bonds in the 

backbone of DP6-PPV render the chain a certain degree of flexibility, such that its 

conformation is more properly described by the semirigid “worm-like chain” instead 

of rigid rod.13, 30  The entropic gain from the conformational flexibility may enhance 

the solubility of the polymer in the solution and thus reduces the aggregation power of 

DP6-PPV compared with that of PPE  Consequently, the structure of the aggregates 

may be largely different from the compact plate structure formed by PPE.  In the 

present study, we investigated the aggregation behavior of DP6-PPV in chloroform 

and toluene. Chloroform was considered as a relatively good solvent for the polymer 

whereas toluene was a relatively poor one. With the aid of dynamic light scattering 

(DLS), we will demonstrate that DP6-PPV underwent inter-chain aggregation in both 

solvents, generating aggregates with the hydrodynamic radii of several μm.  The 

corresponding SANS profiles reveal the network internal structure for these 

aggregates with the mass fractal dimension of 2.2 ~ 2.7.  The origin of the interchain 

aggregation will also be discussed in connection with the highly persistent π-π 

complex present in the DP6-PPV powder before dissolution. 

 

 

 

 

 

 

 

 

 44



2.2 Experimental Section 

DP6-PPV was synthesized according to the procedure described elsewhere26-29. The 

weight-average molecular weight (Mw) and polydispersity index of the polymer was 

448,000 and 1.3, respectively. The polymer solutions with concentrations of 0.1, 0.5 

and 1.0 wt% were prepared by dissolving appropriate amount of the polymer in 

chloroform and toluene.  d-Solvents were used for enhancing the contrast in neutron 

scattering length densities (SLD).  The mixtures of polymer and solvent were stirred 

at ca. 40 oC for 12 hrs, where macroscopically homogeneous solutions were observed 

by naked eyes after the stirring.  The solutions were allowed to equilibrate at room 

temperature (ca. 25 oC) for 12 hrs prior to the SANS and DLS measurements.   

 

 The SANS measurements were performed on the 8 m SANS instrument (NG1) at 

the National Institute of Standard and Technology (NIST)31. The incident neutron 

wavelength was λ = 8 Å with a wavelength dispersion of Δλ/λ = 0.14. The 

configuration of the SANS instrument, including the collimated pinhole size and the 

sample-to-detector distance, was optimized to give an effectively measured q-range of 

0.008 Å-1 to 0.12 Å-1. The scattering intensity I(q) was corrected for transmission, 

background and parasitic scattering and normalized to an absolute intensity (scattering 

cross section per unit sample volume) as a function of the scattering vector q where q 

= (4π/λ)sin(θ/2) (θ is the scattering length angle)32. The incoherent backgrounds from 

the pure solvents were also measured, corrected by the volume fraction displaced by 

the dissolved DP6-PPV, and subtracted from the reduced SANS data.  Temperature 

(calibrated and controlled within ±0.1 oC) of the solution during SANS measurement 

was achieved by use of a 10-piston heating/cooling block connected to a circulating 

bath (50/50 mixture of water and ethylene glycol). For the measurement at each 

temperature, the sample was first held at the prescribed temperature for 30 min 

followed by data acquisition for another 30 min. This acquisition time was sufficient 

to give reasonable counting statistics of the scattered intensity (~ 1E+6 counts). 

DLS experiments were performed using a Malvern CGS-3 equipment with an 
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ALV/LSE-5003 Multiple-tau digital correlator.  A 22 mW laser beam (632.8 nm in 

wavelength) was passed through a quartz cell holding the solutions and the scattering 

intensity was detected at 90 o with respect to the incident beam.  The scattered light 

was analyzed with an autocorrelator to generate the normalized electric field-time 

correlation function, g(1)(τ).33, 34.  For a system exhibiting a distribution of collective 

motions, g(1)(τ) can be represented by the superposition of exponential decay 

functions.  Laplace inversion routine of g(1)(τ) was performed to yield the 

distribution of relaxation times A(τ), viz.  

 

  (1) ∫
∞

−=
0

)1( )/exp()()( ττττ dtAg

The translational diffusion coefficient distribution was obtained from A(τ) and the 

hydrodynamic radius distribution was eventually obtained using the Stokes-Einstein 

equation, Rh = kBT/(6πηD), where kB is the Boltzman constant, T is absolute 

temperature, D is the diffusion coefficient and η is solvent viscosity.  
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2.3 Result and Discussion 
 

2.3.1 Aggregate Structure in DP6-PPV/Chloroform Solutions.   

Figure 2-1 shows the room-temperature SANS profiles of DP6-PPV in the 

solutions with chloroform at different concentrations. The SANS intensities followed 

I(q) ~ q-1 dependence in the high-q region (q > ~ 0.03 Å-1) irrespective of the polymer 

concentration, indicating the presence of rod entity under large spatial resolution14,15. 

The scattering intensity in this q region was dominated by the form factor of the rod 

entity, viz.15

 

I(q) = NΔρ2Vrod
2Prod(q)           (2) 

 

where I(q) is the absolute intensity in the unit of cm-1, N is the number density of rod 

particles, Δρ is the SLD contrast between the solvent and the particle, Vrod is the 

volume of the rod, and Prod(q) is the form factor function of rod particle.  Let Vrod = 

zvu with z and vu being the number of monomer units in a rod and volume of a 

monomer unit, respectively, and N = cNav/(zMu) with c, Mu and Nav being the 

concentration in g/ml, molar mass of the monomer unit and the Avogardro’s number, 

respectively, then Eq. (1) can be reorganized to give 

 

2 2

( ) ( )( )                (3)u
rod

av u

I q M G qP q
cN z v zρ

= =
Δ

 

In the high-q limit, Prod(q)  π/(qL)15 , Eq. (2) thus translates to 

 

2 2

( )lim ( ) ( )             (4)u u L
rodq

av u u u

I q M M z MG q zP q
cN v qLM M q

π π
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Figure2-1. The room-temperature SANS profiles in log-log plots of DP6-PPV in the 

solutions with chloroform at different concentrations.  Two power-law 

regimes were identified in the scattering profiles irrespective of the 

concentration. The intensity exhibited a power law of I(q) ~ q-2.7 in the 

middle- to low-region characterizing the mass fractal dimension of the 

network aggregates.  The q-dependence transformed to another power 

law of I(q) ~ q-1 at high q corresponding to the form factor of the rodlike 

sub-chains between the junction points in the networks. The solid curves 

are the fitted results using the unified equation.  
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where ML is the molar mass per unit length of the rod. Eq. (3) prescribes that the 

product of G(q) and q reaches an asymptotic value given by πML/Mu.  Figure 2-2 

displays the G(q)q vs. q plot for the 1.0 wt% DP6-PPV/chloroform solution.  The 

plot was generated using the following parameter values: ρDP6-PPV = 1.321 x 1010 cm-1, 

ρd-chloroform = 3.16 x 1010 cm-2 and vu,DP6-PPV = 5.73 x 10-22 cm3.  ML determined from 

the plateau was 4.3 gmol-1nm –1. This value closely agreed with the molar mass per 

unit length of the monomer unit of DP6-PPV (= 5.0 gmol-1nm –1) calculated by 

dividing the molecular weight of the monomer unit (Mu = 338 g mol-1) by the length 

of a monomer unit (= 6.7 Å)35.  This attested that the rod entity probed in the high-q 

region corresponded to the rodlike segments constituting DP6-PPV chains.   

