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  SUMMARY 

Water-soluble conjugated polymers (WSCPs) have shown great potential for use as 

florescent chemo- or biosensors due to their special solubility and optoelectronic 

properties. However, the general synthetic method to realize their water-solubility is 

complex. We have developed an alternative approach involving the convenient 

preparation of water-soluble light-emitting nanoparticles by combining light-emitting 

conjugated polymers/oligomers and water-soluble polymers via hydrogen bonds.  

 

To be more specific, a series of conjugated polymer/oligomer based water-soluble 

light-emitting nanoparticles, made by non-covalent bond self-assembly with poly- or 

oligo(p-phenyleneethynylene) (PPE or OPE) and water-soluble polymers (PAA, PEG, 

PG), have been prepared and characterized.  

 

The OPE-based nanoparticles exhibit a good water-solubility and a low degree of size 

dispersity, which are highly desired for applications in chemo- and bio-sensors. 

Furthermore, the results show a strong correlation between strength of hydrogen 

bonds between the water soluble polymer and the conjugated oligomer, size and 

degree of dispersity of the nanoparticles.  Surprisingly, the formation of the 

nanoparticles are little influenced by the molecular architecture of conjugated 

molecules. 

 



 viii

The optical properties and fluorescence quenching of the nanoparticles are 

systematically investigated. The optical properties of these nanoparticles are similar to 

those found in PPE or OPE films.   

 

The effect of nanoparticle concentration, pH and ionic strength on the fluorescent 

quenching process will be discussed. 
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Nomenclature 

ATRP    Atom transfer radical polymerization 

CNC    Charge neutral complex  

CP     Conjugated polymer 

CPB    Carboxyl-ended polybutadiene 

CPS    Carboxyl-end polystyrene 

DNT    2,4-dinitrotoluene 

DSC    Differential scanning calorimetry 

FWSCPs    Fluorescent water-soluble conjugated polymers 

GPC    Gel permeation chromatography 

HIJP    Hybrid ink-jet printing 

LED    Light-emitting diodes 

MOPE    Oligo(2,5-dihexyloxy-1,4-phenyleneethynylene 

MV2+    Methyl viologen 

NCCM    Noncovalently connected micelles 

NEt2PPE    Amino-functionalized PPE 

OPE    Oligo(p-phenyleneethynylene) 

OHOPEC   Cross-shaped OH-functionalized OPE 

OHOPEL   Linear-shaped OH-functionalized OPE 

OHOPET   T-shaped OH-functionalized OPE 

OHPPE    Hydroxyl-functionalized PPE 



 x

P2VP    Poly(2-vinyl pyridine) 

P4VP    Poly(4-vinyl pyridine) 

PA     Polyacetylene 

PAA    Poly(acrylic acid)  

PCL    Poly(ε-caprolactone)  

PEG    Poly(ethylene glycol) 

PF     Polyfluorene 

PG     Poly(galactose) 

PI     Polyimide 

PL     Photoluminescence 

PNA    Peptide nucleic acid 

PPE     Poly(p-phenyleneethynylene  

PPV    Poly(phenylenevinylene)  

PPV-SO3
2-   Anionic sulfonated PPV 

PSOH    Hydroxyl-containing polystyrene 

PVPy    Poly(4-vinylpyridine) 

TGA    Thermogravimetric analysis 

THF    Tetrahydrofuran  

TNT    2,4,6-trinitrotoluene 

UV-vis    Ultraviolet-visible 

WSCP  Water-soluble conjugated polymer    
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CHAPTER ONE 
 

Introduction 

1.1 Conjugated Polymers 

Since the high conductivity of doped polyacetylene (PA) was discovered in 1977, the 

investigation of conjugated organic polymers has been carried out by research groups 

all around the world.1 Conjugated polymers (CPs) with good electric properties are 

excellent alternatives to those widely used silicone based materials in electronic 

devices. In addition, these polymers have good stability, low density, flexibility in 

design, and they are easy to prepare. Their electronic properties can be well controlled 

by doping and by modification of the backbone chemical structures. During the past 

two decades, because of their theoretically interesting properties and their 

technologically promising future, conjugated polymers have become a focus of 

materials research. 

1.1.1 Structures of Conjugated Polymers 

The term conjugated polymers refers to organic macromolecules represented by 

alternating double and single bonds or alternating triple and single bonds, and is 

indicative of an σ-bonded C-C backbone with π-electron delocalization.2 The 

conjugation length is defined as the extent over which the π-electrons are delocalized. 

Conjugated polymers are organic semiconductors which combine the desirable 

processing characteristics of polymer systems with the electrical and optical 
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properties of semiconductors.3,4 

The semiconducting behaviour of conjugated polymers can be easily understood from 

the types of bonding operating along the main chain.  The double or triple bonds 

between carbon atoms in the polymer main chain each have an electron excess to that 

normally required for just σ-bonds.5 These extra electrons are in the pz orbitals which 

are mainly perpendicular to the bonding orbitals between adjacent carbon atoms. 

These electrons overlap with adjacent pz orbitals to form a delocalized π-electron 

cloud that spreads over several units along the polymer backbone. When this happens, 

delocalised π valence (bonding) and π* conduction (anti-bonding) bands with defined 

bandgap are formed–which meets the requirements for semiconducting behaviour. 

Normally the electrons reside in the lower energy valence band but, if given sufficient 

energy, they can be excited into the normally empty upper conduction band, giving 

rise to a π–π* transition. Intermediate states are forbidden by quantum mechanics. The 

delocalized π-electron system confers the semiconducting properties on the polymer 

and gives it the ability to support positive and negative charge carriers with relatively 

high mobilities along the chain.6  

As a semiconductor, a conjugated polymer must also satisfy two other conditions.7 

One is that the σ bonds should be much stronger than the π bonds so that they can 

hold the molecule intact even when there are excited states – such as electrons and 

holes–in the π bonds. Without the linkage of the σ bonds, the molecule would split 

apart because these semiconductor excitations weaken the π bonds. The other 

requirement is that π-orbitals on neighbouring polymer molecules should overlap with 
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each other so that electrons and holes can move in three dimensions between 

molecules. Fortunately many conjugated polymers satisfy these three requirements. 

The semiconductor band gaps of most conjugated polymers are ranged from 1.5 to 3 

eV, indicating that they are good candidates as optoelectronic devices. 

Table 1.1 The structures of some common conjugated polymers5 

n

n

n
OR

RO
n

S
n

N
H n

NH
n

n
R R'

S

S

n

S

R

S

R
n

Polymer Chemical Name Formula Bandgap 
(ev) 

PA trans-polyacetylene   
1.5 

 

PPP poly(p-phenylene)   
3.0 

PF polyfluorene   
3.2 

PPV poly(p-phenylene vinylene)   
2.5 

RO-PPV poly(2,5-dialkoxy-p-phenylene 
vinylene) 

 

 

 
 

2.2 

PT polythiophene   
2.0 

P3AT poly(3-alkylthiophene)   
 

2.0 

PTV poly(2,5-thiophenylene 
vinylene) 

  
1.8 

PPy polypyrrole   
3.1 

PANi polyaniline   
3.2 
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Up to now, many conjugated polymers (structure are showed in Table 1.1) such as 

polyacteylene (PA), polyaniline (PAni), polypyrrole (PPy), polythiophene (PT), 

poly(p-phenylenevinylene) (PPV), poly(p-phenylene) (PPP), and polyfluorene (PF) 

have been thoroughly investigated. 

PPP and its derivatives are interesting materials because they act as an excellent 

organic conductor upon doping. Another major interest of PPP is that it can be used as 

the active component in blue light-emitting diodes (LEDs).8,9 Oligo(p-phenylene)s are 

generally utilized as model compounds for studying the electrical mechanisms of 

PPPs which are related to intra- and inter-chain charge transport or distribution and 

stabilization of charges and spins on π-conjugated chains. These mechanisms are 

important to the potential application of PPPs in rechargeable batteries.10,11 PPV and 

its derivatives are one of the most extensively studied systems since the first ever 

reported light-emitting devices (LEDs) utilized PPV as the emission layer.12 This has 

stimulated further interest in related types of structures such as 

poly(p-phenyleneethynylene) (PPE), which exhibit large photoluminescence 

efficiencies both in solution and in the solid state because of their high degree of 

chain rigidity.13 

1.1.2 Applications of Conjugated Polymers 

Conjugated polymers display unusual electronic properties such as low ionization 

potential and high electron affinity, and the ability to be oxidized or reduced more 

reversibly than conventional polymers due to their unique molecular structures. These 
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polymers combine the processing advantages of the traditional polymers with the 

electrical and optical properties of metals, and the mechanical properties of the 

plastics. 

There are two interesting properties of conjugated polymers used as conducting 

polymers that attracted much attention. The first is their reversible redox properties 

(i.e. electroactivity) and the second is their electrically conductive properties (i.e. 

conductivity).   

The exploitation of the two properties have enabled the polymers to used as electronic 

devices,14 rechargeable batteries,15 and controlled drug release systems.16 The 

combination of electroactivity and a good stability in aqueous solutions makes 

feasible the use of selected conjugated polymers in areas of bioscience. 17  PPy has 

been exploited as an electroactive film for the timed release of chemicals.18  

In the area of sensors, considerable attention has also been directed towards the use of 

conducting polymers in amperometric sensors, primarily for the monitoring of 

glucose.19-21 Conducting polymers have also been used in potentiometric sensors, 

conductormetric sensors,22 colorimetric sensors,23 fluorescent sensors,24 

chemosensors,25 and biosensors.26 Conducting polymers are also used in the 

manufacturing of electrically conducting textiles27 and production of artificial 

muscles.28  

In addition, it has been reported that PA,29 PAni,30 PPy31 can be used as conducting 

resists in lithographic applications.  PAni is used as shielding material for 

electromagnetic radiation and to reduce electromagnetic interference.32-34 
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One of the most important applications of conjugated polymers is their role as active 

materials in optoelectronic devices such as light-emitting diodes,35 photodiodes,36-38 

laser diodes,39 light-emitting electrochemical cells,40,41 photodetectors,42 polymer rigid 

triodes,43 optocouplers,44 electrostatic shielding, non-linear optics,45,46 electrochromic 

windows,47 and field effect transistors.48-54  Some of these polymer-based devices 

have reached performance levels comparable to or even better than those of their 

inorganic counterparts. In particular, polymer light emitting diodes have spurred 

special interest in recent years. 

1.2 Conjugated Polymers Applied as Chemosensors or Biosensors 

Conjugated polymers are widely used as sensors. CP-based sensors can be made very 

sensitive to trace analytes.26   CP-based sensors can be divided into four types, which 

are conductometric, potentiometric, colorimetric and fluorescence sensors. 

Conductometric sensors show dramatic changes of their electrical conductivity after 

perturbation by an analyte. Potentiometric sensors exhibit the changes of chemical 

potential. Colorimetric sensors are the sensors which display changes of UV-vis 

absorption properties. Fluorescence sensors are also widely used in chemical sensing 

which is based on the changes of their fluorescence intensity, energy transfer, 

wavelength, and lifetime and the efficient signal amplification.  Much effort in the 

area of CP-based sensors has been directed to the enhancement of sensitivity of the 

devices.55,56 

The selectivity of CP-based sensors can be realized through introducing special 
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receptors into the molecular structure. The polyalkyl ether chain-, crown ether-, aza 

crown ether-functionalized CPs are the most widely investigated.57 

Poly[3-(3,6-dioxaheptyl)thiophene], the first conjugated polymer used for ion 

detection, was reported to exhibit high sensitivity to Bu4N+ and Li+ ions through 

investigation of the changes of its voltammetric properties after  complexation with 

this ions.58,59 A series of polythiophene and polypyrrol-based CPs have been 

developed to detect alkali or alkaline-earth metal ions.60-71 (Figure 1.1) 
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Figure 1.1 Some typical CPs for detecting alkali or alkaline-earth metal ions 

Beside crown ether-funtionalized CP sensors, CPs containing pyridyl-based ligands 

which coordinate with a variety of transition metal ions were also studied.  Generally, 

the pyridyl-based ligands were introduced into the conjugated backbone or tethered 

on the conjugated backbone to form the π-π conjugation (Figure 1.2). After chelating 

with the transition metal ions, the ligands will become more planar and thus increase 

the π-π conjugation along the polymer chains. Concomitantly, the optoelectronic 
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properties of the CPs will change significantly and can be used to detect transition 

metal ions. Thus, many bipyridine-based conjugated polymers were synthesized to 

detect transition metal ion.72-76 
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Figure 1.2  Pyiridyl-based conjugated polymers as chemosensors 

Such crower ether or pyridyl group-containing CPs have been widely investigated to 

detect metal ions as conductometric, potentiometric and colorimetric sensors. 

Recently, fluorescence sensors which detect analytes through the fluorescence 

quenching and recovering have received much attention because of their real-time and 

amplified responses. The utility of CPs as fluorescence senosrs was first reported by 

Swager’s group.77,78 It was found that these fluorescent conjugated polymers display 
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very high sensitivity to trace amounts of analytes. The observed superior sensitivity is 

anticipated to result from the CP’s delocalized conjugated molecular structure which 

can facilitate efficient electron and energy migration along the whole conjugated 

backbone (Figure 1.3).  

 

Figure 1.3  Band diagram illustrating the mechanism of quenching behavior for 
conjugated polymers 

In Swager’s work, the fluorescent conjugated polymers with a cyclophane receptor at 

every repeat unit and their monomeric counterpart compound, a small molecule 

containing a cyclophane receptor, were compared to demonstrate this principle. The 

cyclophane receptors were afforded to bind paraquat and its derivatives which are 

electron-transfer molecules for fluorescence quenching (Figure 1.4 A). It was shown 

that the fluorescence of both the monomer and polymer can be quenched after the 

binding of the paraquat by the cyclophane to form a rotaxane complex. However, the 

polymer showed a 3 orders of increase in quenching efficiency when compared to the 
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monomeric compound. The efficient quenching resulted from the facile electron and 

energy migration from the binding receptor sites to the whole polymer backbone 

(Figure 1.3). This approach was also used by Swager’s group to detect explosives, 

such as 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) 55,56 (Figure 1.4 B). 
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Figure 1.4 A:  The first reported conjugated polymer as fluorescence 
chemosensor. B: the PPE derivatives utilized for detecting TNT 

1.3 Water-Soluble Conjugated Polymers 

Currently, water-soluble conjugated polymers (WSCPs) have displayed great potential 

in optoelectronic79-81 and biological fields82 due to their water solubility and 

optoelectronic properties. The most common may to prepare conjugated polymers 

with good water solubility is to introduce hydrophilic groups such as quaternized 

ammonium, carboxylate or sulfonate into the polymer chains to form conjugated 

polyelectrolytes. The optoelectronic properties of WSCPs can be conveniently 
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adjusted by changing the molecular structure of the conjugated backbone. Also, the 

ionic group on the conjugated polymer can be further used to afford electrostatic 

attraction force to construct supramolecular structures.83-86 

Previously WSCPs were applied to fabricate optoelectronic devices through the 

layer-by-layer self-assembly,87 ink-jet printing88 or screen printing techniques.89 The 

above novel developed film deposition techniques showed great potential to fabricate 

films with large area multilayers by a relative cheap method. Yang’s group first 

reported fabrication of the blue and orange-red dual-color polymeric light-emitting 

pixels via hybrid ink-jet printing method (HIJP).90 Rubner’s group later reported the 

multilayer LEDs through layer-by-layer self-assembly using cationic and anionic 

blue-light emitting conjugated polymers.90 Furthermore, the same layer-by-layer 

self-assembly method was applied to study the Förster energy transfer between 

conjugated polymers with different band-gaps.91 Most importantly, the water-based 

techniques have been paid more attention because they can be used to prevent the 

unfavorable inter-surface diffusion or erosion between the neighboring layers which is 

inevitable in the organic solvent-based fabrication processes.92 

Although previous research has demonstrated that conjugated polymers exhibit 

amplified sensitivity to detect small amounts of analytes, these conjugated 

polymer-based sensors are limited in practical application because these polymers can 

only dissolve in organic solvents while most of sensing applications are conducted in 

an aqueous environment. Water-soluble conjugated polymers therefore show great 

potential as a new class of chemo- and bio-sensors with high sensitivity and 
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selectivity.93  WSCPs with ionic groups could attach oppositely charged quenchers 

more closely through electrostatic attraction and lead to amplified fluorescence 

quenching by those trace quenchers via energy transfer or electron transfer. Cheng 

first reported the amplified fluorescence quenching of anionic sulfonated PPV 

(PPV-SO3
2-) to cationic methyl viologen (MV2+).93 

 

Figure 1.5  Diagram illustrating the detection mechanism of conjugated 
polyelectrolyte for biomolecules 

This method can also be applied to detect biomolecules by coupling the quencher with 

a biological ligand. In aqueous solution, when the quencher–ligand conjugates is 

attached to the conjugated polyelectrolytes through electrostatic interactions, the 

fluorescence of conjugated polyelectrolytes will be quenched. When biospecific 

receptors are added, the quencher–ligand conjugates will combine with the biological 

receptor and detach from the conjugated polyelectrolytes, and thus the fluorescence 

will be recovered (Figure 1.5).93  In 2002, Wang et al modified this method. They 

first fabricated a charge neutral complex (CNC) in aqueous solution by combining 

PPV-SO3
- and a saturated cationic polyelectrolyte at a 1:1 ratio (per repeat unit) and 
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then successfully used them to detect the anti-DNP lgG.94 The advantage of this 

modified method is that it can significantly decrease the nonospecific interactions 

between conjugated polyelectrolytes and biomolecules. 