 

The conformation of semirigid polymers is usually described by the “worm-like 

chain” possessing relatively large persistent length, lps (lps < contour length)36-39. In 

the low-q region (q < lps
-1) where the global conformation is probed, the worm-like 

chain approaches the coil behavior and the corresponding form factor exhibits an 

asymptotic power law of I(q) ~ q-ν with ν = 2.0 and 1.7 in θ and good solvent, 

respectively40.  Rodlike behavior corresponding to the rigid nature of the polymer 

chain on local scale emerges in the high-q region (q > lps
-1).  In principle, the 

persistent length of the worm-like chain may be determined from the crossover (qc) 

from the rodlike behavior to the coil behavior via lps = 3.5/qc,37-39 provided that the 

scattering profile over the q range of interest represents the form factor of the single 

chain or the sub-chain that is long enough to manifest the worm-like behavior.  Exact 

determination of lps was however implausible here because, as will be shown later, the 

scattering profiles at q < ~ 0.03 Å-1 in Figure 1 were not dominated by the form factor 

of molecularly dissolved DP6-PPV chains. Nevertheless, the fact that the q-1 power 

law extended to ca. 0.03 Å-1 indicated that lps of the chain was larger than 3.5/0.03 Å-1 

=117 Å.   
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Figure 2-2. G(q)q vs. q plot of 1.0 wt% DP6-PPV/chloroform solution for the 

determination of the molar mass per unit length (ML) from the 

asymptotic value of the plot. 
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The scattering intensities of DP6-PPV/chloroform solutions exhibited obvious 

upturns at q < ~ 0.03 Å-1, where the corresponding slope in the log-log plot became 

ca. –2.7 and was virtually independent of concentration.  Therefore, the scattering 

profiles of the three concentrations shared essentially the same feature, namely, the 

intensities exhibited a power law of I(q) ~ q-2.7 in the middle- to low-q region but this 

q-dependence transformed to I(q) ~ q-1 at high q corresponding to the rodlike behavior 

of the chain segment.  Since polymer chain conformation usually depends weakly on 

concentration, the observed SANS profiles may be ascribed intuitively to the form 

factor of the molecularly dissolved polymer chains in the solution.  However, the 

power law exponent of 2.7 at low-q was not prescribed by the asymptotic scattering 

behavior of worm-like chain or other form factor models of linear polymer chains.  

The attribution of the observed scattering pattern to single-chain form factor was 

further ruled out by the strong concentration dependence of the 

concentration-normalized intensity (I(q)/c), as shown in Figure 2-3.  It can be seen 

that, instead of collapsing onto a single master curve, the concentration-normalized 

intensity in the low-q region increased with increasing overall polymer concentration.   

 

The concentration dependence of I(q)/c was not prescribed by the dynamic 

network structure formed by the inter-chain overlap in the semidilute solution either, 

because in this case I(q)/c should decrease with increasing concentration in the low-q 

region (q < ξd
-1 with ξd being the dynamic mesh size) as I(q)/c is proportional to the 

mesh size which decreases with the increase of concentration40.  

 

The larger I(q)/c at higher concentration was attributable to the significant 

aggregation of DP6-PPV chains in chloroform.  We asserted that the observed SANS 

profiles were overwhelmed by the structure of the inter-chain aggregates.  In this 

case, the power law of I(q) ~q-2.7 signaled that over the length scale covered by the 

low-q region the structure of the aggregates was characterized by a mass fractal 

dimension of ca. 2.7 irrespective of polymer concentration. The proximity of the 
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observed fractal dimension to that (= 2.5) displayed by the percolation clusters 

suggested that the aggregates of DP6-PPV were networks generated by the segmental 

association of the polymer chains, as schematically illustrated in Figure 4.  The sites 

of the segmental association acted as the (physical) junction points for the chains 

(with the average distance between the junction points denoted by  ξs).  Two 

structural levels of the aggregates were hence probed by the SANS profiles. At q 

> ξs
-1 the scattering behavior was dominated by the form factor of the sub-chains 

between the junction points in the networks. If  ξs was smaller than the Kuhn length of 

the chain, these sub-chains were essentially rodlike and hence gave rise to the q-1 

power law in the high-q region in Figure 1.  At Rg
-1<< q < ξs

-1(with Rg being the 

radius of gyration of the aggregates) where the structure at a more global length scale 

dominated the scattering behavior, the intensity displayed another power law of I(q) ~ 

q-2.7 characterizing the fractal dimension of the networks.  Consequently, the overall 

scattering profile exhibited a crossover from q-1 to q-2.7 with decreasing q.  Similar 

crossover between the power law of q-1 and q-α with α lying between 2.0 and 3.0 has 

also been noted recently for the scattering patterns of the aggregates of carbon 

nanotubes in solution state.41   

 

 The fractal aggregates revealed here for DP6-PPV was in clear distinction with 

the compact plate aggregates formed by the rodlike PPE chains.24,25  The latter was 

consider to posses a uniform density 24,25 whereas the fractal aggregates of DP6-PPV 

had an opened structure as a significant fraction of the unassociated segments 

remained mixed with the solvent molecules contained within the aggregates (cf. 

Figure 2-4).  

 

It can be seen from Figure 2-1 that the crossover between the two power-law 

regimes (marked by the arrow) shifted to higher q with increasing polymer 

concentration (e.g. from 0.022 Ǻ-1 at 0.1 % to 0.037 Ǻ-1at 1.0 %), implying a smaller 

 ξs at higher polymer concentration due to higher degree of segmental association. We  
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Figure 2-3 The concentration-normalized SANS profiles of DP6-PPV/chlororofm 

solutions.  I(q)/c in the low-q region was found to increase with 

increasing overall polymer concentration, indicating that DP6-PPV 

exhibited significant inter-chain aggregation. 
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Figure 2-4 Schematic illustration of the network aggregates formed by DP6-PPV in 

the solution state. The networks were looser in chloroform but became 

highly compact in toluene. 
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attempted to deduce the quantitative value of ξs through fitting the SANS profile by 

the “unified equation” developed by Beaucage.42, 43  The unified equation describes 

the scattering profiles of fractal objects in terms of hierarchical levels of structure in 

the system. Each structural level is described by a Guinier’s law and a 

structurally-limited power law.  The unified scattering function in terms of two 

structural levels is given by 42, 43 
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where q* = q/[erf(qkRg/61/2)]3 and qs* = q/[erf(qkRs/61/2)]3 with k ≈ 1.05; G = 

NpΔρ2Vp
2 with Np and Vp being the number of particles in the scattering volume and 

the volume of the particle, respectively. B and Bs are the prefactors specific to the 

types of power-law scattering characterized by the exponents P and Ps, respectively, 

they are given by   
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where Γ is the gamma function. For the present system, the first two terms in Eq. (5), 

which revealed the fractal feature of the aggregates, dominated the intensity at q < ξs
-1.  

The last two terms, which dominated the intensity at q > ξs
-1, captured the building 

block (i.e., the rodlike sub-chains between the junction points) with the characteristic 

radius of gyration of Rs of the networks.   

 

Because the Guinier region prescribed by the Rg of the aggregates was not 

accessible over the q range of the present SANS experiment due to relatively large 
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aggregate size, the first term in Eq. (4) was omitted for the fitting.  For the curve 

fitting we have fixed Ps = 1.0 (corresponding to the power-law exponent of the rodlike 

sub-chains), thereby leaving B, Gs, Bs, Rs and P as the fitting parameters.  The fitted 

results were displayed by the solid curves in Figure 2-1 and the numerical values of 

the parameters and the error bar obtained from the fits were listed in Table 2-1. The 

fractal dimensions, P, obtained from the fits were close to those estimated directly 

from the slopes of the intensity profiles in log-log plots. 

Rs corresponded to the radius of gyration of the rodlike sub-chains between the 

junction points, ξs was hence given by ξs ≈ (12Rs
2)1/2.  The values of ξs thus 

calculated were 29.4, 22.1 and 15.2 nm for the concentration of 0.1%, 0.5% and 1.0%, 

respectively. The smaller ξs at higher polymer concentration signaled a higher degree 

of segmental association, as having also been manifested by the shift of the crossover 

between the two power-law regimes to higher q.  

 

 

Table 2-1. The values of the parameters obtained from the unified equation fits for 

DP6-PPV/chloroform solutions. 

 0.1 wt% 0.5 wt% 1.0 wt% 

Gs 0.014 ± 0.008 0.026 ± 0.09 0.02 ± 0.012 

BBs (×10 ) 3 7.7 ± 0.45 5.9 ± 0.05 11.6 ± 1.3 

P 2.71 ± 0.43 2.65 ± 0.05 2.62 ± 0. 6 

Rg (nm) 30.9 ± 4.2 25.3 ± 3.5 20.3 ± 0.4 

Rs (nm) 8.5 ± 2.9 6.4 ± 1.1 4.4 ± 0.9 

ξs (=12Rs
2)1/2 (nm) 29.4 22.1  15.2 
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Since the accessible q range in the present SANS experiment did not allow the 

Rgs of the aggregates to be determined, DLS experiment was conducted to reveal the 

hydrodynamic radii, Rh, of the aggregates.  Figure 2-5 shows the distribution of Rh in 

the 1.0 wt% DP6-PPV/chloroform solution at 25 oC.  The Rh profile displayed three 

peaks with each stemming from a characteristic relaxation mode in the system.  The 

dynamics of DP6-PPV in the solution was hence characterized by three modes, 

namely, the fast, medium and slow modes.  The largest Rh of 3.8 μm associated with 

the slow mode may be attributed to the average hydrodynamic radius of the 

aggregates in the solution.  Consequently, the inter-chain aggregation of DP6-PPV in 

chloroform generated relatively large aggregates with μm in size; down to the 

nanometer length scale the internal structure of the aggregates could be described by a 

rather well-defined fractal dimension of ca.2.7. The physical range of mass fractal 

dimension dm is between 1.0 and 3.0.14,15  In general, a small value of dm would 

imply that the structure of the fractal object is more opened or has a lower 

dimensionality. The rather large fractal dimension of DP6-PPV aggregates in 

chloroform indicated that these aggregates were quite dense in structure. It is noted 

that the value of the fractal dimension may also be useful for resolving the mechanism 

of the cluster growth from the aggregation of small subunits.44 However, such an 

analysis becomes even more complex for the aggregation of long polymer chains, 

because the building block by itself is a fractal object. 

The small peak at 72 nm (corresponding the medium mode) in the Rh profile was 

attributed to the internal relaxation mode of the networks, while the other peak with 

Rh ~ 8 nm was ascribed to the motions of the rodlike segments.  It is noted that the 

Rh of a rod entity is usually smaller than its corresponding Rg.15, 45 However, as can be 

seen from Table 2-1, the radius of gyration of the rodlike subchains between the 

junction points (Rs = 4.4 nm) in the 1.0 wt% solution was smaller than the value of Rh 

( ~ 8 nm) deduced from DLS. This discrepancy may be reconciled by the considering 

that Rh is related not only to the size of the object but also to its dynamics of motion.  

In the aggregates, the motions of the rodlike subchains were indeed constrained by the 
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junction points; therefore, the corresponding Rh became larger than that of the freed 

rods. 
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Figure 2-5 The distribution of hydrodynamic radius Rh in the 1.0 wt% chloroform and 

toluene solutions at 25 oC.  The Rh profile displayed three peaks with 

each stemming from a characteristic relaxation mode in the system.  The 

largest Rh was attributed to the average hydrodynamic radius of the 

aggregates in the solution, while the two small peaks were attributed to the 

internal relaxation mode of the networks and the motions of the rodlike 

segments.   
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2.3.2 Aggregate Structure in DP6-PPV/Toluene Solutions.   

We now turn to the structure of DP6-PPV in the poorer solvent, toluene.  Figure 

2-6 displays the room-temperature SANS profiles of DP6-PPV in the solutions with 

toluene.  In contrast to the two distinct power-law regimes observed for the 

chloroform solutions, only one asymptotic power law was identified here at q > ~ 0.02 

Ǻ-1. The corresponding slopes in the log-log plots were –2.2, -2.4 and -2.7 for the 

concentration of 0.1, 0.5 and 1.0 wt%, respectively. These power law exponents were 

again attributed to the mass fractal dimensions of the networks formed by the 

inter-chain aggregation of DP6-PPV in toluene.  The absence of the q-1 power-law 

regime in the scattering profiles implied that the networks were highly compact with 

very small ξs due to severe segmental association.  In this case, the q-1 regime was 

located at the region beyond the measurable q range of the SANS experiment. The 

smaller fractal dimensions (compared with that observed for the chloroform solutions) 

coupled with highly compact internal structure indicated that the aggregates in toluene 

tended to collapse into objects (such as disks) with lower dimensionality due to severe 

segmental association.  

 

The distribution of Rh of 1.0 wt% DP6-PPV/toluene solution at 25 oC is also 

shown in Figure 2-5.  The Rh profile also exhibited three peaks centering at 1.3 μm, 

95 nm and 10 nm. The largest Rh of 1.3 μm was again attributable to the average 

hydrodynamic radius of the aggregates.  Therefore, the aggregates in toluene were 

smaller than those in chloroform due to more compact internal structure.  The other 

two peaks corresponded to the network internal relaxation mode and the motion of the 

rodlike segments.  The Rh associated with the former was larger than that found for 

the chloroform solution, as the corresponding motion became more restricted due to 

higher degree of segmental association in the aggregates. 
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Figure 2-6 The room-temperature SANS profiles in log-log plots of DP6-PPV in the 

solutions with toluene at different concentrations.  Only one asymptotic 

power law was identified at q > ~ 0.02 Å-1.  The corresponding power 

law exponents were attributed to the mass fractal dimensions of the highly 

compact networks formed by the inter-chain aggregation of DP6-PPV in 

the solvent. 
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Owing to the higher boiling point of toluene, temperature-dependent SANS 

experiment was conducted to examine the effect of elevating temperature on the 

aggregation behavior of DP6-PPV in this solvent.  Figure 2-7 displays the SANS 

profiles of 1.0 wt% toluene solution collected in-situ at different temperatures in the 

heating cycle.  The low-q intensity depressed progressively with increasing 

temperature, signaling the occurrence of de-aggregation upon heating.  Interestingly, 

the fractal dimension of the aggregates remaining in the solution was found to retain 

at ca. 2.7, as the low-q slope in the log-log plot was essentially unaffected by 

increasing temperature. Accompanied with the depression of the low-q intensity was 

the gradual emergence of the q-1 power law in the high-q region (q > 0.04 Å-1).  The 

q-1 power-law regime became clear at 85 oC, which was about the highest achievable 

temperature before the intervention of solvent boiling.  In this case, the scattering 

pattern was characterized by two distinct power-law regimes and became nearly 

identical with the room-temperature SANS profile of the corresponding chloroform 

solution after normalized by the respective neutron contrast factors (cf. the inset in 

Figure 2-7).  

 

The temperature-dependent SANS experiment hence revealed that heating the 

toluene solution tended to reduce the degree of segmental association in the network 

aggregates.  The segmental dissociation loosened the networks and the increase of ξs 

shifted the q-1 power-law regime to the accessible q range.  Although the aggregates 

became less compact at higher temperature, their fractal dimension remained 

essentially unperturbed.  It is further noted that the inter-chain aggregation was never 

completely dissipated even by heating to 85 oC, at which the aggregate structure was 

analogous to that in chloroform at room temperature.  The results suggested that two 

types of segmental association with distinct stability existed in the aggregates of 
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DP6-PPV.  The first type was prevalent in the poorer toluene solvent and could be 

disrupted by moderate heating.  The other type of segmental association was highly 

stable in the sense that they could neither be solvated by the good solvent such as 

choroform nor be dissipated thermally at 85 oC in toluene.   
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Figure 2-7 The temperature-dependent SANS profiles of 1.0 wt% DP6-PPV/toluene 

solution collected in a heating cycle.  The low-q intensity depressed 

progressively with increasing temperature while largely retaining its slope.  

Accompanied with this intensity depression was the gradual emergence of 

the q-1 power law in the high-q region.  The q-1 regime became clear at 85 
oC.  The inset displays the SANS profiles normalized by the contrast 

factors for 1.0 wt% DP6-PPV/toluene solution at 85 oC and 1.0wt% 

DP6-PPVchloroform solution at room temperature.  It can be seen that 

the two scattering profiles were nearly identical.   
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2.3.3 The Nature of the Segmental Associations.   