 

Figure 1.6  Diagrammatic representation for the use of a water-soluble CP with 
a specific PNA-C* optical reporter probe to detect a complementary ssDNA 

sequence.95 

Recently, the cationic blue-light emitting conjugated polymers, PFs, are successfully 

developed by G. C. Bazan et al to detect DNA and RNA through sensitizing the 

fluorescence of a dye on a specific peptide nucleic acid (PNA) sequence.95 The 

mechanism of this method is illustrated in Figure 1.6.  The cationic PF and PNA 

with dye were dissolved in the same aqueous solution and DNA was then added. The 

anionic DNA swiftly combined with cationic PF through electrostatic attraction. If the 

PNA with dye is the specific PNA for the DNA, the PNA will be attached close to the 

DNA-PF complex and produce the energy transfer from PF to the dye on PNA. 

Finally the blue-light emitting of PF in the aqueous solution will turn into green 

light-emitting of the dye. On the contrary, if the PNA with dye is not the specific PNA 
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for the DNA, the PNA will not absorbed by the DNA-PF complex and the aqueous 

solution will still retain blue-light emitting.  

Most recently, Swager’s group has used a carbohydrate-functionalized fluorescent 

polymer, which contains many carbohydrate ligands on a single polymer chain, to 

allow for multivalent detection of pathogens. The multivalent interactions between the 

mannosylated polymer and mannose receptors located on the bacterial pili can cause 

aggregation of the polymer and formed brightly fluorescent clusters.96 
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Figure 1.7  Molecular structure of WSCPs used as chemo or biosensors 
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Because of the potential application of WSCPs as biosensors, the influence on the 

fluorescence quenching of WSCPs have been significantly investigated. Recent 

research shows that the quenching ability of WSCPs is influenced by the structures of 

conjugated polymers themselves and the local environments, such as conjugated 

length,97 charge of quenching,98 ionic strength,99 substrate,100 complex of WSCPs with 

oppositely charged surfactant101,102 or polyelectrolytes100,103 and aggregation 

statutes.104 It was found that the more fluorescent quenching will be obtained if the 

longer conjugated length of WSCPs and the more opposite charge on the quencher 

exist.97,98 The increased ionic strength of the local environment is likely to screen the 

electrostatic attraction between conjugated polymer and quencher, and finally leads to 

a decrease in the quenching ability.99  

Further study showed that if the fluorescent WSCPs are absorbed onto the oppositely 

charged surfaces, their quenching ability may be significantly changed. For example, 

when PPV-SO3
- chains were absorbed on the surface of polystyrene microsphere, 

these anionic conjugated polymers can only be used to detect analytes with the same 

anionic charges instead of that with opposite cationic charge.100 Similarly, after 

anionic PPV-SO3
- chains were combined with cationic surfactant, these conjugated 

polymers exhibit higher sensitivity on those neutral quenchers (for example, 

trinitrotoluene) but a lower sensitivity to oppositely charged quenchers.101  

The first reported water-soluble conjugated polymer was polythiophene.105 Other 

fluorescent water-souble conjugated polymers (Figure 1.7) soon followed, which 

included poly(phenylene ethylene),106 poly(phenylene vinylene)107 and 
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polyfluorene.108 Generally, their water-solubility was realized through chemically 

attach ionic or neutral water-soluble groups to the polymer chains.  
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Figure 1.8  Molecular structure of water-soluble conjugated-ionic and 
conjugated-acidic block copolymers  

Recently, a novel method to achieve water-solubility was reported. This involves the  

self-assembly of block copolymer in aqueous solution, by combining the neutral 

conjugated polymer segments with the water-soluble polymer soft segments. Lu et. 

al109,110 synthesized the water-soluble conjugated-acidic and conjugated-ionic block 

copolymers via atom transfer radical polymerization (ATRP) with the 

polyfluorene-based macroinitiator and reported their good water-solubility through 

their self-assembly in aqueous solution (Figure 1.8). 

1.4 Noncovalently Connected Micelles (NCCM) 

Recently, hydrogen bonding and ion-ion interaction has been used as the main driving 

forces to self-assemble one-, two- or three-dimensional structures.111,112 It is 
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well-known that introducing the specific interactions into multicomponent polymers 

is an efficient method to enhance the miscibility and finally form interpolymer 

complexes.113 However, most polymers contain flexible and long-chain properties, 

resulting in the uncontrollable interactions between complementary polymers and 

therefore the formation of irregular structures.113 Thus, efficient control of specific 

interactions between polymeric blocks to realize regular supramolecular structures is 

highly desirable. Generally, such assemblies are realized through the micellization of 

block copolymers in one selected solvent, the driving force of which is from the 

extremely different solubility of the polymer blocks in such a solvent.114-116 

Most recently, polymeric micelles and hollow spheres are developed from the 

self-assemblies of two different types of polymers with intermolecular-specific 

interactions (hydrogen bonding). This novel method to prepare polymeric 

self-assembly is called “block copolymer-free strategies”. 

 

Figure 1.9  Schematic representation of the formation of hydrogenbonding 
grafting polymers and their assembly in selective solvents. 

To realize this strategy, an oligomer (A) equipped with a single interaction site at one 

end of the short chain and a polymer (B) pending with many interacting sites which 

could interact with A must be chosen.117-119 Under the interaction between B and the 
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end of A, a graft-like soluble complex with B and A is first formed in the same 

solvent. After adding another solvent in which only A or B has good solubility, the 

complex can assemble into a core-shell structure (Figure 1.9). This strategy was first 

reported by Jiang’s group. They successfully prepared the polymeric micells using 

poly(4-vinyl pyridine) (P4VP) as a proton-accepting polymer and a 

low-molecular-weight carboxyl-end polystyrene (CPS) as a proton-donating 

polymer.118 CPS and P4VP were first mixed in chloroform to form the soluble 

complex and then after adding toluene (which could only dissolve CPS) the complex 

self-assembled into stable micelles.118,119 Because the CPS shell and the P4VP core 

are connected with each other by hydrogen bonding which are different with covalent 

bonding in the micelles of blockpolymers, they were called “noncovalently connected 

micelles” (NCCM). The above strategy was further applied to prepare other NCCMs 

composed of carboxyl-ended polybutadiene (CPB) and P4VP120, and poly(2-vinyl 

pyridine) (P2VP) and polyisoprene with a sulfonic acid end (suPI)121.  

In the above strategy, restricting one kind of interaction sites to the end of polymer 

chain is necessary. Recently, a new strategy named “Assembly of Polymer Pairs in 

Solvent/Precipitant” which does not need the above restriction and which is 

applicable to those polymers with one or more interacting sites was developed as 

follows.122 All of those polymers which have one or more interacting sites can be used 

in this new strategy. Firstly, polymers A and B were dissolved in different solvents 

and the solvent for B must be a precipitant for A. When solution with A was added 

into solution with B, the chains of A would aggregate into nano- or submicrometer 
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size particles and quickly embedded with the chains of B through the formation of 

hydrogen bonding between A and B, and therefore the micelle-like particles were 

formed and the precipitation A would be prevented. Based on this new strategy, 

several NCCMs were prepared using slightly sulfonated polystyrene/P4VP,123,124 

poly(styrene-comethacrylic acid)/poly(vinyl pyrrolidone),125 hydroxyl-containing 

polystyrene (PSOH)/P4VP,126 CPB/poly(vinyl alcohol),127 and poly(ε-caprolactone) 

(PCL)/poly(acrylic acid).128  For example, chloroform is a good solvent for both 

PSOH and P4VP, while nitromethane is a good solvent for P4VP but a poor solvent 

for PSOH. When PSOH in CHCl3 was added into nitromethane with P4VP, the 

NCCMs was formed because of the hydrogen bonding between the pyridine ring in 

P4VP and hydroxyl in PSOH. As shown in Figure 1.10, it was found that the mutual 

interaction between P4VP and PSOH could be adjusted by changing the hydroxyl 

density in PSOH and resulted in different morphologies of the NCCMs. 

 

Figure 1.10  TEM micrographs of NCCM of (PSOH-x)-P4VP (x, the molar 
content of hydroxyl-containing units in PSOH) showing morphological change 

with hydrogen-bonding density, (a) PSOH-2/P4VP, (b) PSOH-20/P4VP, (c) 
PSOH-27/P4VP, and (d) PSOH-42/P4VP.147 

All the above research showed that as long as the proper special interaction are 

ultilised, most polymers, such as functionalized oligomers, ionomers, homopolymers, 

random copolymers, and graft copolymers, can be assembled into supermolecular 
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structures. These new strategies for self-assembly are characterized by simplicity of 

the preparing process and broadness of the available materials. These opens up further 

intriguing prospects for obtaining water-soluble conjugated polymer-based 

light-emitting materials (nanoparticles). 

1.5 Project Objectives 

It has been shown in the previous paragraphs that the noncovalent self-assembly via 

hydrogen bonds is a powerful way to prepare water-soluble materials directly from 

non-water-soluble polymers in conjunction with water-soluble polymers. Thus this 

method is anticipated to be suitable for the preparation of water-soluble conjugated 

polymer-based fluorescent nanomaerials.  

The aim of our project is to produce water-soluble conjugated polymers or oligomers 

through the noncovalent self-assembly method described above. In our work, 

conjugated polymers PPEs and oligomers OPEs with functional groups capable of 

forming hydrogen bonds with water-soluble polymers will be characterized as 

light-emitting materials. The optoelectronic properties and fluorescence quenching of 

the light-emitting nanoparticles prepared will be evaluated for potential application as 

sensors. The influence of non-covalent self-assembly system with different types of 

hydrogens on the conformational change and the related optical behavior of 

conjugated polymers in aqueous environments will also be discussed.  
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CHAPTER TWO 
 

Water-Soluble Light-Emitting Nanoparticles Prepared by 
Non-Covalent Bond Self-Assembly of Functionalized 
Poly(p-phenyleneethynylene)s and Poly(acrylic acid) 

2.1 Introduction 

In recent years intense efforts have been devoted to the study of conjugated polymers 

for applications as fluorescent chemo- or biosensors.1 Water-soluble conjugated 

polymers have particularly attracted increasing attention as sensory materials to detect 

chemical or bioactive species, such as protein, DNA and RNA.2 

To be a good candidate for use as biosensors, water-solubility is important since most 

of the biomolecules are water-soluble. The first water-soluble conjugated polymer 

reported was 3-substituted polythiophene3 and subsequently a series of conjugated 

polyelectrolytes were developed, such as poly(phenyleneethylene) (PPE),4 

poly(phenylenevinylene) (PPV)5 and polyfluorene (PF).6 Their water-solubility was 

mostly obtained through introducing ionic functions to their side chains. Another way 

to achieve water-solubility is through the use of block copolymer, e.g. combining 

neutral conjugated polymer segment with the water-soluble polymer segment. The 

preparation of water-soluble conjugated-acidic and conjugated-ionic block 

copolymers via atom transfer radical polymerization (ATRP) with a 

polyfluorene-based macroinitiator was reported by Huang’s group.7,8 In recent years, 

non-covalent bond self-assembly was developed as a facile way to produce 
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water-soluble micelles and other nanostructures.9,10 For example, Yoshida et. al. 

reported the micelle formation of nonamphiphilic diblock copolymer via noncovalent 

bond cross-linking in 1, 4-dioxane.10a Jiang et. al. demonstrated a series of spherical 

micelles obtained from polyimide (PI) with carboxyl ends, a rigid polymer, and 

poly(4-vinylpyridine) (PVPy) in a common solvent.9a Thus, it is anticipated that the 

water-solubility of conjugated polymers can also be simply obtained from 

non-water-soluble conjugated polymers assisted with water-soluble polymers.10 

Recently Huang’s group reported the preparation of water-soluble light-emitting 

materials through hydrogen bond self-assembly of polyfluorene and poly(acrylic acid) 

(PAA). This phenomenon was attributed to two main factors: the rigid character of PF 

and the hydrogen bonding between PF and PAA.11 However, investigation of the 

influence of non-covalent self-assembly on the conformational change and the related 

optical behaviors of conjugated polymers in an aqueous environment is more 

significant and exigent to develop these materials as good biosensors in general. 

In this work, hydroxyl-functionalized PPE (OHPPE) and amino-functionalized PPE 

(NEt2PPE) were successfully synthesized. Their nanoparticles (micelles) in aqueous 

solution were successfully prepared through hydrogen bond assisted self-assembly 

with poly(acrylic acid). PPE is a conjugated polymer which has been widely used to 

study optical property-structure relationship because of its good optical response to 

environmental variations through facial changeable torsion angle and interchain 

aggregation. Its application as chemosensor has been widely reported by Swager’s 

group.12-16 Most recently the anionic water-soluble PPEs were utilized to study the 
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contribution of polymer aggregation on sensitivity of biomolecular detection.17,18 

Thus, it is reasonable to conceive that PPEs are good candidates for studying the 

variation of optical properties of nanoparticles by non-covalent self-assembly in 

aqueous solution. Their water-solubility, optical properties and morphologies were 

investigated in this work. 

2.2 Molecular Design 

Scheme 2.1  Functionalized PPEs and the water-soluble polymer for preparing 
water-soluble nanoparticles 

In order to synthesize functionalized PPEs for non-covalent bond self-assembly 

systems, hydroxyl and amino groups containing lone electron pair was incorporated 

into the PPEs which upon forming hydrogen bond with active hydrogen atoms, could 

afford self-assembly. In addition to the substitutes containing hydroxyl and tertiary 

amine group, long chains, hexyloxyl groups were further substituted into the rest of 

benzene rings to enhance the solubility of PPEs in common organic solvents. To 

obtain water-soluble composites by non-covalent bond self-assembly, water-soluble 
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poly(acrylic acid) (PAA) was used to provide active hydrogen atoms to form 

hydrogen bond with hydroxyl or amino group on the PPE sidechains. The chemical 

structures of the desired neutral polymers are illustrated in Scheme 2.1. 

2.3 Experimental 

2.3.1 Materials 

All chemical reagents were purchased from Aldrich Chemical Co. THF was purified 

by distillation from sodium in the presence of benzophenone. Anisole was distilled 

from calcium hydride and stored under argon in darkness at 0 °C.  

2.3.2 Characterization Methods 

The NMR spectra were collected on a Varian Mercury Plus 400 spectrometer with 

tetramethylsilane as the internal standard. Elemental microanalyses were carried out 

on a Vario EL III CHNOS Elementar Analyzer. Mass spectra (MS) were obtained by 

using a micromass VG 7035E mass spectrometer at an ionizing voltage of 70 eV. 

Thermogravimetric analysis (TGA) was performed on a Shimadzu thermogravimetry 

and differential thermal analysis DTG-60H at a heating rate of 10 °C/min under N2. 

Differential scanning calorimetry (DSC) measurements were performed under a 

nitrogen atmosphere at both heating and cooling rates of 10 °C/min, using NETZSCH 

DSC 200PC apparatus. Gel permeation chromatography (GPC) analysis was 

conducted with a HP1100 HPLC system equipped with 7911GP-502 and GP NXC 
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columns using polystyrenes as the standard and tetrahydrofuran (THF) as the eluent at 

a flow rate of 1.0 mL/min at 35 °C. Ultraviolet-visible (UV-vis) spectra were recorded 

on a Shimadzu 3150 PC spectrophotometer. Photoluminescence (PL) emission and 

excitation spectra were carried out on a Shimadzu RF-5301 PC 

spectrofluorophotometer with a xenon lamp as a light source. The polymer thin films 

used for these measurements were prepared by spin coating from tetrahydrofuran 

solution (10 mg/mL) on a quartz plate.  

2.3.3 Synthesis 

1,4-Diiodo-2,5-dimethoxybenzene (1) 

13.8 g (0.1 mol) of 1,4-dimethoxybenzene, 8.56 g (0.04 mol) of KIO3 and 27.94 g 

(0.11 mol) of I2 were added into a solution of acetic acid (500 mL), 98% H2SO4 (5 

mL), and H2O (50 mL). The reaction mixture was stirred at reflux for 24 h and then 

cooled to room temperature. Aqueous Na2SO4 (20%) was added until the brown color 

of iodine had disappeared, and the acetic acid was evaporated under reduced pressure. 