Here we attributed the highly stable segmental association to the π-π complex 

already present in the DP6-PPV powder used for the solution preparation.  This kind 

of complex was formed by the in-plane stacking of the phenylene or phenyl moiety in 

DP6-PPV and the characteristic distance of ca. 3.0 Å between the aromatic groups 

forming the complex would lead to a peak at 2θ ≈ 29o in the wide-angle X-ray 

scattering (WAXS) profile 45.  Figure 2-8 shows the WAXS scan of the DP6-PPV 

powder used for the solution preparations.  The two peaks located at 18 and 22o 

corresponding to the interplanar spacing of 4.9 and 4.0 Å , respectively, were 

associated with the packings of the aliphatic side chains of DP6-PPV.35  A π-π 

complex peak was clearly discernible at 2θ = 29o.  This scattering peak was found to 

persist even after annealing the powder at 330 oC (cf. Figure 2-8), showing that the 

π-π complex was highly stable.  The WAXS profile of a DP6-PPV film cast from 

chloroform solution with a very rapid solvent removal is also displayed in Figure 2-8.  

It can be seen that the π-π complex peak still existed, which implied that the complex 

present in the powder remained unsolvated in chloroform, such that it was transferred 

into the film after solvent removal.  Consequently, the WAXS results suggested the 

presence of a highly stable π-π complex in DP6-PPV powder. This species could 

neither be solvated by chloroform nor be disrupted by heating; as a result, the chains 

tied firmly by the π-π complex formed network aggregates in the solution.  This 

inter-chain clustering reduced the entropy of mixing of the polymer compared with 

the case where all the chains were uniformly dispersed. In the poorer toluene solvent 

further segmental association might then take place within the pre-existing aggregates 

to reduce the free energy of the system.  This segmental association might be driven 

by the amphiphicility of the DP6-PPV segments since toluene was a relatively poor 

and good solvent for the aliphatic side chains and the aromatic backbone, respectively.  
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In contrast to the π-π complex, the “micelle-like” segmental association thus 

generated had a poorer thermal stability and could be disrupted by moderate heating.   
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Figure 2-8. The WAXS scans of the as-received DP6-PPV powder used for the

 solution preparations, the powder having been annealed at 330 oC and

 the film cast from chloroform.  A peak associated with π-π complex

 was observed at 29o for all samples.   
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CHAPTER 3 

Conformational Structure and Aggregation Behavior of 

Poly(2,3-diphenyl-5-decyl-1,4-phenylenevinylene) (DP10-PPV) in 

Solution State 

 

3.1 Introduction 

 

Rigid and semi-rigid polymers may exhibit rich phase behavior compared with 

fexible polymers due to their highly anisotropic molecular shape that leads to the 

formation of mesophases. 1-5  For a flexible polymer, the conformation of the chain 

is governed by the degree of polymerization and interaction with the immediate 

surrounding.6, 7 With the increase of the persistent length, the chain rigidity becomes a 

significant factor in the collective behavior. The stiffness may affect the viscosity of 

the solution and may induce phase separation, gelation and liquid crystallinity.8-10  

Another unique property of stiff polymer lies in the tendency of the polymer to 

aggregate in solvents even under large dilution.  Such an aggregation behavior still 

remains relatively unexplored.  

 

Conjugated polymers constitute a family of semi-rigid polymer which have 

found great potential in opto-electronic applications due to their unique 

semiconducting properties coupled with the solution processability.  

Poly(phenylenevinylene) (PPV) and its derivates are one of the most important 

classes of conjugated polymers for light-emitting diode application.11, 12  To facilitate 

the device processing using spin or drop casting techniques, the conjugated backbone 

of PPV is usually attached with short flexible side chains to endow them the nominal 

solubility in common organic solvents.  In a coarse-grained picture, the segments of 
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the polymers may be represented by the “hairy rods”.  

The solutions of light-emitting polymers are usually homogeneous in appearance; 

however, their conjugated segments may exhibit some extent of aggregation in the 

solution and such an aggregation may exert a dramatic impact on the photophysical 

properties of the polymer in the solution.  The dispersion state of the polymer in the 

solution, governed by the solvent quality, concentration and temperature, further 

influences the morphology and hence the photophysical properties of the 

light-emitting film formed after solvent removal.  Yang et al.13 reported that the 

threshold for gain narrowing of films prepared with tetrahydrofuran (THF) was lower 

than that of films prepared using chlorobenzene and p-xylene.  Schwartz et al.14 

revealed different photoluminescent (PL) spectra for films prepared from different 

solvents.  Recently we have found that the mesomorphic structure and the associated 

PL at 640 nm of MEH-PPV film were suppressed by prolonged aging of the solution 

used for the film preparation.15  These instances indicate a solution-phase controlled 

morphology and photo-physics as the structure of the as-cast film is metastable 

presumably due to the fast solvent removal and the sluggish mobility of the stiff 

conjugated chains that prevent the polymer from attaining its equilibrium morphology 

during solvent casting.  As a consequence, resolving the solution structure of 

light-emitting polymers is important not only for understanding the dissolution 

behavior of semirigid or rigid polymers but also for effectively tailoring the 

photophysical performance of their cast films. 

 

In chapter 2, we have investigated the aggregation behavior of 

poly(2,3-diphenyl-5-hexyl-1,4- phenylenevinylene) (DP6-PPV) in chloroform and 

toluene.16 With the aid of DLS, this polymer was shown to undergo inter-chain 

aggregation in both solvents, generating aggregates with the hydrodynamic radii of 
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several μm.  The corresponding SANS profiles revealed the network internal 

structure for these aggregates with the mass fractal dimension of 2.2 ~ 2.7.  The 

origin of the inter-chain aggregation was connected with the highly persistent π-π 

complex present in the DP6-PPV powder before dissolution.  Here we extend the 

previous study to reveal the conformational structure and the aggregation behavior of 

another DP-PPV, poly(2,3-diphenyl-5-decyl-1,4-phenylenevinylene) (DP10-PPV), 

which bears a longer decyl side chain per monomer unit.  The chemical structure of 

DP10-PPV is shown below 

C10H21

n

 

 

 

 

The results obtained here, in conjunction with those in chapter 2 for DP6-PPV, will be 

useful for revealing the effect of side chain length on the dissolution behavior of 

DP-PPVs.  It will be shown that DP10-PPV displays a weaker tendency toward 

aggregation than DP6-PPV.  In chloroform DP10-PPV chains are well dispersed and 

exhibit the expanded wormlike chain conformation with the persistent length 

increasing with overall polymer concentration.  Like DP6-PPV, DP10-PPV chains 

aggregate significantly in toluene to form aggregates of several μm in size.  The 

aggregates are found to compose of compact disklike domains at the overall polymer 

concentrations of 0.5 wt% and 1.0 wt%.   
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3.2 Experimental Section 

 

3.2.1 Materials 

The synthesis of hairy-rod polymer poly(2,3-diphenyl-5-decyl-1,4- 

phenylenevinylene), abbreviated as DP10-PPV here, with flexible side chain (the 

hairs) which the monomers were synthesized via the Diels-Alder reaction, while the 

polymerization was done via a modified Gilch route which involves the use of an 

acidic additive, such as 4-tert-butylbenzyl chloride.17-20  In the present study, 

DP10-PPV with an weight-average molecular weight Mw = 524,800g/mol and the 

polydispersity index of the polymer was estimated about 1.28 was used, which 

determined by gel permeation chromatography in THF solvent and polystyrene as the 

standard. DP10-PPV molecules have been dissolved in deuterium (d-) solvent in order 

to enhance the contrast between the polymer and solvent. The overlap concentration 

of semidilute regime, c*, (c*~1/Ln
3 where Ln is the end-to-end distance of DP10-PPV 

is 142.1 nm for 0.1wt%) of DP10-PPV in chloroform and toluene solutions is 
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and 0.458 wt%, respectively. In this work, the polymer solutions with concentrations 

of 0.1(dilute solution regime), and 0.5, 1.0 wt% (semidilute solution regime) were 

prepared by weighing appropriate amount of the polymer and dissolving it in the 

solvent by continuously stirring and slight heating (not higher than 50oC) for 12 hours 

when a macroscopically homogeneous solution was visible by naked eyes. 

 

3.2.2 Scattering  

Small angle neutron scattering (SANS) experiments were performed on the 

8m-SANS instrument (NG1) at the National Institute of Standard and Technology 
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(NIST) Center for Neutron Research (NCNR).21 The sample-to-detector of 8-m was 

chosen with the incident neutron wavelength of λ = 8Å and the wavelength dispersion 

of Δλ/λ approximation 14%;22 this resulted in an effectively q-range of 0.008 Å-1 < q 

< 0.13 Å-1. The polymer solutions were encapsulated into the quartz banjo cells which 

the path length is 2 mm and were replaced by the Titanium demountable cells. The 

measurements of temperature-dependence were calibrated and controlled within ±

0.5oC of the solution during SANS measurement and was achieved by use of a 

10-piston heating/cooling block connected to a circulating bath (50/50 mixture of 

water and ethylene glycol). For the measurement at each temperature, the sample was 

first held at the prescribed temperature for 30 min followed by data collection for 

another 30 min which is considering the reasonable counting statistic of the scattered 

intensity (~ 1E+6 counts) under the sample self-absorption factor.  

The scattering intensity I(q) was corrected for transmission, background and 

parasitic scattering and normalized to an absolute intensity (scattering cross section 

per unit sample volume) as a function of the scattering vector, q, where q = 

(4π/λ)sin(θ/2) (θ is the scattering angle).23, 24 The incoherent backgrounds from the 

pure solvents were also measured, corrected by the volume fraction displaced by the 

dissolved DP10-PPV, and subtracted from the reduced scattering data. 

The dynamic light scattering (DLS) experiments were performed using 

ALV/CGS-3 equipment with an ALV/LSE-5003 Multiple-tau digital correlator. The 

22mW laser beam (632.8nm in wavelength) was passed through a quartz cell holding 

the polymer solutions within the temperature controlled toluene bath and the 

scattering intensity was detected at 90 o with respect to the incident beam.  

The dynamic scattered light was analyzed with an autocorrelator to generate the 

normalized intensity correlation function, g(2)(τ), which is related to the normalized 

electric correlation function, g(1)(τ), through the Siegert relation.25, 26  For a system 
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exhibiting a distribution of collective motions, g(1)(τ) can be represented by the 

superposition of exponential decay functions.  Laplace inversion routine of g(1)(τ) 

was performed to yield the distribution of relaxation times A(τ), viz. 

∫
∞

−=
0

)1( )/exp()()( ττττ dtAg   (1) 

The diffusion coefficient, D, is obtained from A(τ), where A(τ)=Dq2, where q is 

the scattering vector, and the hydrodynamic radius, RH, is eventually obtained using 

the Stokes-Einstein equation, RH = kBT/(6πηD), where kB B is the Boltzman’s constant, 

T is absolute temperature, and η is solvent viscosity. 
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3.3 Result and discussion 

 

3.3.1 Conformational Structure of DP10-PPV in Chloroform 

Figure 3-1 shows the SANS profiles in log-log plots of DP10-PPV in chloroform 

solutions.  Like other conjugated polymers, the scattering intensities closely follow 

q-1 dependence in the relatively high-q region ( q > 0.02 Å-1), signaling the presence 

of rodlike entity in the solutions.  The form factor scattering of rodlike particles in 

the effective q region can be approximated by the Kratky-Porod equation 

 

)
4

exp()(
22 Rq

q
KqI −=                       (2) 

 

where K is a constant and R is the rod radius.  According to Eq. (1), R can be 

determined from the slope of ln[I(q)q] vs q2 plot over the effective q region (cf. the 

inset of Figure 3-1).  The radius of the rod entity formed by DP10-PPV in 

chloroform solutions thus determined is 5.0 ± 0.5 Å.  This value is comparable to 

that deduced from the mass per unit length (ML) of the monomer unit via 
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where Mu (= 394 g /mol) and Lm (= 5.7 Å) is the molecular weight and length of the 

monomer unkit, respectively, and ρm is the mass density.  Consequently, the rod 

entity probed in the high-q region of the SANS profiles corresponds to hairy-rod 

segments of DP10-PPV, where the stiffness of the polymer chain gives rise to the q-1 

power law under large spatial resolution (q > lps
-1, with lps being the persistent length). 

 

In the low-q region (q < 0.02 Å-1) the scattering intensity of 0.1 wt% solution  
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Figure 3-1. The SANS profiles in log-log plots of DP10-PPV/chloroform solutions 

with different concentrations at room temperature. The inset shows the 

Kratky-Porod plot over the q region where the intensities closely follow 

q-1 dependence. The radius of the rodlike segments can be obtained from 

the slope of the plot. 

 

 

 

 



exhibits the power law of q-1.67.  Such an upturn may be due to the aggregation of the 

chain segments or simply associated with the form factor of the individual polymer 

chains prescribed by their global conformation.  It is known that the form factor 

scattering of an expanded coil (i.e., a polymer chain in good solvent) displays an 

asymptotic power law of q-1.67, whereas that of an ideal Gaussian coil shows q-2 power 

law.  The contribution of inter-chain aggregation to the intensity upturn in Figure 3-1 

is indeed unlikely considering that the intensity is quite weak (with the order of 

magnitude of 10-2 cm-1).  Moreover, when the intensities are normalized by the 

overall polymer concentration (Figure 3-2), the normalized intensities of the 0.5 wt% 

and 1.0 wt% solutions are indeed lower than that of the 0.1 wt% solution in the low-q 

region.   If the inter-chain aggregation dominated the low-q intensity upturn, the 

opposite trend should have been observed due to stronger aggregation power at higher 

polymer concentration.   Therefore, we consider the whole scattering curves in 

Figure 3-1 to be contributed predominantly by the form factor of the DP10-PPV 

chains.  In other words, DP10-PPV chains are well dispersed in chloroform with 

their conformation being describable by the “expanded wormlike chain”.   

 

The wormlike chain model has been widely adopted to describe the 

conformation of semi-rigid polymers with relatively large persistent length.  In the 

low-q region (q < lps
-1) the scattering intensity of a wormlike chain displays the power 

law prescribed by its global conformation, i.e. q-1.67 for expanded linear coil and q-2 

for ideal Gaussian chain.  In the high-q region (q > lps
-1) where the scattering 

behavior is governed by the local chain structure, the intensity closely follows q-1 

dependence corresponding to the rigid rod behavior of the segments constituting the 

chain.23, 24  The cross-over from the rod to the expanded coil regime (qc) yields an 

estimate for lps via lps ≈ 3.5/qc = 3.5/0.02 Å-1 = 175 Å for DP10-PPV dissolved in  
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Figure 3-2 The concentration-normalized SANS profiles of DP10-PPV in chloroform 

solutions.  

 

 

 

 

 

 

 

 

78 



chloroform with the concentration of 0.1 wt%.27-29 

It is interesting that at the higher overall polymer concentration (i.e.0.5 and 1.0 

wt%), the q-1 power law extends towards lower q as compared to that of the 0.1 wt% 

solution.  The whole scattering curve is nearly covered by this power law at the 

concentration of 1.0 wt%.  This means that the persistent length of DP10-PPV chain 

increases with increasing concentration, namely, from 17 nm at 0.1 wt% to 25 nm at 

0.5 wt% and 28 nm at 1.0 wt%.  This behavior is in clear distinction from the 

flexible polymers, where the conformation of the latter is nearly independent of 

concentration.6  The concentration dependence of the chain rigidity of DP10-PPV 

may be attributed to the excluded volume interaction between the rigid segments 

constituting the polymer chains (analogous to the excluded volume interaction 

between rodlike molecules that leads to the formation of nematic phase in the solution 

state).  At higher concentration the excluded volume interaction between the rodlike 

segments becomes more significant; in this case, the polymer chains have to stretch 

more to reduce this interaction so as to increase the persistent length.    