The residue was poured into 200 mL water and the mixture was extracted with ethyl 

acetate three times, and the obtained organic layer was washed with water two times, 

and brine once. The combined organic layers were dried over MgSO4. After the 

solvent was evaporated, the crude solid was recrystallized with hexane/chloroform to 

afford pure product as colorless crystals (29 g, yield 75%). Mp: 172-3 oC. 1H NMR 

(CDCl3, ppm): δ 7.23 (s, 2H), 3.86 (s, 6H). 
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1,4-Diiodo-2,5-hydroquinone (2) 

19.5 g (0.05 mol) of 2,5-diiodo-1,4-dimethoxybenzene was dissolved in 250 mL 

CH2Cl2 in a 500 mL round-bottom flask fitted with a condenser. The reaction mixture 

was cooled to –80 oC in a dry ice-acetone bath. 26.3 g (0.105 mol) of BBr3 dissolved 

in 105 mL CH2Cl2 was added dropwise through the condenser. After the addition, a 

drying tube was attached on the top of the condenser, and the mixture was allowed to 

warm to room temperature. The mixture was stirred at room temperature for 12 h and 

then carefully hydrolyzed with 200 mL of H2O. The aqueous layer was separated and 

extracted with ether three times. The combined organic phases were extracted with 

NaOH (200 mL, 2 N), the NaOH solution was then neutralized with dilute HCl (1 N) 

in ice bath. The precipitate was collected and dried, and recrystallized from acetic acid 

to afford brown crystals (14.5 g, yield 80%). Mp: 198-200 oC. 1H NMR (DMSO-d6, 

ppm): δ 9.82 (s, 2H), 7.15 (s, 2H). 

1,4-Diiodo-2,5-bis(hexyloxy)benzene (3) 

Sodium ethoxide was prepared by adding 1.52 g (66 mmol) of sodium into 50 mL of 

anhydrous ethanol. After all the sodium disappeared, 10.86 g (30 mmol) of 

1,4-diiodo-2,5-hydroquinone in 10 mL of anhydrous ethanol was added dropwise. To 

the stirred mixture, 10.89 g (66 mmol) of 1-bromohexane in 10 mL of anhydrous 

ethanol was added. After stirring for 24 h with refluxing, the ethanol was evaporated 

at reduced pressure. The brownish residue was added into 300 mL of water, extracted 

with ethyl acetate, and dried with anhydrous magnesium sulfate. The white product 

(12.1 g, yield 76%) was obtained by recrystallization in ethanol after most of the 
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solvent was removed under reduced pressure. Mp: 80-1 oC. 1H NMR (CDCl3, ppm): δ 

7.08 (s, 2H), 3.99 (t, 4H, J = 4.8 Hz), 1.82 (m, 4H), 1.52 (m, 4H), 1.37 (m, 8H), 0.94 

(t, 6H, J = 8.0 Hz). 
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Scheme 2.2  Synthetic routes for functionalized monomers 

1,4-Bis(ethynyl)-2,5-bis(hexyloxy)benzene (Monomer 1) 
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To a solution of 1,4-dihexyloxy-2,5-diiodobenzene (3.96 g, 0.0075 mol), CuI (0.07 g, 

0.375 mmol), and Pd(PPh3)2Cl2 (0.265 g, 0.375 mmol) in 50 mL of diisopropylamine 

((iPr)2NH) was added (trimethylsilyl)acetylene (1.5 g, 0.015 mol). The mixture was 

stirred at 70 °C for 2 hours. After cooling, dichloromethane was added, and the white 

ammonium iodide precipitate was filtered off. The solution was passed through a 

short silica gel column using hexane as eluent. After the solvent was evaporated under 

reduced pressure, the white crystals 

1,4-bis[(trimethylsilyl)ethynyl]-2,5-bis(hexyloxy)benzene (2.82 g, 85%) were 

obtained. It was redissolved in THF (20 mL). The mixture of methanol (30 mL) and 

NaOH (2 mL, 5 N) was added to the stirred THF solution. After 2 hours, the solvent 

was evaporated, and the residue was poured into 100 mL of water and extracted with 

hexane twice. The combined hexane layer was washed with distilled water twice, 

brine once and dried over anhydrous sodium sulfate. The white crystal 1 (1.82 g, 93%) 

was obtained after recrystallization from ethanol. MS: m/z 326.2. 1H NMR (CDCl3), δ 

(ppm): 6.95 (s, 2H), 3.97 (t, 4H), 3.33 (s, 2H), 1.84-1.75 (m, 4H), 1.50-1.26 (m, 12H), 

0.90 (t, 6H). 13C NMR (CDCl3), δ (ppm): 154.43, 118.26, 113.75, 82.75, 80.19, 70.13, 

31.90, 29.50, 25.97, 22.96, 14.37. Anal. Calcd for C22H30O2: C, 80.94; H, 9.26. Found: 

C, 80.88; H, 9.23. 

2,5-Bis((3-propanol)oxy)-1,4-diiodobenzene (Monomer 2) 

In a round-bottom flask containing acetone (40.0 mL) were combined 

2,5-diiodo-1,4-hydroquinone (2.06 g, 5.70 mmol), 3-bromopropanol (1.74 g, 12.5 

mmol), K2CO3 (6.32 g, 45.8 mmol), and NaI (0.20 g, 1.29 mmol). The mixture was 



 38

heated at 70 °C for 24 hours under nitrogen atmosphere. The reaction mixture was 

filtered and the salts washed with dichloromethane. The filtrate was washed several 

times with NaOH solution (0.1 N), followed by distilled water twice, brine once and 

dried over anhydrous sodium sulfate. The solvent was removed under reduced 

pressure and the residue was recrystallized from the mixture of 

dichloromethane/hexane (1:3) to give pure product (1.90g, 70.0%) as white crystal. 

MS: m/z 477.9. 1H NMR (CDCl3), δ (ppm): 7.21 (s, 2 H), 4.11 (t, 4 H), 3.92 (t, 4 H), 

2.08 (m, 4 H). 13C NMR (CDCl3), δ (ppm): 152.93, 122.79, 86.37, 68.61, 60.86, 32.05. 

Anal. Calcd for C12H16I2O4: C, 30.15; H, 3.37; I, 53.09. Found: C, 30.10; H, 3.35. 

2,5-Bis[3-(N,N-diethylamino)-1-oxapropyl]-1,4-diiodobenzene (Monomer 3) 

A 250 mL round-bottom flask with magnetic stirring bar was charged with anhydrous 

potassium carbonate (24.84 g, 0.18 mol), 1,4-diiodo-2,5-hydroquinone (10.86 g, 0.03 

mol), and 150 mL of acetone. The stirred mixture was charged with nitrogen for 15 

min and then refluxed for about 30 min. 2-chlorotriethylamine hydrochloride (12.38 g, 

0.072 mol) was then added into the round-bottom flask and the mixture was refluxed 

for 3 days. The precipitate mixture was filtered and the filtrate was rotary evaporated. 

The residue was poured into water and extracted with ether, and the combined 

organics were washed with 10% aqueous sodium hydroxide twice, water twice, and 

brine once. The solution was dried over magnesium sulfate, filtered and the solvent 

was stripped by rotary evaporation to yield a crude solid. The crude product was 

recrystallized with hexane to afford colorless crystals (12 g, yield 71%). Mp: 76-8 oC. 

MS: m/z 559.9. 1H NMR (CDCl3, ppm): δ 7.23 (s, 2 H), 4.02 (t, 4 H, J = 6.4 Hz), 2.93 



 39

(t, 4 H, J = 6.4 Hz), 2.67 (q, 8 H, J = 6.4 Hz), 1.10 (t, 12 H, J = 6.8 Hz). 13C NMR 

(CDCl3, ppm) δ 153.4, 123.4, 86.5, 69.8, 52.0, 48.4, 12.6. Anal. Calcd for 

C18H30I2N2O2: C, 38.59; H, 5.40; N, 5.00; I, 45.30. Found: C, 38.99; H, 5.32; N, 4.84. 

Scheme 2.3  Synthetic routes for functionalized PPEs 

OHPPE 

A two-necked flask was charged with Monomer 2 (348 mg, 0.73 mmol), Monomer 1 
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was degassed with three vacuum-nitrogen cycles and then diisopropylamine 

((iPr)2NH) (9 mL) and THF (18 mL) were added at 0 °C. The mixture was vigorously 

stirred at 65 °C under nitrogen for 1.5 h. To the mixture was added bromobenzene 

(3.0 mg, 0.02 mmol) and1-ethynylbenzene (3.0 mg, 0.02 mmol) sequentially, and was 

stirred for another 12 h. After the mixture was cooled to room temperature, it was 

subjected to a CHCl3/H2O workup. The combined organic phase was washed with 

water NH4OH (50%) twice, distilled water twice, and brine once and dried over 

anhydrous sodium sulfate. The solvent was removed in vacuum, and the residue was 

dissolved in CHCl3 and precipitated in hexane twice to afford product as yellow solid. 

1H NMR (CDCl3), δ (ppm): 7.13 (s, 2 H), 7.05 (s, 2 H), 4.23 (t, 4 H), 4.06 (t, 4 H), 

3.93 (t, 4 H), 2.54 (s, 2 H), 2.11 (m, 4 H), 1.85 (m, 4 H), 1.55-1.34 (12 H), 0.90 (m, 6 

H). 13C NMR (CDCl3), δ (ppm): 153.74, 153.48, 131.86, 128.65, 117.32, 116.91, 

114.50, 114.10, 92.60, 91.14, 69.80, 61.65, 32.08, 31.87, 29.43, 25.93, 22.90, 14.30. 

Anal. Calcd for (C34H44O6)n: C, 74.42; H, 8.08. Found: C, 73.91; H, 7.91. 

NEt2PPE 

Under argon protection, diisopropylamine/toluene (3:7, 35 mL) was added to a 50 mL 

round-bottom flask containing a 0.249 g (0.765 mmol) sample of Monomer 1, 0.420 

g (0.75 mmol) of 1,4-bis[3-(N,N-diethylamino)-1-oxapropyl]-2,5-diiodobenzene 

(Monomer 3), 51.9 mg (0.045 mmol)of Pd(PPh3)4 and 42.8 mg (0.225 mmol) of CuI. 

The mixture was heated at 70 oC for 24 h and then subjected to a CHCl3/H2O workup. 

The combined organic phase was washed with water NH4OH (50%) twice, water 

twice, brine once and dried over MgSO4. The solvent was removed in vacuo, and the 
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residue was redissolved in 10 mL of CHCl3 and reprecipitated in methanol twice, The 

mixture was filtered to afford 0.42 g of a yellow solid (yield 89%). 1H NMR (CDCl3, 

ppm): δ 7.06 (s, 2 H), 7.03 (s, 2 H), 4.14 (br, 4 H), 4.06 (br, 4 H), 2.99 (br, 4 H), 2.70 

(q, 8 H), 1.88 (br, 4 H), 1.52 (br, 4 H), 1.43-1.22 (br, 8 H), 1.08 (t, 12 H), 0.90 (t, 6 H). 

FT-IR (KBr pellet, cm-1): 3454 (br), 3057, 2958, 2928, 2865, 2815, 2200, 1510, 1466, 

1423, 1383, 1275, 1209, 1038, 950, 858, 803, 717, 509. Anal. Calcd for 

(C40H58N2O4)n: C, 76.15; H, 9.27; N, 4.44. Found: C, 73.22; H, 8.54; N, 3.79. 

2.4 Results and Discussion 

2.4.1 Synthesis of Monomers and Polymers 

The preparation of monomers was shown in Schemes 2.2. 

2,5-dihexyloxy-1.4-diiodobenzene was prepared from1,4-diiodohydroquinone by a 

reaction with 1-bromohexane in refluxing ethanol in the presence of sodium ethoxide, 

while 2,5-bis[3-(N,N-diethylamino)-1-oxapropyl)-1,4-diiodobenzene] (Monomer 1) 

and 2,5-bis((3-propanol)oxy)-1,4-diiodobenzene (Monomer 2) were synthesized by a 

reaction with 2-(diethylamino) ethyl chloride hydrochloride and 3-bromopropanol in 

refluxing acetone in the presence of excess anhydrous potassium carbonate 

respectively. In view of the presence of ammonium groups and hydroxyl groups in the 

reactants which can form byproducts by reacting with strong base sodium ethoxide, 

the weak base anhydrous potassium carbonate was chosen to realize the substitution 

reaction instead of sodium ethoxide. Treating 2,5-dihexyloxy-1.4-diiodobenzene with 

trimethylsilyl acetylene afforded di(trimethylsilyl)ethynyl compounds which was 
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further converted to the key Monomer 3 under base treatment.  

Syntheses of the polymers were outlined in Scheme 2.3. The preparation of hydroxyl- 

and amino-functionalized polymers was accomplished via standard Sonagashira 

coupling reaction of corresponding diiodide Monomers 1 and Monomer 2 with 

diacetylene Monomer 3 in the mixture of toluene and diisopropylamine solution in 

the presence of Pd(PPh3)4/CuI catalyst at 70 oC for one day.  

2.4.2 Solubility and Color Study 

OHPPE and NEt2PPE were readily soluble in common organic solvents such as 

chloroform and THF but insoluble in water, methanol, DMSO and DMF, similar to 

the unfunctioalized PPEs.19 Both OHPPE and NEt2PPE are orange-yellow fibrous 

solids. Gel permeation chromatography showed reasonably high molecular weight for 

the neutral polymers (see Table 2.1). 

Table 2.1 GPC and Spectroscopic Data for PPEs 

 GPC absorbance  emission 
polymer 

 Mn Mw PDI THF  THF 
OHPPE  12 300 25 2.10 443  472 
NEt2PPE  14 300 32 2.29 444  474 
O-OPPEa  16 400 ― ― 449  474 
Mn, Mw and PDI of the polymers were determined by gel permeation chromatography 
using polystyrene standards. a Mn was determined by 1H NMR spectroscopy.19 

2.4.3 NMR Spectroscopy 

1H (see Figure 2.1) and 13C (see Figure 2.2) NMR spectra confirmed the structures of 
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NEt2PPE and OHPPE polymers. As shown in Figure 2.1, compared to the non 

splitting signal of the protons on the benzene rings at about 7.1 ppm of 

unfunctionalized PPEs,19 the corresponding signals of the functionalized PPEs all split 

into two peaks with the same relative integrals, which arises from the functionalized 

and unfunctionalized components. Also, NEt2PPE exhibits four characteristic peaks 

for amino groups. The peaks at 4.14 ppm is the methylene groups linked to the 

oxygen atoms (-OCH2CH2N-). The peaks at 2.95 and 2.70 ppm correspond to the 

methylene groups adjacent to the nitrogen atoms (–OCH2CH2N- and CH3CH2N- 

respectively), and the peak at 1.08 ppm corresponds to the methyl groups 

(CH3CH2N-). OHPPE showed two characteristic peaks at 4.23 and 3.93 ppm 

attributing to the methylene groups adjacent to the oxygen atoms (HOCH2CH2CH2O- 

and HOCH2CH2CH2O- respectively)  and one peak at 2.11 ppm attributing to 

another methylene group (-OCH2CH2CH2OH).  

8 7 6 5 4 3 2 1

ppm

NEt2PPE

OHPPE

 

Figure 2.1  1H NMR spectra of the functionalized PPEs 



 44

It was found that all the relative integrals of each peak correspond to the theoretically 

calculated values based on the functionalized PPEs. Thus, the NMR results showed 

that the functionalized groups have been successfully introduced into the benzene 

rings of PPEs. It also noted that the peak at 4.06 ppm of OHPPE and NEt2PPE 

attributed to the methylene groups adjacent to the oxygen atoms in hexyloxyl groups 

(CH3CH2CH2CH2CH2CH2O-) and one peak at 0.90 ppm of OHPPE and NEt2PPE 

attributed to methyl groups in hexyloxyl groups (CH3CH2CH2CH2CH2CH2O-). These 

data indicate that the hexyloxyl groups have also been introduced into the benzene 

rings of PPEs. 

160 140 120 100 80 60 40 20 0

ppm

OHPPE

NEt2PPE

 

Figure 2.2  13C NMR spectra of the functionalized PPEs 

13C NMR spectrum further confirmed the structure of the two functinalized PPEs. In 

Figure 2.2, NEt2PPE exhibits three characteristic peaks. The peaks at 51.8 and 48.2 
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ppm can be attributed to the methylene groups adjacent to the nitrogen (-CH2N-) 

atoms, and the peak at 12.2 ppm corresponds to the methyl groups (-CH3CH2N-). 

OHPPE showed three characteristic peaks at 69.9, 69.0 and 61.6 ppm attributing to 

the methylene groups adjacent to the oxygen (-CH2O-) atoms.  