 

The persistent length of a wormlike chain is half the Kuhn length and can be 

related to the radius of gyration, Rg, through the following relation30 

1/21/ 2

3 3
ps ps m

g
u

l L l L M
R

M
⎛ ⎞⎛ ⎞

= = ⎜⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎟  (4) 

where L and M are the contour length and molecular weight of the polymer chain, 

respectively.   Given that the molecular weight of DP10-PPV is 524,800 g/mol and 

the monomer molecular weight and length are 394g/mol and 5.7Å, respectively, the 

contour length of DP10-PPV is about 593 nm.  The radius of gyration of DP10-PPV 

in chloroform is calculated from Eq. (4) is hence 58.0, 70.3 and 74.4 nm for 0.1, 0.5 

and 1.0 wt%, respectively.    
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The structure of DP10-PPV in chloroform is further studied by dynamic light 

scattering (DLS).  DLS is a powerful instrument for probing the relaxation modes of 

polymer chains in solution state. The hydrodynamic radius, RH, corresponding to a 

certain relaxation motion of polymer chains is the “correlation length” which can be 

determined by the autocorrelation function. In the dilute regime where the interaction 

between the polymer chains is insignificant as the chains are well separated from each 

other, DLS probes the translational motion of the individual chains, such that the 

correlation length corresponds to the average hydrodynamic radius of the polymer 

chains. In the semidilute regime, the properties of polymer chains are drastically 

different from those in the dilute solutions, as the mobility of chain segments is 

constrained by each other, which then slows down the relaxation rate.31, 32  An even 

slower relaxation mode associated with the cluster motion can be identified when the 

polymer chains undergo aggregation in the solution. 

 

Figure 3-3 shows the hydrodynamic radius distributions at various 

concentrations of DP10-PPV in chloroform solutions obtained from the DLS 

measurements at 25℃. Three distinct relaxation modes can be identified. The ultrafast 

mode with the average RH of about 0.1 nm represents the motion of the flexible side 

chains.  The fast mode with the average RH of ca. 30 nm at 0.1 wt % is attributed to 

the motion of the rodlike segments. The ratio ρ = Rg/RH serves as a index for the 

stiffness of the polymer; ρ is 1.5 for flexible coils and a larger value indicates a more 

extended conformation33  For DP10-PPV, the value of ρ is about 1.93 for the 

concentration of 0.1 wt%, indicating that DP10-PPV exhibits a highly extended chain 

conformation in chloroform.  With the increase of concentration, the interaction 

between the chain segments becomes stronger and hence limits the mobility of the  
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Figure 3-3 The hydrodynamic radius distributions of DP10-PPV/chloroform solutions 

with different concentrations at room temperature.  
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chain segments, thereby leading to an increase of RH associated with this mode.  

This is consistent with the SANS results showing the increase of lps with increasing 

concentration due to increased strength of excluded volume interaction. 

 

An additional “slow mode” with the average RH of 200 nm ~ 10 μm is also 

observable in Figure 3-3.  This relaxation mode is attributed to the aggregation of 

DP10-PPV chains.  Nevertheless, the extent of aggregation must be very minor as 

the peak height of this mode is small.  In this case, a predominant fraction of 

DP10-PPV chains still remain well dissolved in chloroform, such that our assertion 

that the corresponding SANS profiles are dominated by the form factor of the 

polymer chains is justified.   

 

We have also attempted to reveal the wormlike chain conformation of DP10-PPV 

dissolved in chloroform by the real-space observation of the polymer chains using 

atomic force microscopy (AFM). The AFM samples were prepared by drop-casting 

0.1 mg/ml or 0.008 mg/ml DP10-PPV/chloroform solutions on highly ordered 

pyrolytic graphite (HOPG). To arrest the structure of the polymer chains in the 

solution, the solvent was evaporated extremely rapidly by blowing a nitrogen gas 

stream over the solution droplet during the casting. This procedure allowed the 

solvent to be removed within two seconds. The structure of the polymer on the HOPG 

substrate was subsequently observed by a Seiko SPA-300HV atomic force microscopy 

operated under tapping mode. 

  

    Figure 3-4 displays the topographic image of DP10-PPV on HOPG. cast from 0.1 

mg/ml solution.  A uniform dense network structure is observed over a large area. 

The network appears to be formed by the interpenetration of numerous threads which  
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may be the DP10-PPV chains.  The average height of the network is ca. 2.0 nm. In a 

recent work on the visualization of the single chain of a monodendron-jacketed 

polymer, 14-ABG-PS, Sheiko et al. has found that the height of a monolayer of the 

polymer was about 1.2 ± 0.2 nm.34  Because each repeating unit of 14-ABG-PS 

carries a bulky side group attached with three tetradecyl chains which are longer than 

the decyl chain in DP10-PPV, the height of a monolayer of DP10-PPV chains is 

expected to be significantly lower than 1.2 nm.  Consequently, the network observed 

in Figure 3-4 is formed by the interpenetration of more than one layers of DP10-PPV 

chains due to the relatively high solution concentration used for the casting. 

 

In order to obtain the image of a true monolayer of DP10-PPV chains, a solution 

with the concentration of 0.008mg/ml was used to prepare the sample.  Figure 3-5 

shows the resultant topographic image of the polymer.  In contrast to the dense 

network shown in Figure 3-4, a number of clusters formed by the aggregation of the 

polymer chains are observed.  These aggregates are formed during solvent 

evaporation.  The average height of clusters is ca. 0.8 nm; therefore, the threads 

tying with each other to form the clusters do correspond to a monolayer of polymer 

chains. 

 

Although identification of isolated single DP10-PPV chains is not accessible due 

to aggregation of polymer chains during solvent evaporation, the topological feature 

of the chains forming the aggregates can shed some light on the conformational 

structure of this conjugated polymer.  It can be seen from Figure 3-5 that the polymer 

chains are indeed quite flexible in contrast to the common intuition suggesting that the 

conjugated polymer backbone behaves like a stiff rod.  Consequently, the “wormlike 

chain model” used for interpreting the SANS results is indeed a more plausible model.  
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Figure 3-4 AFM topographic images of DP10-PPV cast from 0.1 mg/ml chloroform 

solution on HPOG. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 AFM topographic images of DP10-PPV cast from 0.008 mg/ml chloroform 

solution on HPOG.  The two images on the right provide a better view on 

the topological feature of the aggregates formed by the polymer chains.  
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The chain flexibility may stem from the inevitable presence of the chemical 

tetrahedron defects which introduce a minor population of skew bond conformation or 

from the spontaneous fluctuation of the chain contour from a straight line.  The 

image we obtained thus far is not clear enough for us to estimate the persistent length 

of the chains.  More efforts are hence required to obtain images with better 

resolution to allow quantitative study of conformational feature and aggregate 

structure of the conjugated polymer.   

 

In chapter 2, the aggregation behavior of poly(2,3-diphenyl-5-hexyl-1,4- 

phenylenevinylene) (DP6-PPV) bearing hexyl side chains in solution state has been 

examined.16  This polymer was shown to exhibit a strong inter-chain aggregation in 

chloroform and the network aggregates (with the fractal dimension of 2.6) thus 

generated dominated the SANS intensity.  However, here we found that the 

predominant fraction of DP10-PPV chains were well dispersed in chloroform, 

indicating that increasing the length of the side chains attached to the PPV backbone 

tend to suppress the inter-chain aggregation.  The different dissolution behavior of 

these two polymers is further demonstrated by comparing their SANS intensities 

normalized by the corresponding neutron scattering length density (SLD) contrasts, 

I(q)/Δρ2, as shown in Figure 3-6 for the 1.0 wt% solution.  It can be seen that 

DP6-PPV clearly shows a much stronger intensity in the low-q region, which is 

consistent with a much more severe inter-chain aggregation in the system. For 

DP6-PPV, we have proposed that the aggregation observed for the chloroform 

solution stemmed primarily from incomplete dissolution of the hairy-rod segments in 

the polymer powders used for solution preparation.  In this case, a fraction of the 

segments formed highly stable π-π complex in the DP6-PPV powder used for solution 

preparation. This kind of complex was formed by the in-plane stacking of the 
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phenylene or phenyl moiety in DP6-PPV and the characteristic distance of ca. 3.0 Å 

between the aromatic groups forming the complex would lead to a peak at 2θ ≈ 29o in 

the wide-angle X-ray scattering (WAXS) profile.35  This species could neither be 

solvated by chloroform nor be disrupted by heating; as a result, the chains tied firmly 

by the π-π complex formed network aggregates in the solution.   

 

Because most chains of DP10-PPV remain well dispersed in chloroform, we may 

speculate that the highly stable π-π complex found in DP6-PPV may be absent in the 

DP10-PPV powder used for the solution preparation.  This assertion is consolidated 

by Figure 3-7 which compares the WAXS profile of DP6-PPV with that of DP10-PPV 

powders.  It can be seen that DP6-PPV shows a scattering peak at 2θ = 29o 

(corresponding to a Bragg spacing of 3.0 Å) associated with the highly stable π-π 

complex.  This π-π complex is however absent in DP10-PPV powder as the WAXS 

peak at 29o is missing.  In this case, the stronger steric hindrance imposed by the 

longer decyl side chains in DP10-PPV may impede the complex formation in the 

powder. Hence, a uniform dispersion of polymer chains in chloroform becomes 

accessible for DP10-PPV 
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Figure 3-6 A comparison between the contrast-normalized SANS intensities of 1 wt% 

DP6-PPV and DP10-PPV solutions.  DP6-PPV solution is found to 

exhibit a much stronger low-q intensity, signaling significant degree of 

inter-chain aggregation. 
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Figure 3-7 The wide-angle X-ray scattering (WAXS) scans of DP6-PPV and 

DP10-PPV powders used for the solution preparations.  DP6-PPV 

powder is seen to exhibit strong diffraction peaks signaling the presence 

of a significant degree of crystallinity.  The crystal diffraction becomes 

nil for DP10-PPV showing that the polymer is essentially uncrystalline 

in the powder. A scattering peak at 2θ = 29o (corresponding to a Bragg 

spacing of 3.0 Å) associated with the π-π complex is also identified for 

DP6-PPV powder. 
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3.3.2  Aggregation Behavior of DP10-PPV in Toluene 

The foregoing study reveals that DP10-PPV chains are well dispersed in 

chloroform with only a minor extent of aggregation.  Now we turn to the dissolution 

behavior of this polymer in a poorer solvent, toluene.  Figure 3-8 shows the 

hydrodynamic radius distribution obtained from DLS experiment for 

DP10-PPV/toluene solutions with the concentrations of 0.1, 0.5 and 1.0 wt%.  Three 

distinct relaxation modes associated with the side chain motion (RH < 1.0 nm), 

segmental motion (RH ~ 30 nm) and inter-chain aggregation (RH = 0.3 ~ 10 μm) are 

again observed.  In contrast to the chloroform solution, the slow mode becomes the 

dominant relaxation mode for the toluene solutions irrespective of the overall polymer 

concentration.  This attests that most DP10-PPV chains in toluene aggregate to form 

clusters of μm in size due to the poorer solvent quality of toluene.  It is noted that the 

RH of the slow mode of 0.5 wt % solutions is approximately the same as that of 1.0 

wt% solution.  This suggests that the aggregates in these solutions are largely 

confined to each other and hence limits their mobilities.  

 

Figure 3-9 shows the SANS profiles in log-log plot of DP10-PPV/toluene 

solutions with the three concentrations.  In contrast to the scattering profiles of the 

chloroform solutions showing q-1 power law in the high-q region, the scattering 

intensity of the 0.1 wt% solution displays a power law of q-1.3 over nearly the entire q 

range studied.  The q-dependence of the intensity transforms to another power law of 

q-2 at the higher concentrations of 0.5 and 1.0 wt%. In the light of the DLS result 

showing that a predominant fraction of the polymer chains form aggregates, the 

SANS intensities in Figure 3-9 are considered to be overwhelmed by the aggregates 

formed in toluene.  In this case, the SANS profiles are governed by the internal 

structure of the aggregates with μm in size. This postulate is consolidated by  
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Figure 3-8 The DLS result of DP10-PPV in toluene solutions with different 

concentration.  
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Figure 3-9 The log-log plot SANS profiles of DP10-PPV dissolved in toluene 

solutions with different polymer concentration at room temperature.  
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comparing the intensity profiles normalized by the SLD contrast of the toluene 

solutions with those of the chloroform solutions, as shown in Figure 3-10.  It can be 

seen that the toluene solutions consistently exhibit a stronger intensity in the low-q 

region at a given concentration, which signals that DP10-PPV chains in toluene do 

display significant degree of inter-chain aggregation.  

 

We assert that the observed SANS profiles are overwhelmed by form factor of 

the aggregates.  In this case, the power law of I(q) ~q-1.3 observed for the 0.1 wt% 

solution indicates that over the length scale covered by the q region the internal 

structure of the aggregates is characterized by a mass fractal dimension of 1.3, which 

may correspond to a highly defective network generated by the segmental association 

of the polymer chains, as schematically illustrated in Figure 3-11.  The sites of the 

segmental association act as the (physical) junction points for the chains.  

 

When the concentration is increased to 0.5 wt% and 1.0 wt%, the scattering 

intensities display q-2 power law.  This suggests that the aggregates become more 

compact (due to prevalent segmental association) at higher polymer concentration and 

may indeed contain disklike domains which give rise to the q-2 power-law dependence 

of the scattering intensities. For a thin plate the scattering intensity in the asymptotic 

region is given by30: 

 

                 (5) )
12

exp(( q
q

AI = ρ )2)( 2
2

22
2

TTq −Δ
π

 

where T is thickness of the plate.  Eq. (5) prescribes that the thickness of the plate 

can be determined from the slope of ln[I(q)q2] vs q2 plot, as shown in Figure 3-12. 

The thickness of the disklike domain thus determined using the intensities of 0.5 and  
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Figure 3-10. The contrast-normalized SANS profiles of DP10-PPV dissolved in 

different solvent. The scattering intensity of toluene solution is much 

higher than chloroform especially in high concentration. Asserting the 

aggregation behavior is prevalent and toluene is relative poor solvent 

for DP10-PPV molecules. 
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Figure 3-11 Schematic illustration of the fractal aggregate formed in DP10-PPV/toluene 

0.1 wt% solution.  
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Figure 3-12 Determination of the thickness of disklike domains formed in 

DP10-PPV/toluene 1.0 wt% solution from the slope of ln[I(q)q2] vs. q2 

plot. 
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1.0 wt% solutions is 20 Å. The diameter of a single DP10-PPV chain obtained from 

the SANS profiles of chloroform solutions is 10 Å; therefore, the disklike domains in 

the aggregates compose of two layers of DP10-PPV chains lying flatly on the disk 

surface, as schematically shown in Figure 3-13.  It should be noted that similar 

disklike domains formed by the segmental aggregation have also been observed for 

other conjugated polymers such as 

poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV)36 and  

poly(6,6-dioctyl fluorene) (PFO)37 dissolved in relatively poor solvents.  In the case 

of DP6-PPV, the smaller fractal dimensions ( ~ 2.2) coupled with highly compact 

internal structure revealed by SANS indicated that the aggregates in toluene tended to 

collapse into disklike objects due to severe segmental association.37  These results 

may imply a tendency of the hairy-rod polymers to aggregate to form disklike 

domains in the solvents with relatively poor quality.   This may be related to the 

general tendency of the polymers to self-organize into a lamellar structure consisting 

of alternating backbone and side chain layers in the bulk state.  As the formation of 

the lamellar structure in the bulk state is driven by repulsion between the conjugated 

backbone and the side chains, the aggregation of DP10-PPV chains to form a bilayer 

structure in toluene may likewise be driven by the amphiphicility of the segments, 

since toluene was a relatively poor and good solvent for the aliphatic side chains and 

the aromatic backbone, respectively.  In this case, a “micelle-like” segmental 

association with the backbone facing towards the solvent to shield the side chains may 

take place, leading to the formation of the disklike domains.  