2.4.4 FT-IR Spectroscopy 
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Figure 2.3  FT-IR spectra of the functionalized PPEs 

Since the difference of OHPPE and NEt2PPE only lies in the different functional 

groups attached to half of the benzene rings, there is no obvious difference between 

the IR spectra of the two polymers (see Figure 2.3). Almost all the peaks have the 

same positions except for some difference in the peak intensity. Both polymers have 

an inherited peak at 2200 cm-1 which corresponds to the C≡C stretching vibration of 
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the ethynylene groups. The peaks at about 1600, 1500 and 1460 cm-1 are attributed to 

the benzene rings. It is note worthy that OHPPE had a broad absorption peak at about 

3420 cm-1 while NEt2PPE exhibited no peak at this position. This can be attributed to 

the formation of self-associated absorption peak of hydrogen bonds among hydroxyl 

groups in the OHPPE side chains. All these further demonstrated that the functional 

groups have been successfully introduced into the molecular structure of PPE. 

2.4.5 Thermal Stability  
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Figure 2.4  Thermogravimetric analysis of the functionalized PPEs 

The thermal stability of the polymers in nitrogen was evaluated by thermogravimetric 

analysis (TGA). The thermograms are depicted in Figure 2.4. The onset degradation 

temperature of all polymers starts at about 250 oC. Both OHPPE and NEt2PPE 
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suffered two major mass loss steps between 250 oC and 400 oC. This indicates the 

different side chain cleavage from the aromatic group in the molecular backbone. The 

first 27% weight loss of OHPPE and 30% weight loss of NEt2PPE from room 

temperature to about 350 oC can be attributed to the cleavage of the -CH2CH2CH2OH 

group and the -CH2CH2N(CH2CH3)2 group respectively. The second 30% weight loss 

of OHPPE and NEt2PPE from 350 oC to 400 oC is due to the cleavage of the -C6H13 

group. The Td at nearly 250 oC for the functionalized polymers made them stable 

enough as chemo or biosensors even in a hostile environment.  

2.4.6 Optical Properties  
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Figure 2.5  UV-vis and PL spectra of the functionalized polymers in THF 

The UV-vis and photoluminescence spectra of the functionalized PPE polymers in 



 48

THF are shown in Figure 2.5. Each polymer exhibits a strong absorption peak 

occurring at 433 nm and 430 nm respectively, while the emission peaks appeared at 

about 472 nm with a vibronic band shoulder at 506 nm. All these absorption and 

emission spectra are almost identical to the alkoxyl group substituted PPEs reported 

by Wrighton’s group previously,19 indicating that the electronic properties of these 

conjugated polymers are predominantly governed by the rigid-rod and highly 

conjugated polymer backbone and only slightly influenced by the nature of the 

attached side chains. 

2.4.7 Water-Soluble Light-Emitting Nanoparticles 

Table 2.2 DLS Characterization data of the nanoparticles and the preparing 
proportion of PPE and PAA 

Sample 
PPE : PAA 

(weight ratio, in 
water) 

Diameter (nm) Polydispersity Index 
(PI) 

OHPPE/PAA-1 1 : 10 353 0.40 

OHPPE/PAA-2 1 : 25 312 0.35 

OHPPE/PAA-3 1 : 50 289 0.34 

OHPPE/PAA-4 1 : 100 234 0.25 

NEt2PPE/PAA-1 1 : 10 410 0.45 

NEt2PPE/PAA-2 1 : 25 380 0.41 

NEt2PPE/PAA-3 1 : 50 373 0.40 

NEt2PPE/PAA-4 1 : 100 354 0.37 

 

In a typical procedure to prepare the nanoparticles, 2 mL of H2O was added to 0.2 mL 

of PAA (10 mg/mL in water) under ultrasonic for 5 min and 0.2 mL PPE solution(1, 
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0.4, 0.2 and 0.1 mg/mL in THF) was added dropwise and the nanoparticles formed 

were measured by DLS (Table 2.2). Ultrasonication is essential because magnetic 

stirring cannot disperse the added PPEs swiftly enough in aqueous solution which 

blocks the formation of water-soluble nanoparticles. 

It was found that after mixing with PAA in aqueous solution the functionalized 

OHPPE and NEt2PPE dissolved well in water to form a clearly yellow solution. This 

suggests a homogeneous dispersion of OHPPE and NEt2PPE in water. A bluish yellow 

tinge was observed in each mixture which suggested the presence of nanoparticles. 

Besides, each mixture emitted bluish green light under UV lamp 365 nm irradiation. 

The OHPPE/PAA and NEt2PPE/PAA mixtures are very stable in aqueous solution and 

no precipitate was formed after storing in air for four months. However, the 

unfunctionalized PPEs was unable to form transparent aqueous solution under the 

same condition and precipitated in water instantly. These observations confirmed the 

existence of the interaction between OHPPE and PAA or NEt2PPE and PAA through 

hydrogen bondings. It is well know that hydrophobic interaction, electrostatic 

interaction and hydrogen bond are generally the major driving forces to form 

water-soluble composites through the interaction between hydrophobic components 

and water-soluble components. Although there may exist the hydrophobic interaction 

between the unfunctionalized PPE and the hydrophobic portion (the main chain) of 

PAA, it cannot provide enough interaction between the two polymers to form stable 

water-soluble nanoparticles and therefore the unfunctionalized PPE precipitated in the 

aqueous solution. As for the hydroxyl- or amino-functionalized PPEs, because of the 
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formation of hydrogen bonds of the hydroxyl or amino groups with active hydrogen 

atoms on the acid groups of PAA, OHPPE/PAA and NEt2PPE/PAA could form stable 

nanocomposits in aqueous solution.  

 

Figure 2.6  Representative fluorescence micrograph of the OHPPE/PAA (1:25) 
nanoparticles. The sample was observed in water. The Picture was recorded with 

500 times zoom.  

 

Figure 2.7  Representative TEM micrographs of the nanoparticles obtained by 
freeze drying. The picture was recorded with 50,000 times zoom.  

Fluorescence microscopy and TEM were used to further investigate the morphology 

of the composites. Fluorescence microscopy (Figure 2.6) showed that the 

10 μm 

200 nm 
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nanoparticles which emitted bluish green light dispersed well in aqueous solution. 

TEM (Figure 2.7) further demonstrated the morphology of the nanoparticles (diameter 

ranged from 100 - 400 nm mainly in the range 300 - 400 nm), indicating the 

formation of OHPPE/PAA and NEt2PPE/PAA micelles in aqueous solution. It is 

reasonable to consider that in such nanoparticles, hydrophobic OHPPE and NEt2PPE 

exist as the core and hydrophilic portion (the side chain) of PAA as the shell. 

The DLS data are shown in Table 2.2. When the ratio of PAA/OHPPE is at 10:1, the 

nanoparticle size is 353 nm. When the ratio is increased to 100:1, the nanoparticle size 

decreased to 234 nm. PAA/NEt2PPE nanoparticles also follow the same trend. These 

results indicate that the nanoparticle size is highly dependant on the ratio of PAA/PPE. 

The higher the ratio of hydrophilic PAA to hydrophobic PPE, the smaller the particle 

size obtained. This observation is the same as those reported for inorganic 

nanoparticles stabilized by surfactants, the particle size of which is determined by the 

molar ratio of surfactant/inorganic materials.20 The higher ratio of PAA/OHPPE 

would reduce the agglomeration of hydrophobic PPE chains in aqueous solution in 

order to form stable small hydrophobic PPE cores. Thus the nanoparticle size can be 

conveniently adjusted by controlling the ratio of PAA/PPE. It is noteworthy that the 

particle size of PAA/NEt2PPE composites is larger than that of PAA/OHPPE 

composites of the same ratio. This may be attributed to the different lengths of 

hydrophobic conjugated chains and the different capability to form hydrogen bond 

between PAA and hydroxyl group or amino group. It is well known that the lone 

electron pair on the hydroxyl group is more active than tertiary amino group, and 
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hydroxyl group will form stronger hydrogen bond than tertiary amino group. The 

stronger hydrogen bond will tend to stable the nanoparticles and decrease the 

agglomeration of hydrophobic PPE chains. Furthermore, the longer hydrophobic 

conjugated chains are more prone to aggregate in aqueous solution to efficiently 

decrease their hydrophobicity than the shorter ones. Thus, the OHPPE are more eazily 

to form smaller nanoparticles than NEt2PPE in the presence of PAA in aqueous 

solution.  

2.4.8 Optical Properties of Nanoparticles 

Figure 2.8  UV-vis and PL spectra of the OHPPE/PAA and NEt2PPE/PAA 
nanoparitlces in aqueous solution 

It was found that the light blue color of PPE in THF solvent changed into yellow color 
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after nanoparticles were formed in aqueous solution, indicating the obvious variation 

of UV-vis absorption of the functionalized PPEs. The UV-Vis absorption and 

photoluminescence emission spectra of PPE/PAA nanoparticles (solution in water) 

and their solid films are shown in Figure 2.8 and Figure 2.9 respectively.  

Figure 2.9  UV-vis and PL spectra of the OHPPE and NEt2PPE as films 

The solid film emission spectra were collected from solid film made by spin-coating 

PPEs (5 mg/mL) from THF solutions on a glass substrate. Both OHPPE and NEt2PPE 

exhibited similar optical properties after the formation of water-soluble nanoparticles. 

Compared with that of PPEs in THF solution, the absorption maxima of the PPE/PAA 

naonoparticles was red-shifted about 30 nm from 440 to 475 nm. Such red shifts were 

also found in PPE films. It is well known that PPE chains are prone to form 
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π-aggregation in solid states based on their rigid rod backbone and result in the red 

shift of both absorption and emission maxima. Previously similar aggregation 

absorption at about 470 nm was also reported by Swager et al. in investigating the LB 

films of a series of PPE derivatives, which is quite close to the value in our system.21 

All these indicate that the π-aggregation of PPE chains were formed in PPE/PAA 

nanoparticles. 

The emission spectra of PPE/PAA further supported the above conclusion. Their 

photoluminescence spectra were similar to UV spectrum and both red-shifted from 

470 to about 540 nm, compared with the PL spectrum of PPEs in THF solution. The 

deep red shift (about 70 nm) of the nanoparticles is comparable to the reported 

red-shift (> 70 nm) of PPEs from interchain aggregation, strongly supporting the 

formation of interchain aggregation.18 

Time resolved photoluminescent measurements excited at 380 nm were further used 

to study the optical properties. The PPEs in THF solution revealed a rapid 

monoexponential decay and showed a fluorescence lifetime at τ ≈ 0.50 ns, which is 

close to that of those PPEs without any aggregation. After formation of nanoparticles, 

the fluorescence decay changed into biexponential and can be fitted to two 

components with τ ≈ 0.40 and 5 ns. This observed new long lifetime emission decay 

component further confirmed the existence of interchain aggregation. The 

fluorescence intensity of PPEs is described in Table 2.3. After formation of 

nanoparticles, the fluorescence quantum yield of PPE dramatically decreased from Φf 

≈ 0.60 of PPE in THF solution to Φf = 0.12. The reduced fluorescence intensity of 
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PPE/PAA in aqueous solution can be attributed to the formation of interchain 

aggregation of PPEs as nanoparticles. Thus, it is reasonable to consider that after 

formation of nanoparticles, the hydrophobic PPE chains were encapsulated in the 

cores of nanoparticles and tended to form π-interchain aggregation, just as it did in the 

solid state. 

Table 2.3 Photophysical properties of functionalized PPEs in THF and their 
nanoparticles in aqueous solution 

The Φf values of those polymers in solutions were measured using the quinine sulfate 
solution (ca. 1.0 × 10-5 M) in 0.10 M H2SO4 (Φf = 55%) as a standard.  

2.5 Conclusion 

In this chapter, a series of functionalized PPEs grafted with hydroxyl or amino groups 

were successfully synthesized by the Sonagashira coupling reaction. Their 

optoelectronic properties are predominantly governed by the rigid-rod and highly 

conjugated polymer backbone but little influenced by the nature of the attached side 

chains. The water-soluable nanoparticles containing functionalized PPEs were 

successfully prepared through hydrogen bond self-assembly between functionalized 

PPEs and PAA. It was shown that the nanoparticle size is highly related to the ratio of 

PAA to functionalized PPEs, i.e., the higher ratio of hydrophilic PAA to hydrophobic 

 absorption
λmax/nm 

emission
λmax/nm

τ/ns at 475 nm 
(amplititude/%)

τ/ns at 550 nm 
(amplititude/%) Φf 

OHPPE 443 472 0.54 (100) 0.59 (100) 0.64
NEt2PPE 444 474 0.55 (100) 0.58 (100) 0.60

OHPPE/PAA-2 472 541 0.44 (15), 5.28 
(85) 

0.51 (8), 5.80 
(92) 0.12

NEt2PPE/PAA-2 476 544 0.49 (20), 4.74 
(80) 

0.55 (5), 5.38 
(95) 0.12
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PPE, the smaller the nanoparticle diameter. Furthermore, the particle size of 

PAA/NEt2PPE composites is larger than that of PAA/OHPPE composites under the 

same ratio. This may result from the different length of hydrophobic conjugated 

chains and the different degree of hydrogen bond with PAA of hydroxyl group and 

amino group. Also, it was found that after formation of nanoparticles in aqueous 

solution, the hydrophobic PPE chains were encapsulated in the cores of nanoparticles 

and tended to form π-interchain aggregation, just as it did in the solid state. 
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CHAPTER THREE 
 

Water-Soluble Light-Emitting Nanoparticles Prepared by 
Non-Covalent Bond Self-Assembly of Hydroxyl Group 

Functionalized Oligo(p-phenyleneethynylene)s with 
Different Molecular Architectures and Water-Soluble 

Polymers Containing Different Active Hydrogen Atoms  

3.1 Introduction 

Recently, water-soluble fluorescent π-conjugated polymers have attracted much 

interest owing to their potential application in the development of highly efficient 

chemo- or biosensors.1-4  To prepare water-soluble π-conjugated polymers, the use of 

conventional synthetic chemistry via covalent bonding interactions is complex, 

tedious and time-consuming. Recently, the supramolecular assembly via noncovalent 

bonding interactions offers a simple and convenient method of preparing 

water-soluble conjugated materials with ordered nanostructures, which will retain the 

corresponding optical properties of the π-conjugated polymers and  consequently can 

be used in sensors. Even though many publications have appeared in recent years 

addressing the supramolecular assemblies of conjugated polymers or oligomers,5-8 

only a few reports have been cited on self-assembled π-conjugated systems in 

water.9-14 

Noncovalently connected micelles (NCCM) were first reported by Jiang et. al.15 They 

used homopolymers, random copolymers, and oligomers as building blocks to 

construct NCCM, in which the core and shell are connected by hydrogen bonds.16-21 
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Based on this work, we attempted to create new core-shell structured water-soluble 

conjugated supramolecular assemblies by substituting the components in the core with 

conjugated polymers, in line with our recent interest in new approaches to 

macromolecular assembly of π-conjugated polymer systems in water.  

In the previous chapter, we have reported the noncovalently connected water-soluble 

light-emitting nanoparticles containing hydroxyl- and amino-functionalized 

poly(p-phenyleneethynylene)s (PPEs) and poly(acrylic acid) (PAA).14 These 

nanoparticles showed a high degree of size dispersity which may be due to the 

intrinsic polydispersity of PPE conjugated lengths. However, nanoparticles with 

monodispersity are highly desired for bioapplication. To prepare nanoparticles with a 

low degree of dispersity, it is important to understand the influenences on the physical 

properties of the NCCMs exerted by the structures of the conjugated oligomers (with 

the monodispersed conjugated length). On the other hand, the influence of the 

strength of hydrogen bonds formed between conjugated oligomers and water-soluble 

polymers on the size and dispersity of NCCMs is also important and will be 

investigated. 

In this work, we report the preparation of water-soluble light-emitting nanoparticles 

prepared from oligomers by non-covalent bond self-assembly. First, a series of 

hydroxyl group functionalized oligo(p-phenyleneethynylene)s (OPEs) with different 

molecular architectures were successfully synthesized. We also use different 

water-soluble polymers, which have different active hydrogen containing groups, to 

realize different strength of hydrogen bonds. The properties of the water-soluble 
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light-emitting nanoparticls prepared from the OPEs and a number of water soluble 

polymers are also studied. 

3.2 Molecular Design 

We envisage that the size and the polydispersity of the nanoparticles are influenced by 

both the structure of the conjugated oligomers and activity of hydrogen atoms on the 

water-soluabe polymers. In this work, oligo(p-phenyleneethynylene)s with the same 

conjugated length incorporated with hydroxyl group at different sites, i.e., linear, 

cross-shaped and T-shaped structures were designed and synthesized.  
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Scheme 3.1  Functionalized OPEs and water-soluble polymers for the 
preparation of water-soluble nanoparticles 
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In addition, different water-soluble polymers with functionalized groups, i.e., 

poly(ethylene glycol) (PEG), poly(galactose) (PG) and poly(acrylic acid) (PAA) were 

used to provide different active hydrogen atoms to form hydrogen bonds with 

different strengths. The chemical structures of the conjugated oligomers and 

water-soluble polymers are illustrated in Scheme 3.1. 