 

According to our previous study of DP6-PPV, the micelle-like segmental 

association is relatively unstable as it can be disrupted by moderate heating.  Figure 

3-14 shows a series of scattering profiles of 1.0 wt% DP10-PPV/toluene solution 
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collected in-situ at various temperatures in a heating process. The scattering intensity 

in the low-q region drops suddenly when the temperature is increased to 55 ℃, 

showing the occurrence of de-aggregation upon the heating, similar to DP6-PPV 

system.  In this case, the q-1 power law emerges in the high-q region because the 

population of the molecularly dissolved chains increases.  Heating to 70 oC is found 

to completely wipe out the segmental aggregation as the scattering profile at this 

temperature nearly matches that collected at an even higher temperature 85 oC.  As a 

matter of fact, the contrast-normalized scattering profiles at these temperatures nearly 

match with that of the 1.0 wt% chloroform solution at room temperature (inset of 

Figure 3-14), where the scattering profile is dominated by the form factor of 

DP10-PPV chains.   

 

After the data acquisition at 85 oC the toluene solution was cooled right back to 

25 oC to examine the re-aggregation behavior of DP10-PPV.  The SANS profile of 

the cooled solution collected within 1 hr after reaching 25 oC is shown in Figure 3-15.  

Although the low-q intensity increases slightly upon the cooling, the scattering profile 

do not recover to that of the as-prepared solution (which has been stored at 25 oC for 

more than 24 hrs prior to SANS experiment), indicating that the re-aggregation is 

spontaneous but is very slow.   
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Figure 3-13. Schematic illustration of the disk domains formed in DP10-PPV/toluene 

solutions with higher polymer concentration (i.e. 0.5 and 1.0 wt%). The 

disklike domains compose of two layers of polymer chains.  
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Figure 3-14. A series of SANS profiles of DP10-PPV 1.0 wt% toluene solution in a 

heating cycle.  
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Figure 3-15. The scattering profile of DP10-PPV/toluene 1.0 wt% solution obtained 

by cooling from 85 oC to 25 oC 
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CHAPTER 4 

Conclusions and Suggestions for Future Works 

 

4.1 Conclusions 

 

This thesis provided a systematic study on the conformational structure and 

aggregation behavior of DP-PPVs. The effects of intrinsic solvent quality, solution 

concentration, temperature and side chain length of the conjugated polymers have 

been revealed by means by SANS and DLS experiments.  For DP6-PPV bearing the 

shorter hexyl side chains, the polymer chains were found to exhibit inter-chain 

aggregation in the solutions with both chloroform and toluene.  The aggregation 

generated relatively large network aggregates with their internal structures 

characterized by the mass fractal dimensions of 2.2 ~ 2.7.  In chloroform the 

segmental association was attributed to the π-π complex already present in the 

DP6-PPV powder used for the solution preparation.  This highly stable complex 

remained unsolvated in chloroform and hence tied the polymer chains to form 

network aggregates.  The SANS profiles associated with these networks displayed 

two power-law regimes characterizing the mass fractal dimension of the networks and 

the rodlike sub-chains between the junction points in the networks.  Further 

segmental association took place in toluene due to the poor affinity of the aliphatic 

side chains of DP6-PPV to the solvent.  The resultant aggregates were highly 

compact and the small ξs caused the shift of the q-1 power-law regime to the region 

beyond the measurable q range of the SANS experiment.  The aggregates of 

DP6-PPV in toluene thus consisted of two types of segmental associations, namely, 

the π-π complex which persisted even after heating to 85 oC and the micelle-like 

segmental association which could be disrupted by moderate heating.  
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For DP10-PPV composing of the longer decyl side chains, its conformational 

structure and the aggregation behavior have been investigated and compared with 

those of DP6-PPV to reveal the effect of side chain length on the dissolution behavior 

of DP-PPVs.  DP10-PPV molecules were found to disperse fairly well in chloroform, 

such that the form factor of the polymer chains dominated the SANS profile.  In this 

case, DP10-PPV chains were found to exhibit the expanded wormlike chain 

conformation with the persistent length increasing with overall polymer concentration 

due to the increase of excluded volume interaction.  Therefore, DP10-PPV was 

dissolved at molecular level in chloroform, in contrast to DP6-PPV which was 

dissolved at the colloidal level due to the incomplete dissolution of the hairy-rod 

segments forming π−π complex.  Like DP6-PPV, DP10-PPV chains aggregated 

significantly in toluene to form aggregates of several μm in size.  The aggregates 

were loose at the overall polymer concentration of 0.1 wt%.  However, the 

aggregates were found to compose of compact disklike domains as the concentration 

was increased to 0.5 wt% and 1.0 wt%.  The disk domains were formed by stacking 

two DP10-PPV chains normal to the domain interface with the backbone facing 

towards the solvent to shield the side chains.  These “micelle-like” domains may 

likewise be disrupted easily by moderate heating. 
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4.2 Suggestions for Future Works 

  

The present study has revealed the solution structures of two representative 

conjugated semiconducting polymers. This class of polymers was found to exhibit 

highly different dissolution behavior from the conventional flexible polymers in the 

sense that the chains undergo inter-chain aggregation due to the π−π interactions and 

disparity in the affinity of the backbone and side chain to the solvents.  More studies 

are indeed necessary to establish a definitive universal picture describing the 

dissolution behavior of hairy-rod conjugated polymers and to make a close connection 

of the solution structure to the practical applications of the polymers in 

opto-electronics.  

  In the preset study, two DP-PPVs with different side chain lengths have been 

investigated.  Comprehensive studies on this polymer derivative with systematic 

variations of the chemical structures of backbone (e.g. incorporation of conjugated 

comonomer unit) and side chain (e.g. a wider variation of chain length, introduction 

of chain branching, etc.) will be of interest to affirmatively establish the roles of π−π 

interactions, amphiphicility and other significant factors governing the aggregation of 

hairy-rod polymers in solution state.  Moreover, the results will also be important for 

identifying the molecular design strategy for tailoring the solution structure of 

conjugated semiconducting polymers. 

  In the present study, we have examined the solution structures of the polymers in 

two solvents with relatively distinct qualities and different dissolution behavior was 

observed.  It will be of interest to resolve the dissolution behavior over an even 

wider range of variation of intrinsic solvent quality by investigating the solutions with 

other solvents (commonly used for the device fabrication) such as tetrahydrofuran 

(THF), chlorobenzene and DMF.  Moreover, the solvent quality may also be 
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systematically varied by the addition of different amount of a non-solvent such as 

methanol.  

  The effect of temperature on the solution structure has also been investigated in this 

thesis with the lowest accessed temperature of ca. 25 oC.  It will be of interest to 

reveal the structure at the subambient temperature.  It has been shown that hairy-rod 

conjugated polymers may undergo gelation upon prolonged aging at subambient 

temperatures, indicating further structural reorganization during the aging.  The 

structure changes associated with the gelation should be able to be resolved by the 

scattering methods such as small angle X-ray scattering (SAXS), SANS and light 

scatterings.  Moreover, it will also be important to explore the relationship between 

the structure and the photophysical properties of the aged gels.   

For the practical applications, the conjugated polymer solutions are used to cast 

into thin films for device fabrication.  It has been proposed that the dispersion state 

of the polymer in the solution may influence the morphology and hence the 

photophysical properties of the light-emitting films formed after solvent removal.  

This indicates a solution-phase controlled morphology and photo-physics as the 

structure of the as-cast film is metastable presumably due to the fast solvent removal 

and the sluggish mobility of the stiff conjugated chains that prevent the polymer from 

attaining its equilibrium morphology during solvent casting.  However, a reasonable 

correlation among the solution structure, processing condition, film morphology and 

photpphysical properties has not been established.  Establishment of such a 

relationship is a complex problem and will require a combination of a wide variety of 

experimental tools, including spectroscopies (UV-Vis, PL, EL, time-of–flight,etc.), 

scatterings (for solution structure study: LS, SANS and SAXS; for film morphology 

study: GI-SAXS, X-ray or neutron reflectivity) and microscopies (AFM, SEM and 

TEM). The results will be of paramount importance for effectively tailoring the 
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efficiency and performance of the devices made of conjugated semiconducting 

polymers. 
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