3.3 Experimental 

3.3.1 Materials 

All chemical reagents were purchased from Aldrich Chemical Co. THF was purified 

by distillation from sodium in the presence of benzophenone. Poly(ethylene glycol) 

(PEG, Mn = 3400) was purchased from Aldrich Chemical Co. Poly(galactose) (PG, Mn 

= 3200, PDI = 1.12) and poly(acrylic acid) (PAA, Mn = 3800, PDI = 1.21) were 

afforded by Institute of Advanced Materials of Fudan University.  

3.3.2 Characterization Methods 

The NMR spectra were collected on a Varian Mercury Plus 400 spectrometer with 

tetramethylsilane as the internal standard. Elemental microanalyses were carried out 

on a Vario EL III CHNOS Elementar Analyzer. Mass spectra (MS) were obtained by 

using a micromass VG 7035E mass spectrometer at an ionizing voltage of 70 eV. 

MALDI experiments were carried out using a Shimadzu AXIMA-CFRTM plus 

time-of-flight mass spectrometer (Kratos Analytical, Manchester, U. K.). The 
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instrument is equipped with a nitrogen laser emitting at 377 nm, a 2 GHz sampling 

rate digitizer, a pulsed ion extraction source, and an electrostatic reflectron. Spectra 

were acquired in the positive ion mode using the reflectron. DSC measurements were 

performed under a nitrogen atmosphere at both heating and cooling rates of 10 °C/min, 

using NETZSCH DSC 200PC apparatus. GPC analysis was conducted with a HP1100 

HPLC system equipped with 7911GP-502 and GP NXC columns using polystyrenes 

as the standard and tetrahydrofuran as the eluent at a flow rate of 1.0 mL/min at 35 °C. 

UV-vis spectra were recorded on a Shimadzu 3150 PC spectrophotometer. 

Fluorescence measurement was carried out on a Shimadzu RF-5301 PC 

spectrofluorophotometer with a xenon lamp as a light source. Time-correlated single 

photon fluorescence studies were performed using an Edinburgh Instruments 

LifeSpec-PS spectrometer. The LifeSpec-PS comprises a 371 nm picosecond laser 

(PicoQuant PDL 800B) operated at 2.5 MHz and a Peltier-cooled Hammamatsu 

microchannel plate photomultiplier (R3809U-50). Lifetimes were determined from 

the data using the Edinburgh Instruments software package. 

3.3.3 Synthesis 

2,5-Diiodo-1,4-dimethoxybenzene (1) 

13.8 g (0.1 mol) of 1,4-dimethoxybenzene, 8.56 g (0.04 mol) of KIO3 and 27.94 g 

(0.11 mol) of I2 were added into a solution of acetic acid (500 mL), 98% H2SO4 (5 

mL), and H2O (50 mL). The reaction mixture was stirred at reflux for 24 h and then 

cooled to room temperature. Aqueous Na2SO4 (20%) was added until the brown color 
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of iodine had disappeared, and the acetic acid was evaporated under reduced pressure. 

The residue was poured into 200 mL of water and the mixture was extracted with 

ethyl acetate three times, and the obtained organic layer was washed with water two 

times, and brine once. The combined organic layers were dried over MgSO4. After the 

solvent was evaporated, the crude solid was recrystallized with hexane/chloroform to 

afford pure product as colorless crystals (29 g, yield 75%). Mp: 172-3 oC. 1H NMR 

(CDCl3, ppm): δ 7.23 (s, 2H), 3.86 (s, 6H). 

 Scheme 3.2.1  Synthetic routes for compound 1-4 

1,4-Diiodo-2,5-hydroquinone (2) 

19.5 g (0.05 mol) of 2,5-diiodo-1,4-dimethoxybenzene was dissolved in 250 mL 

CH2Cl2 in a 500 mL round-bottom flask fitted with a condenser. The reaction mixture 

was cooled to –80 oC in a dry ice-acetone bath. 26.3 g (0.105 mol) of BBr3 dissolved 

in 105 mL CH2Cl2 was added dropwise through the condenser. After the addition, a 

drying tube was attached on the top of the condenser, and the mixture was allowed to 

warm to room temperature. The mixture was stirred at room temperature for 12 h and 
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then carefully hydrolyzed with 200 mL of H2O. The aqueous layer was separated and 

extracted with ether three times. The combined organic phases were extracted with 

NaOH (200 mL, 2 N), and then the NaOH solution was neutralized with dilute HCl (1 

N) in ice bath. The precipitate was collected and dried, and recrystallized from acetic 

acid to afford brown crystals (14.5 g, yield 80%). Mp: 198-200 oC. 1H NMR 

(DMSO-d6, ppm): δ 9.82 (s, 2H), 7.15 (s, 2H). 

1,4-Diiodo-2,5-bis(hexyloxy)benzene (3) 

Sodium ethoxide was prepared by adding 1.52 g (66 mmol) of sodium into 50 mL of 

anhydrous ethanol. After all the sodium disappeared, 10.86 g (30 mmol) of 

1,4-diiodo-2,5-hydroquinone in 10 mL of anhydrous ethanol was added dropwise. To 

the stirred mixture, 10.89 g (66 mmol) of 1-bromohexane in 10 mL of anhydrous 

ethanol was added. After stirring for 24 h with refluxing, the ethanol was evaporated 

at reduced pressure. The brownish residue was added into 300 mL of water, extracted 

with ethyl acetate, and dried with anhydrous magnesium sulfate. The white product 

(12.1 g, yield 76%) was obtained by recrystallization in ethanol after most of the 

solvent was removed under reduced pressure. Mp: 80-1 oC. MS: m/z 530.0. 1H NMR 

(CDCl3, ppm): δ 7.08 (s, 2H), 3.99 (t, 4H, J = 4.8 Hz), 1.82 (m, 4H), 1.52 (m, 4H), 

1.37 (m, 8H), 0.94 (t, 6H, J = 8.0 Hz). Anal. Calcd for C18H28I2O2: C, 40.77; H, 5.32; 

I, 47.87. Found: C, 40.70; H, 5.32. 

2,5-Bis(hexyloxy)-4-[(trimethylsilyl)ethynyl]iodobenzene (4) 

To a solution of 1,4-diiodo-2,5-bis(hexyloxy)benzene (15.9 g, 0.03 mol), CuI (0.28 g, 
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1.5 mmol), and Pd(PPh3)2Cl2 (1.06 g, 1.5 mmol) in 200 mL of diisopropylamine was 

added (trimethylsilyl)acetylene (2.94 g, 0.03 mol). The mixture was stirred at room 

temperature for 15 h. After removal of the solvent under reduced pressure, a light 

yellow oil (6.60 g, 44%) was separated from starting material and byproduct by 

column chromatography using silica gel with hexane/CH2Cl2 (20:1) as eluent. 

2-(4-Iodophenoxy)-tetrahydro-2H-pyran (5) 

A solution of 4-iodophenol (11.2 g, 0.05 mol) and 3,4-dihydro-2H-pyran (12.6 g, 0.15 

mol) in 800 mL of dry methylene chloride containing pyridinium p-toluenesulfonate, 

PPTS (1.75 g, 7 mmol), was stirred at room temperature for 5 h. Then the solution 

was diluted with ether and washed several times with half-saturated brine to remove 

the catalyst. Upon evaporation of the solvent, recrystallization from ethanol was 

accomplished to yield white chunky crystals (12.9 g, 84%). 

2-(4-Ethynylphenoxy)-tetrahydro-2H-pyran (6) 

2-(4-iodophenoxy)-tetrahydro-2H-pyran (10.0 g, 0.0328 mol), 

(trimethylsily1)acetylene (4.8 g, 0.0490 mol), bis(triphenylphoaphine)palladium(II) 

dichloride (1 g), and copper-(I) iodide (0.133 g) were added into 300 mL of 

triethylamine. The reaction mixture was stirred under nitrogen at room temperature 

for 3 h before the solvent was removed under reduced pressure. The residue was 

extracted with 500 mL of petroleum ether, and the solution was filtered, washed with 

water, and then dried over anhydrous MgSO4. Upon evaporating the solvent, the 

brown crude product was purified by flash chromatography on silica gel using 1:15 
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diethyl ether/petroleum ether as the eluent. The pale yellowish product was 

recrystallized to yield white chunky crystals (7.0 g, 78%). 

The product obtained (5.0 g, 0.018 mol) and anhydrous potassium carbonate (1.0 g) 

were dissolved in 100 mL of methanol, and the solution was stirred for 2 h. The 

solvent was then evaporated, and the residue was dissolved in 200 mL of petroleum 

ether followed by washing with water and drying over anhydrous MgSO4. 

Recrystallization from ethanol gave white chunky crystals (3.4 g, 94%). 

5
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Scheme 3.2.2  Synthetic routes for compound 5-7 

2-(4-(2-(4-Ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)phenoxy)-tetrahydro-2H-pyr

an (7) 
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A two-neck flask was charged with 2,5-dihexyloxy- 

4-[(trimethylsilyl)ethynyl]iodobenzene (3.50 g, 7.00 mmol), 

2-(4-ethynylphenoxy)-tetrahydro-2H-pyran (1.42 g, 7.00 mmol), CuI (0.133 g, 0.700 

mmol), and Pd(PPh3)2Cl2 (0.491 g, 0.500 mmol). It was degassed with three 

vacuum-nitrogen cycles and diisopropylamine ((iPr)2NH) (50.0 mL) and THF (25.0 

mL) were added at 0 °C. The reaction mixture was stirred at room temperature for 12 

hours, and then it was added into water and extracted with dichloromethane. The 

combined organic solution was washed with water NH4OH (50%) twice, distilled 

water twice and brine twice and dried over anhydrous sodium sulfate. After removal 

of the solvent under reduced pressure, the residue was purified using a flash silica gel 

chromatograph with hexane/dichloromethane (5:1) as eluent. Thus, the intermediate 

product, (2-(2,5-bis(hexyloxy)-4-(2-(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)ethynyl) 

phenyl)ethynyl)trimethylsilane (3.45 g, 90.0%), was obtained, and it was dissolved in 

THF (30 mL). A mixture of methanol (40 ml) and NaOH solution (3 mL, 5 N) was 

added to the THF solution slowly. After the reaction mixture was stirred at room 

temperature for 1 hour, the solvents were evaporated and the resulting residue was 

purified using a silica gel chromatograph with dichloromethane/hexane (1:5) as eluent 

to afford 7 (3.01 g, 95.0% ) as white crystal. MS: m/z 502.3. 1H NMR (CDCl3), δ 

(ppm): 7.45 (m, 2 H), 7.02 (m, 2 H), 6.96 (m, 2 H), 5.44 (t, 1 H), 4.01 (m, 4 H), 3.91 

(m, 1 H), 3.64 (m, 1 H), 3.33 (s, 1H), 2.03 (m, 1 H), 1.97-1,78 (m, 17 H), 1.33 (m, 4 

H), 0.90 (m, 6 H). 13C NMR (CDCl3), δ (ppm): 157.41, 154.38, 153.49, 133.17, 

118.00, 116.91, 116.57, 116.52, 115.73, 112.29, 96.44, 95.31, 84.69, 82.34, 80.31, 
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69.86, 69.81, 62.27, 31.83, 31.76, 30.47, 29.52, 29.35, 25.96, 25.83, 25.36, 22.87, 

22.83, 18.89, 14.28. Anal. Calcd for C33H42O4: C, 78.85; H, 8.42. Found: C, 78.74; H, 

8.36. 

1-Ethynyl-2,5-bis(hexyloxy)-4-(2-phenylethynyl)benzene (8) 

A two-neck flask was charged with 2,5-dihexyloxy- 

4-[(trimethylsilyl)ethynyl]iodobenzene (3.50 g, 7.00 mmol), 1-ethynylbenzene (0.715 

g, 7.00 mmol), CuI (0.133 g, 0.700 mmol), and Pd(PPh3)2Cl2 (0.491 g, 0.500 mmol). 

It was degassed with three vacuum-nitrogen cycles and diisopropylamine ((iPr)2NH) 

(50.0 mL) and THF (25.0 mL) were added at 0 °C. The reaction mixture was stirred at 

room temperature for 12 hours, and then it was added into water and extracted with 

dichloromethane. The combined organic solution was washed with water NH4OH 

(50%) twice, distilled water twice and brine twice and dried over anhydrous sodium 

sulfate. After removal of the solvent under reduced pressure, the residue was purified 

using a flash silica gel chromatograph with hexane/dichloromethane (6:1) as eluent. 

The intermediate product, (2-(2,5-bis(hexyloxy)-4-(2-phenylethynyl)phenyl)ethynyl)- 

trimethylsilane (3.90 g, 92.8%), was dissolved in THF (30.0 mL). A mixture of 

methanol (40.0 ml) and NaOH solution (3.00 mL, 5 N) was added to the stirred THF 

solution slowly. After the reaction mixture was stirred at room temperature for 1 hour, 

the solvents were evaporated and the resulting residue was purified using a silica gel 

chromatograph with dichloromethane/hexane (1:6) as eluent to afford 8 (3.14 g, 

95.0% ) as white crystal. MS: m/z 402.2. 1H NMR (CDCl3), δ (ppm): 7.53 (m, 2 H), 
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7.34 (m, 3 H), 6.99 (m, 2 H), 4.01 (m, 4 H), 3.33 (s, 1 H), 1.82 (m, 4 H), 1.58 (m, 8 H), 

1.33 (m, 4 H), 0.90 (m, 6 H). 13C NMR (CDCl3), δ (ppm): 154.36, 153.66, 131.81, 

128.53, 123.58, 117.98, 117.04, 114.86, 112.72, 95.15, 85.92, 82.50, 80.24, 31.83, 

31.77, 29.51, 29.35, 25.96, 25.83, 22.87, 22.83, 14.27. Anal. Calcd for C28H34O2: C, 

83.54; H, 8.51. Found: C, 83.39; H, 8.47. 

Scheme 3.2.3  Synthetic routes for compound 8-11 

4-(Hexyloxy)-2,5-diiodophenol (9) 
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A two-neck flask was charged with 1,4-diiodo-2,5-hydroquinone (3.37 g, 9.32 mmol) 

and degassed. A solution of sodium hydroxide (573 mg, 14.3 mmol) in absolute 

ethanol (90.0 mL) was added to the flask at room temperature under a nitrogen 

atmosphere. The mixture solution was warmed to 60 °C with constant stirring, 

followed by the dropwise addition of 1-bromohexane (1.54g, 9.32 mmol). After 10 

hour of stirring under nitrogen atmosphere, the reaction mixture was cooled and 

filtered, and the precipitate was washed with methanol. The filtrate was concentrated 

to remove the solvents. Distilled water was added to the residue, and the mixture was 

acidified with concentrated HCl, boiled gently for 1 hour, and cooled. The resulting 

precipitate was collected by filtration, washed with water. The crude product was 

purified by column chromatography on silica gel using dichloromethane/hexane (1:5) 

as eluent to get the pure product 9 (2.50 g, 60.0%). 1H NMR (CDCl3), δ (ppm): 7.40 

(s, 1 H), 7.02 (s, 1 H)，4.91 (s, 1 H), 3.92 (t, 2 H), 0.93 (m, 3 H), 1.81 (m, 2 H), 

1.52-1.34 (m, 6 H).  

6-(4-(Hexyloxy)-2,5-diiodophenoxy)hexanol (10) 

Compound 9 (2.54 g, 5.70 mmol), 6-bromohexanol (1.14 g, 6.25 mmol), K2CO3 (3.16 

g, 22.9 mmol), and NaI (0.100 g, 0.645 mmol) were added to a round-bottom flask 

containing 2-butanone (40.0 mL). The mixture was heated 70 °C for 24 hours under 

nitrogen atmosphere. The reaction mixture was filtered and the salts washed with 

dichloromethane. The filtrate was washed several times with NaOH solution (0.1 N), 

followed by distilled water, and dried over anhydrous sodium sulfate. The solvent was 
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removed under reduced pressure and the residue was purified by column 

chromatography on silica gel using dichloromethane/hexane (1:2) 10 (2.34g, 75.0%) 

as white liquid. MS: m/z 546.0. 1H NMR (CDCl3), δ (ppm): 7.16 (s, 2 H), 3.94 (m, 4 

H), 3.67 (m, 2 H), 2.18 (s, 1 H), 1.82-1.30 (m, 16 H), 0.90 (m, 3 H). 13C NMR 

(CDCl3), δ (ppm): 153.09, 152.96, 122.97, 122.94, 86.53, 86.50, 70.56, 70.36, 63.11, 

63.00, 34.11, 33.62, 29.92, 29.31, 26.12, 25.93, 22.82, 14.28. Anal. Calcd for 

C18H28I2O3: C, 39.58; H, 5.17; I, 46.47. Found: C, 39.54; H, 5.10. 

1,4-Bis((6-hexanol)oxy)-2,5-diiodobenzene (11) 

1,4-diiodo-2,5-hydroquinone (2.06 g, 5.70 mmol), 6-bromohexanol (2.27 g, 12.5 

mmol), K2CO3 (6.32 g, 45.8 mmol), and NaI (0.20 g, 1.29 mmol) were added to a 

round-bottom flask containing 2-butanone (40.0 mL). The mixture was heated at 70 

°C for 24 hours under nitrogen atmosphere. The reaction mixture was filtered and the 

salts washed with dichloromethane. The filtrate was washed several times with NaOH 

solution (0.1 N), followed by distilled water, and dried over anhydrous sodium sulfate. 

The solvent was removed under reduced pressure and the residue was recrystallized 

from the mixture of dichloromethane/hexane (1:3) to give pure product 11 (2.34g, 

73.0%) as white powder. MS: m/z 562.0. 1H NMR (CDCl3), δ (ppm): 7.16 (s, 2 H), 

3.95 (m, 4 H), 3.68 (m, 4 H), 2.17 (s, 2 H), 1.82 (m, 4 H), 1.46-1.30 (m, 12H). 13C 

NMR (CDCl3), δ (ppm): 153.02, 122.97, 86.51, 70.36, 63.14, 32.89, 29.31, 26.12, 

25.64. Anal. Calcd for C18H28I2O4: C, 38.45; H, 5.02; I, 45.14. Found: C, 38.35; H, 

4.90. 
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Oligo(2,5-dihexyloxy-1,4-phenyleneethynylene (MOPE) 

Scheme 3.2.4  Synthetic routes for MOPE 

A two-neck flask was charged with 8 (402 mg, 1 mmol), 

1,4-dihexyloxy-2,5-diiodobenzene ( 265 mg, 0.500 mmol), CuI (19.0 mg, 0.100 mmol) 

and Pd(PPh3)2Cl2 (70.2 mg, 0.100 mmol). It was degassed with three 

vacuum-nitrogen cycles and (iPr)2NH (26.0 mL) and THF (13.0 mL) were added at 0 

°C. The reaction mixture was stirred at room temperature for 12 hours, and then it was 

subjected to water and extracted with dichloromethane. The combined organic 

solution was washed with water NH4OH (50%) twice, distilled water twice and brine 

twice and dried over anhydrous sodium sulfate. After removal of the solvent under 

reduced pressure, the residue was purified using a silica gel chromatograph with 

dichloromethane/hexane (1:2) as eluent to afford MOPE (421 mg, 78.0%) as light 

yellow crystal. MS: m/z 1078.6. 1H NMR (CDCl3), δ (ppm): 7.53 (m, 4 H), 7.33 (m, 

6), 7.01 (m, 6 H), 4.04 (m, 12 H), 1.85 (m, 12 H), 1.52 -1.34 (m, 36 H), 0.89 (m, 18 

H). 13C NMR (CDCl3), δ (ppm): 153.85, 153.71, 131.79, 128.5, 128.47, 123.69, 
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117.44, 117.33, 117.28, 114.49, 114.20, 95.11, 91.75, 86.23, 69.93, 69.88, 69.81, 

31.85, 29.57, 29.51, 25.99, 25.91, 22.88, 14.28. Anal. Calcd for C74H94O6: C, 82.33; 

H, 8.78. Found: C, 82.24; H, 8.72. 

Linear-shaped OH-functionalized OPE (OHOPEL) 

A two-neck flask was charged with 7 (502 mg, 1.00 mmol), 

1,4-dihexyloxy-2,5-diiodobenzene ( 265 mg, 0.500 mmol), CuI (19.0 mg, 0.100 mmol) 

and Pd(PPh3)2Cl2 (70.2 mg, 0.100 mmol). It was degassed with three 

vacuum-nitrogen cycles and (iPr)2NH (26.0 mL) and THF (13.0 mL) were added at 0 

°C. The reaction mixture was stirred at room temperature for 12 hours and it was then 

added into water and extracted with dichloromethane. The combined organic solution 

was washed with water NH4OH (50%) twice, distilled water twice and brine twice 

and dried over anhydrous sodium sulfate. After removal of the solvent under reduced 

pressure, the residue (about 600 mg) was obtained and dissolved in the mixture of 

THF (25.0 mL) and methanol (3.00 mL). p-Toluenesulfonic acid (0.490 g, 4.45 mmol) 

was added to the combined solution and stirred at 60 °C for 6 hours. After cooling, 

the solution was diluted with dichloromethane and washed twice with water and with 

once half-saturated brine to remove the catalyst, and dried over anhydrous sodium 

sulfate. After removal of the solvent under reduced pressure, the residue was purified 

using a silica gel chromatograph with dichloromethane/ethyl acetate (15:1) as eluent 

to afford OHOPEL (350mg, 63.0%) as yellow crystal. MS: m/z 1110.7. 1H NMR 

(CDCl3), δ (ppm): 7.44 (d, 4 H), 7.00 (d, 4 H), 6.82 (s, 4 H), 5.00 (s, 2 H), 4.05 (m, 12 
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H), 1.85 (m, 12 H), 1.55-1.33 (m, 36 H), 0.90 (m, 18 H). 13C NMR (CDCl3), δ (ppm): 

153.86, 153.70, 150.71, 132.98, 121.79, 121.42, 117.43, 117.26, 114.66, 114.48, 

113.88, 94.10, 91.83, 91.73, 86.21, 69.91, 69.87, 69.78, 31.83, 29.53, 29.50, 25.96, 

25.91, 22.86, 14.26. Anal. Calcd for C74H94O8: C, 79.96; H, 8.52. Found: C, 79.82; H, 

8.50. 

T-shaped OH-functionalized OPE (OHOPET) 

A two-neck flask was charged with 8 (402 mg, 1 mmol), 10 (273 mg, 0.500 mmol), 

CuI (19.0 mg, 0.100 mmol) and Pd(PPh3)2Cl2 (70.2 mg, 0.100 mmol). It was degassed 

with three vacuum-nitrogen cycles and (iPr)2NH (26.0 mL) and THF (13.0 mL) were 

added at 0 °C. The reaction mixture was stirred at room temperature for 12 hours and 

it was then added into water and extracted with dichloromethane. The combined 

organic solution was washed with water NH4OH (50%) twice, distilled water twice 

and brine twice and dried over anhydrous sodium sulfate. After removal of the solvent 

under reduced pressure, the residue was purified using a silica gel chromatograph 

with dichloromethane/ethyl acetate (10:1) as eluent to afford OHOPET (329 mg, 

60.0%) as yellow crystal. MS: m/z 1094.7. 1H NMR (CDCl3), δ (ppm): 7.51 (m, 4 H), 

7.32 (d, 6 H), 7.01 (s, 6 H), 4.05 (m, 12 H), 3.66(m, 2 H), 2.12(s, 1 H), 1.85 (m, 12 H), 

1.70-1.35 (m, 36 H), 0.90 (m, 15 H). 13C NMR (CDCl3), δ (ppm): 153.78, 153.68, 

153.65, 131.80, 128.58, 128.45, 123.67, 117.62, 117.35, 117.279, 114.50, 114.42, 

95.18, 91.74, 91.61, 86.22, 69.86, 69.78, 66.20, 31.89, 30.95, 30.78, 29.61, 29.54, 

29.38, 25.95, 25.85, 25.82, 22.84, 14.32. Anal. Calcd for C74H94O7: C, 81.13; H, 8.65. 
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Found: C, 81.09; H, 8.60. 
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Cross-shaped OH-functionalized OPE (OHOPEC) 
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Scheme 3.2.6  Synthetic route for OHOPEC 

A two-neck flask was charged with 8 (402 mg, 1 mmol), 11 (281 mg, 0.500 mmol), 

CuI (19.0 mg, 0.100 mmol) and Pd(PPh3)2Cl2 (70.2 mg, 0.100 mmol). It was degassed 

with three vacuum-nitrogen cycles and then (iPr)2NH (26.0 mL) and THF (13.0 mL) 

were added at 0 °C. The reaction mixture was stirred at room temperature for 12 

hours and it was then added into water and extracted with CH2Cl2. The combined 

organic solution was washed with water NH4OH (50%) twice, water twice and brine 

twice and dried over anhydrous sodium sulfate. After removal of the solvent under 

reduced pressure, the residue was purified using a silica gel chromatograph with 

dichloromethane/ethyl acetate (8:1) as eluent to afford OHOPEC (322 mg, 58%) as 
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yellow crystal. MS: m/z 1110.7. 1H NMR (CDCl3), δ (ppm): 7.54 (m, 4 H), 7.35 (m, 6 

H), 7.01 (s, 6 H), 4.15 (t, 12 H), 3.68 (m, 4 H), 2.15 (s, 2 H), 1.85-1.35 (m, 48 H), 

0.90 (m, 12 H). 13C NMR (CDCl3), δ (ppm): 153.83, 153.72, 153.67, 131.78, 128.52, 

128.46, 123.65, 117.63, 117.37, 117.32, 114.59, 114.36, 95.18, 91.77, 91.57, 86.18, 

69.89, 69.82, 66.13, 31.85, 31.76, 30.78, 29.58, 29.50, 29.38, 26.10, 25.99, 25.92, 

22.87, 14.30. Anal. Calcd for C74H94O8: C, 79.96; H, 8.52. Found: C, 79.89; H, 8.46. 

3.4 Results and Discussion 

3.4.1 Synthesis of Oligomers 

The synthetic procedure for the hydroxyl-functionalized OPEs is depicted in Scheme 

3.2.1-6. The procedure involves only two types of reaction: desilylation and 

Pd/Cu-catalyzed coupling reaction. The initial diiodobenzene derivatives were 

obtained from 1,4-diiodo-2,5-hydroquinone by Williamson ether reaction. Treatment 

of 2,5-dihexyloxy-1,4-diiodobenzene with one molar amount of 

(trimethylsilyl)acetylene gave 2,5-dihexyloxy-4-[(trimethylsilyl) 

ethynyl]-iodobenzene (4). Pd/Cu-catalyzed coupling of 4 with 6 and 4 with 

1-ethynylbenzene and then removal of the protection group with base generated the 

desilylated dimer 7 and 8 respectively. Thus, after using a convergent method via a 

series of well-known organic reactions such as Sonogashira coupling reaction and 

Williamson ether reaction, the hydroxyl groups were integrated into the different 

positions of OPE. And the OPEs with different architectures were successfully 
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synthesized in satisfactory yields and denoted as OHOPEL, OHOPET, and OHOPEC, 

respectively. Meanwhile, the model compound, 

oligo(2,5-dihexyloxy-1,4-phenyleneethynylene) (MOPE) to be used for comparison, 

was also prepared by a similar procedure. All of the hydroxyl functionalized 

oligomers possess very good solubility in common organic solvents such as 

chloroform and THF but insoluble in methanol, DMSO and DMF, just the same as 

PPEs.  All OPEs are yellow powders.  

3.4.2 NMR Spectroscopy 
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Figure 3.1  1H NMR spectra of the functionalized OPEs 

The chemical structures of these polymers were confirmed by 1H and 13C NMR. The 

1H and 13C NMR spectra of oligomers coupled with hydroxyl groups are represented 
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in Figure 3.1 and Figure 3.2 respectively. In all 1H NMR spectra, the peak at 7.00 ppm 

corresponds to the hydrogen atoms on the benzene rings with alkoxyl groups. The 

existence of the peak at 7.44 ppm and 6.80 assigned to the hydrogen atoms of the end 

phenol groups (-CH2-) of OHOPEL shows the successful incorporation of phenol 

groups into the linear oligomer. While for OHOPET and OHOPEC, the peaks at 7.54 

and 7.34 ppm attributing to the hydrogen atoms on benzene rings appeared, indicating 

that the molecular structure of OHOPET and OHOPEC were ended with benzene 

rings. It was also shown that there only exists one peak of OHOPEL at 4.02 ppm 

assigned to the alkoxyl group (-CH2OPh) attached to the benzene rings, while another 

peak at 3.65 ppm which is attributed to the hydrogen atoms near the hydroxyl group 

(-CH2OH) existed in OHOPET and OHOPEC. This demonstrates that the hydroxyl 

groups were successfully introduced into the side chains of OPEs.  
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Figure 3.2  13C NMR spectra of the functionalized OPEs 
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Furthermore, the successful synthesis of OPEs can also be inferred from their 13C 

NMR spectra. In Figure 3.2, all OPEs exhibit the characteristic peaks at about 50 ppm 

which can be attributed to the methylene groups adjacent to the oxygen (-CH2O-) 

atoms, and three peaks at 95.2, 91.8 and 86.2 ppm corresponding to the ethynyl 

groups (-C≡C-).  

3.4.3 Water-Soluble Light-Emitting Nanoparticles 

In a typical procedure to prepare the nanoparticles, 2 mL of H2O was firstly added to 

8mg and 40 mg of water-soluble polymers (PEG, PG, and PAA) under ultrasonic for 5 

min respectively. 0.2 mL of OPEs (0.4 mg/ml in THF) was then added dropwise in 

those aqueous solutions with different polymer (PEG, PG and PAA) concentrations 

and the size of the nanoparticles so formed was measured by DLS (Table 3.1).  

Table 3.1 DLS Characterization data of the nanoparticles and the preparing 
proportion of OPEs and PAA 

Sample Diameter 
(nm) 

Polydispersity 
Index (PI) 

 OPE : PAA (weight 
ratio, in water) 

OHOPEL/PAA-1 160 0.24 1 : 10 
OHOPEL/PAA-2 112 0.18 1 : 50 
OHOPET/PAA-1 183 0.28 1 : 10 
OHOPET/PAA-2 120 0.16 1 : 50 
OHOPEC/PAA-1 176 0.30 1 : 10 
OHOPEC/PAA-2 126 0.20 1 : 50 

 

It was found that after mixing with PAA in aqueous solution all the hydroxyl group 

functionalized OPEs dissolved in water to form a clear yellow aqueous solution. Also 
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the OHOPE/PAA micelles were very stable in aqueous solution and no precipitation 

was observed after three months in air. However, the control compound OPE (MOPE) 

without any functionalization precipitated in water instantly. These observations 

confirmed the existence of the interaction between OHOPEs and PAA through 

hydrogen bonds. It was also found that all the OHOPEs with different molecular 

architectures formed the water-soluble nanoparticles with similar sizes and 

polydispersity (see Table 3.1), which indicate that the formation of water-soluble 

OHOPE/PAA micelles in this work showed little connection with the molecular 

architecture and the position of hydroxyl group on the OHOPEs molecules. 

Furthermore, all of the micelles prepared from conjugated oligomers showed a 

smaller size and a lower polydispersity than those micelles prepared from conjugated 

polymers reported in Chapter 2. This can be attributed to the more regular molecular 

structure (monodispersity of conjugated backbone) and shorter conjugated length of 

OPEs than PPEs which will favor the formation of smaller self-assemble 

nanoparticles with a more regular structure. 

Table 3.2 DLS data of the nanoparticles and the prepared by OHOPEL and 
water-soluble polymers (PEG, PG or PAA)  

Sample Diameter 
(nm) 

Polydispersity 
Index (PI) 

OPE : Water-soluble polymer 
(weight ratio, in water) 

OHOPEL/PEG-1 1200 0.42 1 : 50 
OHOPEL/PG-1 150 0.22 1 : 50 

OHOPEL/PAA-1 112 0.18 1 : 50 

 

The DLS data of water-soluble light-emitting nanoparticles prepared from OHOPEL 
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and different water-soluble polymers (PEG, PG, and PAA) are shown in Table 3.2. The 

OHOPEL/PEG system did not appear transparent and precipitated in water instantly. 

In comparison, both OHOPEL/PG and OHOPEL/PAA systems gave clear yellow 

aqueous solutions. From the DLS results, we observed that the OHOPEL/PEG system 

produced larger particles and higher polydispersity (1200 nm, PI = 0.42) compared to 

OHOPEL/PG (150 nm, PI = 0.22) and OHOPEL/PAA (112 nm. PI = 0.18) systems. 

Previously it was reported15-21 that hydrogen bonds are generally the major driving 

force to form water-soluble micelles through the interaction between hydrophobic 

components and water-soluble components. Although there exists the hydrogen bonds 

in OHOPEL/PEG mixture from the interaction between the hydroxyl groups of 

OHOPEL and PEG, the lower content of hydroxyl groups in PEG (two hydroxyl 

groups per PEG chain) cannot provide a strong enough interaction between the two 

polymers which resulted in precipitation. Unlike PEG, PG has polyhydroxyl groups in 

each units that can provide relatively strong hydrogen bonds to form stable micelles 

with smaller size and lower polydispersity. Simarly, the stable OHOPEL/PAA 

micelles are also formed due to the strong hydrogen bonds between the carboxyl 

groups of PAA and the hydroxyl groups of OHOPEL. Thus, the micelle size and 

polydispersity are highly related to the activity of hydrogen atoms provided by the 

water-soluble polymers.  

Fluorescence microscopy (Figure 3.3) and TEM (Figure 3.4) were used to further 

investigate the morphology of the nanoparticles. Fluorescence microscopy showed 

that the nanoparticles which emitted bluish green light are well dispersed in aqueous 
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solution. TEM photos show that the OHOPEL/PAA system forms nanoparticles in 

aqueous solution (diameter ranged from 100-200 nm).  

 

 

Figure 3.3  Representative fluorescence micrograph of the OHOPEL/PAA (1:50) 
nanoparticles. The sample was observed in water.  

 

Figure 3.4  Representative TEM micrographs of the OHOPEL/PAA 
nanoparticles obtained by freeze drying. 

3.4.4 Optical Properties  

3.4.4.1 Solution-state Photophysics.  

The UV-Vis and PL Spectra of all OPEs in dilute solution (10-6 mg/mL) are shown in 

Figure 3.5. In dilute solution (< 10-5 M) where interchain interaction is assumed to be 

5 μm 

500 nm 



 85

negligible, all OPEs exhibit the optical properties as single molecules do which are 

determined by the conjugated backbones only.22 The nearly identical absorption and 

emission behaviors confirmed the same efficient conjugation length and the similar 

chain conformation in dilute solutions.23 These OPEs in dilute solution showed an 

absorption maxima at 405 nm and a maximal emission peak at 446 nm. For sake of 

convenience, only OHOPEL will be used for the discussion in the following sections.  
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Figure 3.5  UV-vis and PL spectra of those OPEs in THF (10-6 mg/mL) 

In order to study the effect of solution concentration on the emission behavior of 

OHOPEL, the emission spectra of OHOPEL with a concentration of 10-6 and 1 

mg/mL are shown in Figure 3.6 respectively. Unlike in dilute solution, the molecular 

conformation is subjected to changes in concentrated solution which in turn will lead 

to shifts in the absorption and emission spectra.24 The emission spectrum of OHOPEL 

at the concentrated solution (1 mg/mL) changes drastically in contrast to that of the 
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dilute solution (10-6 mg/mL). In the dilute solution, where unimolecular OPE 

chromophores are responsible, the maximal emission peak is formed at 446 nm. In the 

concentrated solution, it slightly red shifted to 452 nm by 6 nm, indicating the 

adoption of a more planar conformation in the concentrated solution. Furthermore, the 

relative intensity of emission peak at the long-wavelength side (470 nm) increases  

for the concentrated solution, which is consistent with the similar OPE compounds in 

the previous report and could be attributed to the formation of low energy sites,25 a 

result from the enhanced efficient conjugated length derived from the more planar 

conformation. 
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Figure 3.6  Normalized PL emission spectra of OHOPEL in the dilute and 
concentrated solutions 

3.4.4.2 Solid-state Photophysics 

The solid-state absorption and emission spectra of OHOPEL are illustrated in Figure 
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3.7. The solid-state absorption spectrum of OHOPEL is complicated, featuring three 

peaks at 412, 423 nm and 450 nm, and all of them are red-shifted compared to the 

data in dilute solution at 405 nm. The solid-state emission spectrum of OHOPEL 

shows a maximal peak located at 492 nm with a 46 nm red-shift compared to the 

dilute solution state at 446 nm.  
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Figure 3.7  Normalized UV and PL spectra of OHOPEL in the solid state 

PPE systems in general show a significant conformation-dependent photophysical 

properties due to the relatively free rotation of the alkyne-ary single bonds along the 

backbone.26 When transforming from the solution state into the solid state, the chain 

conformation will transfer from a twisted one into a more planar one. This increased 

planarity of the backbone will cause the slight red shift in absorption and emission 

spectra.27 The pronounced red-shifted absorption peak at around 450 nm can be 

attributed to the interchain π-aggregation, which are the new ground-state species 
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formed by extending the delocalization of π-electrons over those chromophores.28  

As for the PL spectrum, the decay dynamics of the emission peak at 492 nm is well 

fitted by a double-exponential with lifetimes of 0.62 ns (30%) and 2.0 ns (70%) (see 

Table 3.3).  

This suggests that the two emission species, i.e., the unimolecule and the interchain 

π-aggregation, are responsible for the emission at 492 nm. According to the 

double-exponential decay dynamics, the domination of the longer lifetime (2.0 ns / 

70%), confirms the formation of interchain π-aggregation.29 Although this also 

confirmed the existence of unimolecule emission, the emission peak at 446nm was 

however not observed. This could be explained by the efficient energy transfer from 

unimolecules to the interchain π-aggregates in the solid state.23  

3.4.4.3 Optical Properties of Nanoparticles 

The UV-Vis absorption and photoluminescence emission spectra of OPE/PAA 

nanoparticles in aqueous solution are shown in Figure 3.8. All the nanoparticles 

showed similar absorption and emission spectra. Their absorption peaks are broad 

ranging from 375 to 475 nm, which contained all the three absorption peaks (412, 423 

and 450 nm) observed for OHOPE films. The emission maxima of nanoparticles at 

around 490 nm is the same as that found in OHOPE films. This suggests that the 

interchain π-aggregation of OPEs existed in the nanoparticles just as it did in films. 

However, the nanoparticles exibit broader absorption peaks without the fine features 

found in OHOPE films. This may be attributed to the complicated conformational 
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changes of OPE chains in the nanoparticles. We also found that the UV-Vis absorption 

and photoluminescence emission spectra of OHOPEL/PEG, OHOPEL/PAA and 

OHOPEL/PG nanoparticles in aqueous solution are alike, indicating the similar state 

of aggregation of OPEs in the corresponding nanoparticles. 
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Figure 3.8  UV-vis and PL spectra of the functionalized OPE/PAA nanoparitlces 
in aqueous solution 

Time resolved photoluminescent measurements excited at 380 nm were used to study 

the optical properties (see Table 3.3). The OPEs in THF solution revealed a rapidly 

monoexponential decay and showed a fluorescence lifetime at τ ≈ 0.50 ns, which is 

close to that of reported PPEs exhibiting unimolecular properties.29 After formation of 

nanoparticles, the fluorescence decay changed into biexponential and can be fitted to 

two components with τ ≈ 0.50 and 2 ns respectively. This biexponential decay in the 

nanoparticles is similar to that obtained in the solid state. As we have discussed 
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previously, the observed new long lifetime emission decay component confirmed the 

existence of OPEs interchain π-aggregation, and by the same token this aggregation 

also exists in the nanoparticles. It is reasonable to consider that after formation of 

nanoparticles, the hydrophobic OPE chains were encapsulated in the cores of the 

nanoparticles to form π-interchain aggregation, just as it did in the film state. 

Table 3.3 Photophysical properties of functionalized OPEs in THF, OPEs as 
films and OPE/PAA nanoparticles in aqueous solution 

Solution 
 absorption 

λmax/nm 
emission
λmax/nm

τ/ns at 492 nm 
(amplititude/%) Φf 

OHOPEL(in THF) 405 446 0.55 (100) 0.72 

OHOPET(in THF) 405 446 0.52 (100) 0.74 

OHOPEC(in THF) 405 446 0.52 (100) 0.70 

OHOPEL(as film) 412,423,450 492 0.62 (30),2.00 (70) 0.13 

OHOPET(as film) 412,423,450 492 0.59 (36),2.44 (64) 0.11 

OHOPEC(as film) 412,423,450 492 0.55 (40),2.40 (60) 0.09 

OHOPEL/PAA(micelle) 422 491 0.53 (25),2.60 (75) 0.12 

OHOPET/PAA(micelle) 422 489 0.49 (20),2.40 (80) 0.12 

OHOPEC/PAA(micelle) 422 487 0.53 (28),2.88 (72) 0.11 

OHOPEL/PEG(micelle) 422 491 0.57 (34),2.29 (66) 0.08 

OHOPEL/PG(micelle) 422 489 0.53 (24),2.57 (76) 0.10 

The Φf values of those polymers in solutions were measured using the quinine sulfate 
solution (ca. 1.0 × 10-5 M) in 0.10 M H2SO4 (Φf = 55%) as a standard. TheΦf values 
of those polymers as films were measured using diphenylanthracene (dispersed in 
PMMA film with a concentration less than 10-3 M, assumingΦf = 81%) as a standard. 

 

The fluorescence intensities of all OPEs are described in Table 3.3. After formation of 

nanoparticles, the fluorescence intensity of OPEs dramatically decreased from Φf ≈ 
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0.70 in THF solution to Φf ≈ 0.10. The reduced fluorescence intensity of OPEs can 

also be attributed to the formation of interchain π-aggregation in nanoparticles. 

3.5 Conclusion 

In this chapter, we report the successful synthesis of hydroxyl group functionalized 

OPEs with the same conjugated length but of different molecular architectures, i.e., 

linear (OHOPEL), cross-shaped (OHOPEC) and T-shaped structure (OHOPET). The 

interaction between these non-colvent bond self-assemlies with water-soluble 

polymers was investigated. The underlying photophysics of these OPEs was 

systematically studied by UV-vis, PL and time resolved photoluminescent analysis. In 

dilute solutions, all the OPEs exhibit almost identical absorption and emission 

characteristics due to the similar intrinsic photophysical properties where the 

unimolicular OPE chromopores are responsible. However, in the solid state, the 

absorption and emission spectra of OPEs are largely red-shifted owing to the 

formation of the interchain π-aggregation. The optical properties of OPE-based 

water-soluble nanoparticles exhibited the same properties as that found in OPE films, 

indicating the existence of interchain π-aggregation of OPEs in the nanoparticles. It 

was also found that the OPEs with different molecular architectures provided 

water-soluble nanoparticles with very similar size and dispersity, indicating that the 

formation of the nanoparticles was little influenced by the molecular architecture and 

the position of the hydroxyl groups. Furthermore, compared with the PPE-based 

nanoparticles discussed in Chapter 2, OPE-based nanoparticles exibit smaller size and 
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lower dispersity, indicating that the structures of water-soluble nanoparticles are 

linked to the conjugated length. To investigate the effect of strength of hydrogen 

bonds between the OPEs and the water-soluble polymers, water-soluble polymers 

such as PEG, PG and PAA containing different active hydrogen were used to prepare 

the corresponding nanoparticles. The OHOPEL/PG and OHOPEL/PAA systems 

produced smaller particles and lower polydispersity than OHOPEL/PEG system. 

These results show a strong correlation between strength of hydrogen bonds and size 

and degree of dispersity of the nanoparticles so formed. 
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CHAPTER FOUR 
 

Study on Optical Properties and Fluorescence Quenching of 
Water-Soluble Light-Emitting Nanoparticles 

4.1 Introduction 

Fluorescent water-soluble conjugated polymers (FWSCPs) containing charged groups 

are promising candidates as novel chemo- or biosensors due to their amplified 

fluorescence quenching upon electrostatic attraction by ionic quenchers.1 Anionic 

water-soluble sulfonated poly(phenylene vinylene) (MPS-PPV) was among the first 

FWSCPs to be studied and it was shown that its fluorescence can be effectively 

quenched by cationic electron acceptors, such as methyl viologen (MV2+).2 FWSCPs  

can be used as a simple way to detect different types of biomolecules through 

observing the fluorescence quenching/recovering process. Recently FWSCPs 

containing charged groups have been successfully developed to detect proteins and 

DNA.3 

It is known that the fluorescence sensitivity of FWSCPs is influenced by the local 

chemical environment since their optical properties are strongly controlled by the 

conformation of conjugated main chains which varies according to the variation in the 

chemical environment, such as ionic strength,4 pH,5,6 charge on quencher,7 

concentration of surfactant8 or polyelectrolyte.9,10 

Ionic FWSCPs have been the subject of intensive studies.2-11 Recently, novel 

water-soluble light-emitting nanoparticles with conjugated polymers or oligomers as 
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cores have been developed via simple non-covalent self-assembly. However, studies 

on fluorescence quenching of such conjugated polymer- or oligomer-containing 

water-soluble nanoparticles are little reported, which may have limited the use of 

these water-soluble nanoparticles as chemo- or biosensors.  

Poly(p-phenyleneethynylene) (PPE) or oligo(p-phenyleneethynylene) (OPE) have 

been widely used to study optical property-structure relationship because of their 

good optical response to change in environmental conditions through the facial 

changeable torsion angle and interchain aggregation. Their applications as 

chemosensors have been widely reported 12-16 and recently water-soluble PPEs were 

developed to detect DNA17. Furthermore, they were used to study the contribution of 

polymer aggregation on fluorescence quenching.18 We reported in the last chapter the 

successful preparation of water-soluble light-emitting nanoparticles through 

non-covalent self-assembly of hydroxyl group functionalized OHOPEs with 

water-soluble polymers (PAA, PEG and PG). To develop these nanoparticles for 

chemo- or biosensor applications, we report here the study of optical properties of 

anionic light-emitting nanoparticles prepared from OHOPEL and PAA via 

non-covalent self-assembly and the effects of typical quenchers such as MV2+ and 

Fe(CN)6
4- on these nanoparticles in different chemical environments. 

4.2 Molecular Design 

In order to prepare anionic light-emitting nanoparticles, the OHOPEL/PAA 

nanoparticels were neutralized with sodium hydroxide in solution to form anionic 
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light-emitting nanoparticles. The chemical structures of the nanoparticles and the 

quenchers are illustrated in Scheme 4. 1. 

N N CH3CH3

2Cl-.XH2O

OHOPE/PAA nanoparticles OHOPE/PAA- nanoparticles

MV2+

Fe(CN)6
4-

4K+

Quencher:

Nanoparticles:

COOHHOOC

C
O

O
H

H
O

O
C

COOH

HOOC COOH

HOOC

COOH

COOHHOOC

C
O

O
H

H
O

O
C

HOOC

C
O

O
H

HO
O

C

OPE

PAA

COO--OOC

C
O

O
-

- O
O

C

COO
-

- OOC COO -

-OOC

COO-

COO--OOC

C
O

O-

- O
O

C

-OOC

C
O

O
-

- O
O

C

OPE

PAA-

 

 

Scheme 4.1 Neutral/anionic water-soluble nanoparticles and quenchers 

4.3 Experimental 

4.3.1 Materials 

Water-soluble conjugated oligomer-based light-emitting nanoparticles, OHOPEL/PAA, 

were prepared according to the procedure described in Chapter 3. The quenchers, 

methyl viologen dichloride hydrate (MV2+) and K4Fe(CN)6, were obtained from 
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Aldrich Chemical Co. The chemical structures of the compounds are shown in 

Scheme 4.1. The Milli-Q water used in preparing the aqueous solutions of the 

polymers and quenchers was purged with nitrogen for 4 h before use. 

4.3.2 Characterization Methods 

UV-vis spectra were recorded on a Shimadzu 3101 PC spectrometer. Fluorescence 

measurement was carried out on a Perkin-Elmer LS 50B photoluminescence 

spectrometer with a xenon lamp as a light source. The quenching studies were 

realized in situ through comparing the photoluminescence intensities of the solutions 

with different water-soluble nanoparticle and quencher concentrations. All the 

quenched solutions were prepared by adding the calculated amount of quencher 

solution into the water-soluble light-emitting solution and purging with nitrogen for 1 

min before taking their corresponding absorption and emission spectra with excitation 

at 386 nm. The optical properties of the anionic nanoparticle solution with no 

quencher were also determined for comparison purposes. 

4.3.3 Preparation of anionic nanoparticles 

The anionic OHOPEL/PAA- nanoparticles were obtained after adjusting the pH of 2 

mL of OHOPEL/PAA nanoparticle aqueous solution (obtained in Chapter 3) to 9 by 

adding 0.01 N NaOH aqueous solution. 
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Scheme 4.2 Preparation of anionic water-soluble nanoparticles 

4.4 Results and Discussion 

4.4.1 Genernal properties of OHOPEL/PAA- nanoparticles 
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Figure 4.1  UV-vis and PL spectra of the neutral OHOPEL/PAA and anionic 
OHOPEL/PAA- nanoparitlces in aqueous solution 
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The absorption and emission spectra of the neutral OHOPEL/PAA and anionic 

OHOPEL/PAA- nanopartilces in aqueous solution are shown in Figure 4.1 and other 

photophysical data are listed in Table 4.1. The results show that the ionized 

OHOPEL/PAA- nanoparticles exhibit similar optical properties to the neutral 

OHOPEL/PAA nanoparticles, indicating that the anionic groups has little effect on the 

optical properties of the nanoparticles. 

Table 4.1  Photophysical properties of the neutral OHOPEL/PAA and anionic 
OHOPEL/PAA- nanoparitlces in aqueous solution 

Solution 
micelles absorption 

λmax/nm 
emission
λmax/nm

τ/ns at 500 nm 
(amplititude/%) Φf 

OHOPEL/PAA 422 489 0.53 (25), 2.60 (75) 0.12 

OHOPEL/PAA- 422 489 0.49 (20), 2.40 (80) 0.12 

4.4.2 Fluorescence quenching of nanoparticles by MV2+ 

The high fluorescence sensitivity of FWSCPs as chemo- or biosensors is derived from 

their rapid and collective response to quenchers.1 Because of the facile electron and 

energy migration along the conjugated backbone and the strong binding force 

between the quencher and FWSCP by electrostatic attraction, the fluorescence 

emission of FWSCPs can be easily quenched by trace amount of quencher through 

electron or energy transfer.  

Generally the fluorescence quenching includes static quenching and dynamic 

quenching. Each quenching behavior can be described by the Stern-Volmer 
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equation:19  

F0/F = 1 + Ksv[Q]                         (1) 

In this equation, F0 is the fluorescence intensity without adding quencher, F is the 

fluorescence intensity with quencher, [Q] is the quencher concentration and Ksv is the 

Stern-Volmer constant which represents the efficiency of fluorescence quenching. 

Both dynamic and static quenching follow linear Stern-Volmer plot (F0/F~[Q]). 

However, when the dynamic quenching and static quenching exist simultaneously, 

Equation (1) must be modified and the plot is curved upward. 19 Both the flinear and 

upward Stern-Volmer curves have been observed in WSCPs.2,3,6,20 

In this work the quenching behavior of OHOPEL/PAA- nanoparticles was studied by 

the reaction with cationic quencher MV2+.  MV2+ has previously been used as a 

quencher to investigate the quenching behavior of anionic PPV22 and PPE.17 Figure 

4.2 shows the UV-vis and emission spectra of OHOPEL/PAA- nanoparticles at 1 μM 

(the concentration of OHOPEL) after addition of quencher MV2+ of different 

concentrations. Both absorption and emission spectra exhibited very small spectral 

changes in terms of the shape and wavelength of the absorption and emission peaks as 

shown in Figure 4.2. This is different to the quenching of PPE-SO3
- by MV2+,17 in 

which a new red-shifted absorption peak and broadened emission spectrum were 

observed which could be attributed to the formation of PPE-SO3
- aggregates induced 

by the addition of MV2+. These results show that the state of aggregation of OPE 

chains in the cores of the nanoparticles is not much influenced by the MV2+ absorbed 

on the surface. Besides, the decrease in fluorescence intensity of the nanoparticles 
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with increase in concentration of the quencher indicates that it is not the interchain 

aggregation but the fluorophore-quencher interaction (electron transfer) that is 

responsible for the fluorescence quenching of nanoparticles in our system. 
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Figure 4.2  UV-vis absorbance and PL emission spectra of nanoparticles in 
aqueous solution quenched by MV2+ in different concentrations 

Figure 4.3 shows the Stern-Volmer plot for OHOPEL/PAA- nanoparticles with MV2+ 

as the quencher.  It describes an interesting Stern-Volmer plot which is curved 

upward and a constant level of quenching beyond about 15 uM of MV2+.  Such a 

Stern-Volmer plot can be explained by the existence of two fluorophores: accessible 

and inaccessible fluorophores.21 When a quencher is introduced, only those accessible 

fluorophores are quenched but the inaccessible ones remain unreacted. Based on this 

assumption, a modified equation was derived to describe the relationship between the 

fluorescence intensity and quencher concentration22:  
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F0/(F0 - F) = 1/(faKsv[Q]) + 1/fa                             (3a) 

 fa = F0a/(F0a + F0b)                       (3b) 

where F0a is the fluorescence intensity from an accessible fluorophore, F0b is the 

fluorescence intensity from an inaccessible fluorophore and fa is the fraction of 

fluorescence from an accessible fluorophore. 
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Figure 4.3  Unmodified Stern-Volmer plot of anionic OHOPEL/PAA- 
nanoparticles quenched by MV2+ 

The modified Stern-Volmer plot for OHOPEL/PAA- nanoparticles according to 

Equation (3a) is shown in Figure 4.4 and a linear dependence of F0/(F0 - F) on 

[1/MV2+] can be observed.  fa = 0.78 and Ksv = 2.2 × 106 M-1 were determined from 

the intercept and the slope of the plot, respectively.  This Ksv value indicates an 

efficient fluorescence quenching of OHOPEL/PAA- nanoparticles by the quenchers 

through static electronic interaction. 22% of the inaccessible fluorophore probably 
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stems from the OHOPEL chains buried in the nanoparticle core which are hard to 

reach by the quenchers.  
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Figure 4.4  Modified Stern-Volmer plot for anionic OHOPEL/PAA- 
nanoparticles in Figure 4.3 

4.4.3 The influence of electrostatic interaction on fluorescence quenching 

The influence of electrostatic interaction on the fluorescence quenching of 

nanoparticles was further investigated. Figure 4.5 shows the unmodified and modified 

Stern-Volmer plots of anionic OHOPEL/PAA- nanoparticles quenched by Fe(CN)6
4- 

and neutral OHOPEL/PAA nanoparticles quenched by MV2+ as well as Fe(CN)6
4- in 

aqueous solution. In Figure 4.5 A, all the unmodified Stern-Volmer plots are curved 

upward but not linear which further confirmed the existence of inaccessible 

fluorophore. Anionic OHOPEL/PAA- nanoparticles are more sensitive to MV2+ (Ksv = 

2.2 × 106 M-1, obtained from Figure 4.4) than Fe(CN)6
4- (Ksv = 190 M-1, obtained from 
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Figure 4.5 B), indicating that electrostatic attraction between ionic nanoparticles and 

quenchers is the main driving force to effect fluorescence quenching. Compared to 

anionic OHOPEL/PAA- nanoparticles, neutral OHOPEL/PAA nanoparticles showed 

lower fluorescence sensitive to MV2+ (Ksv = 3.3 × 103 M-1) and Fe(CN)6
4- (Ksv = 810 

M-1), respectively. This further demonstrates the effects of electrostatic attraction on 

the quenching behavior of those nanoparticles. 
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Figure 4.5  A: Unmodified and  B: Modified Stern-Volmer plots of 
OHOPEL/PAA- nanoparticles quenched by Fe(CN)6

4- and OHOPEL/PAA 
nanoparticles quenched by Fe(CN)6

4- and MV2+ 

4.4.4 The influence of the nanoparticles concentration on fluorescence quenching 

Figure 4.6 shows the selected UV-vis absorption and emission spectra of 

OHOPEL/PAA- nanoparticles in different concentrations (c = 1, 10 and 50 μM) in 

water. No spectra shift can be observed with the increase of OHOPEL/PAA- 
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nanoparticles concentration, which suggests that the conformation of OHOPEL/PAA- 

nanoparticles in water remains unchanged in different concentrations.  
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Figure 4.6  UV-vis absorption and emission spectra of OHOPEL/PAA- 
nanoparticles in different concentrations (c = 1, 10 and 50 μM) 

Figure 4.7 shows the Ksv values for OHOPEL/PAA- nanoparticles of different 

concentrations using MV2+ as the quencher. It is interesting to note that the quenching 

constant of OHOPEL/PAA- nanoparticles increases with decreasing concentrations of 

the nanoparticles. A similar result was also reported for PPE-SO3
-, PPP-NEt3

+ and 

PPV-NEt3
+ systems,17,20,23 which suggests that the quenching constant Ksv is closely 

related to the concentration of the detectors.  According to previous work,10 the 

cationic ions (Na+) are better dissociated away from the negatively charged surface of 

nanoparticles at a low polymer concentration. This removal of ions decreases the 

electrostatic screening around nanoaprticles surface and favors the interaction 
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between OHOPEL and quencher.4,17 
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Figure 4.7  Ksv versus the concentration of OHOPEL/PAA- nanoparticles 
ranging from 1 to 50 μM in the presence of MV2+ 

4.4.5 The influence of pH on fluorescence quenching 

In practice, analysis carried out in environments of different pHs is common and a 

number of papers has discussed the related pH-influenced detective efficiency of 

conjugated polymers. Many reports showed that the pH greatly influenced the 

interchain aggregation and therefore the optical properties of conjugated polymers and 

their fluorescence sensitivity to quenchers.11   Figure 4.8 shows the UV-vis 

absorption and emission spectra of OHOPEL/PAA- nanoparticle in aqueous solution of 

different pH values. We note that all the absorption and emission spectra are hardly 

affected by the pH. Previously it was reported that the interchain aggregation of 

OHOPELs appeared after their water-soluble nanoparticles have been formed. Thus 
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the pH change in the aqueous solution outside the nanoparticles cannot affect the 

chain aggregation inside and their optical properties, which is obviously different 

from the result for water-soluble conjugated polymers. 
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Figure 4.8  UV-Vis absorbance and PL emission spectra of OHOPEL/PAA- 

nanoparticles in aqueous solution of different pHs 

The plot of Ksv values of OHOPEL/PAA- nanoparticles versus pH is shown in Figure 

4.9.  The Ksv value decreased by about eight times form pH of 9 to pH of 7.   We 

believe that when pH > 9, the COO- groups are the dominant species in the aqueous 

solution; but when the pH is lower than 9, the negative charges on the nanoparticles 

surface are partially neutralized by H+ (COO- + H+ ↔ COOH). Consequently, the 

decreased charge density on polymer chains reduced the mutual electrostatic 

attraction by positive quencher MV2+ 24-27 and resulted in a lowering of Ksv value. As 

pH decreased further, all the COO- groups on the surfaces of nanoparticles are 



 110

neutralized to COOH groups and behaved like neutral OHOPEL/PAA nanoparticles. 

Furthermore, the Ksv value can be recovered repeatedly through changing the pH, 

indicating that the fluorescence sensitivity of nanoparticles can be adjusted by 

controlling the pH. 
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Figure 4.9  Ksv values of OHOPEL/PAA- versus pHs 

The plot of Ksv values versus pHs in different concentrations of OHOPEL/PAA- 

nanoparticles are shown in Figure 4.10.  The data show that between pH values 7 to 

9, a ten times increase of OHOPEL/PAA- nanoparticles concentration is accompanied 

by a nearly 10 folds decrease in the Ksv value.  On the other hand, the Ksv value is not 

affected by the increase in concentration of the nanoparticles between pH values of 4 

to 7 which is attributed to the fixed charge density obtained from the dissociation of 

carboxylic groups. 
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Figure 4.10  Ksv values of OHOPEL/PAA- nanoparticles versus pHs in different 
nanoparticle concentrations 

4.4.6 The influence of ionic strength on fluorescence quenching 

Influence of ionic strength on the optical properties of conjugated polymers has been 

studied by several researchers.3,28 We have conducted a similar study in this work on 

the OHOPEL/PAA- nanoparticles in aqueous solution containing different amounts of 

NaCl to adjust the ionic strength.  As shown in Figures 4.11a and 4.11b, the 

absorption and emission maxima are not affected by the increase of ionic strength. 

This result demonstrates that the optical properties of the nanoparticles are very stable 

with different pHs and ionic strengths, unlike the results obtained for ionic WSCPs. 

This may be attributed to the relatively stable interchain aggregation of OHOPEs in 

the cores of nanoparticles, which is difficult to be disturbed by chemical environments. 

This property made the nanoparticles attractive in practical applications where 
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stability over a broad range pHs and ionic strengths is required.  
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Figure 4.11  (a) pH-dependence of UV-vis absorption maxima; (b) 
pH-dependence of emission maxima; (c) fluorescence quenching by MV2+ of 

OHOPEL/PAA-Na+ nanoparticles in aqueous solution with and without NaCl.  

The plots of Ksv values versus pHs with different ionic strengths are shown in Figure 

4.11c. It can be observed that (i) the Ksv value decreased dramatically from no NaCl to 

0.1 M of NaCl and (ii) the dependence of Ksv on pH is significantly reduced in the 

presence of NaCl. These results can be explained in terms of the effective screening 

of electrostatic interaction3 by salts.    

4.5 Conclusion 

We report in this chapter the successful preparation of anionic water-soluble 

light-emitting OHOPEL/PAA- nanoparticles through ionization of neutral 

■ [NaCl] = 0.1 M
● [NaCl] = 0.01 M  
▲ [NaCl] = 0 M. 
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OHOPEL/PAA nanoparticles. The electronic spectra of the ionized nanoparticles 

present similar optical properties compared to that of the neutral nanoparticles. The 

optical properties and quenching effects of typical quenchers such as MV2+ and 

Fe(CN)6
4- on these nanoparticles in different chemical environments are discussed. It 

is found that the optical properties of the OHOPEL/PAA- nanoparticles are stable in 

different nanoparticle concentrations, pHs and ionic strengths. Anionic 

OHOPEL/PAA- nanoparticles are more fluorescence sensitive to MV2+ than Fe(CN)6
4-, 

indicating that electrostatic attraction between ionic nanoparticles and quenchers is 

the main driving force behind the quenching process.  A Stern-Volmer plot curved 

upward is observed which could be explained by the existence of inaccessible 

fluorophores not reached by the quenchers. It reveals that the fluorescence quenching 

of the nanoparticles is limited by the effective contact between the OHOPEL and the 

quencher MV2+. Furthermore, the fluorescence quenching is closely related to the 

concentrations, pHs, and ionic strengths, all of them exert an effect on the electrostatic 

interaction between the quencher and the nanoparticles. 
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CHAPTER FIVE 
 

Conclusion Remarks 

 

Water-soluble conjugated polymers (WSCPs) have shown great potential to be used as 

florescent chemo- or biosensors due to their special solubility and optoelectronic 

properties. However, the general synthetic method to realize their water-solubility (i.e., 

introducing ionic hydrophilic groups onto their side chains via chemical bonds) is 

very complicated. We have developed an alternative approach involving convenient 

preparation of water-soluble light-emitting nanoparticles by combining light-emitting 

conjugated polymers/oligomers and water-soluble polymers via hydrogen bonds.  

In this thesis, a series of functionalized PPEs and OPEs was firstly synthesized and 

characterized by FTIR, NMR, TGA, and GPC.  The PPE and OPE-based 

water-soluble light-emitting nanoparticles were then successfully prepared through 

non-covalent bond self-assembly with water-soluble polymers and characterized by 

DLS, TEM and fluorescence microscopy. Conjugated oligomers OPEs with the same 

conjugated length but of different molecular architectures, i.e., linear (OHOPEL), 

cross-shaped (OHOPEC) and T-shaped structure (OHOPET), were used to study the 

influence on the size and dispersity of the nanoparticles exerted by the conjugated 

length and the molecular architecture of the conjugated molecules. Furthermore, 

water-soluble polymers such as PEG, PG and PAA containing different active 

hydrogens were used to investigate the effect of strength of hydrogen bonds between 
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the conjugated molecules and the water-soluble polymers on the properties of the 

nanoparticles produced.  

DLS data provide evidence that the nanoparticle size is highly related to the ratio of 

water-soluble polymers to functionalized conjugated molecules, i.e., the higher ratio 

of water-soluble polymers to conjugated molecules, the smaller the nanoparticle 

diameter. Compared with the PPE-based nanoparticles, OPE-based nanoparticles 

exhibit smaller size and lower dispersity, indicating that the structure of water-soluble 

nanoparticles is linked to the conjugated length. Surprisingly, the formation of the 

nanoparticles are little influenced by the molecular architecture of conjugated 

molecules. Furthermore, the OHOPEL/PG and OHOPEL/PAA systems produced 

smaller particles and lower dispersity than OHOPEL/PEG system. These results 

suggest a strong correlation between strength of hydrogen bonds and size and degree 

of dispersity of the nanoparticles so formed.  

The optical properties of the nanoparticles were intensively investigated by UV-vis, 

PL, and time resolved photoluminescent analysis. The results indicate the existence of 

interchain π-aggregation of PPEs/OPEs in the nanoparticles. It was also found that the 

optical properties of anionic OHOPEL/PAA- nanoparticles remained stable in 

different chemical environments such as changes in concentrations, pHs and ionic 

strengths.  

The fluorescence quenching behavior of the nanoparticles in different environments 

was investigated by using MV2+ and Fe(CN)6
4- as the ionic quenchers. The results 

show that anionic OHOPEL/PAA- nanoparticles are more fluorescence sensitive to 
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MV2+ than Fe(CN)6
4-, indicating that electrostatic attraction is the main force to drive 

the quenchers close to the fluorophores to effect fluorescence quenching. Furthermore, 

the fluorescence quenching behavior is closely related to the chemical environment, 

i.e., concentrations, pHs, and ionic strengths, which has a direct influence on the 

electrostatic attraction.  

The results have demonstrated that the water-soluble light-emitting nanoparticles, 

especially OPE-based nanoparticles, are promising candidates for application in 

chemo- or bio-sensors. This aspect of the work will be carried out in the future. 

 


