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ABSTRACT 

Surface Modification of Carbon Nanotubes with Conjugated Polyelectrolytes: 

Fundamental Interactions and Applications in Composite Materials, Nanofibers, 

Electronics and Photovoltaics 

Alaa H. Ezzeddine 

 

Ever since their discovery, Carbon nanotubes (CNTs) have been renowned to be 

potential candidates for a variety of applications. Nevertheless, the difficulties 

accompanied with their dispersion and poor solubility in various solvents have hindered 

CNTs potential applications. As a result, studies have been developed to address the 

dispersion problem. The solution is in modifying the surfaces of the nanotubes covalently 

or non-covalently with a desired dispersant. Various materials have been employed for 

this purpose out of which polymers are the most common. Non-covalent functionalization 

of CNTs via polymer wrapping represents an attractive method to obtain a stable and 

homogenous CNTs dispersion. This method is able to change the surface properties of the 

nanotubes without destroying their intrinsic structure and preserving their properties.  

This thesis explores and studies the surface modification and solublization of 

pristine single and multiwalled carbon nanotubes via a simple solution mixing technique 

through non-covalent interactions of CNTs with various anionic and cationic conjugated 

polyelectrolytes (CPEs). The work includes studying the interaction of various 

poly(phenylene ethynylene) electrolytes with MWCNTs and  an imidazolium 

functionalized poly(3-hexylthiophene) with SWCNTs. Our work here focuses on the 

noncovalent modifications of carbon nanotubes using novel CPEs in order to use these 

resulting CPE/CNT complexes in various applications. 
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Upon modifying the CNTs with the CPEs, the resulting CPE/CNT complex has 

been proven to be easily dispersed in various organic and aqueous solution with excellent 

homogeneity and stability for several months. This complex was then used as a nanofiller 

and was dispersed in another polymer matrix (poly(methyl methacrylate), PMMA). The 

PMMA/CPE/CNT composite materials were cast or electrospun depending on their 

desired application. The presence of the CPE modified CNTs in the polymer matrix has 

been proven to enhance the composites thermal, mechanical and electrical properties 

compared to pristine CNTs. 

Various spectroscopic and microscopic techniques such as UV-vis, fluorescence, 

TEM, AFM and SEM were used to study and characterize the CPE/CNT complexes. 

Also, TGA, DSC and DMA were used to study the thermal and mechanical properties of 

the composite materials. 

Our current work represents a fundamental study on the non-covalent interactions 

between CNTs and CPEs on one hand and gives a real life example on the CPE/CNT 

application in composite materials and electronics. 
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1.Chapter 1  

Introduction and General Background 

 

Overview 

In the past few decades,  nanotechnology has  been quite established and started to 

take an essential role in our professional life and standard products such as TVs, mobile 

phones etc. It is unclear yet where such novel and fast growing field of study will take us, 

however everyone agree that it possesses a unique ability to improve our state of living. 

The art of fabricating distinguished material structures in the nanometer scale will greatly 

affect upcoming research and developments in various scientific and engineering fields 

by manufacturing new inventions, materials and devices. In 1959, Nobel laureate Richard 

Feynman presented his famous lecture  “There is Plenty of Room at the Bottom—An 

Invitation to Enter a New Field of Physics”, after which scientist were inspired to 

manufacture entities with atomic scale.1 Twenty years later, and exactly in the early 

1980s, atomic force microscopes and scanning tunneling microscopes were developed 

and stablished which set the way for the studies of nano objects. Examples of 

nanomaterials are and not limited to carbon nanotubes, nanoparticles, quantum dots with 

nanometer dimensions. These materials display unique properties on the nanometer level 

that is not observed for bulk material. For example, gold nanoparticles can acquire 

different colors for different nanoparticle size, however bulk gold is yellow.2 

Up to 2014, more than 95,000 publications have been produced as a result of 

thorough research on carbon nanotubes. Accordingly, concrete applications of these 

materials are getting closer and being achieved. CNT nanotechnology will take a big part 

of future professions and education. We present here a summary of the chemistry of 
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carbon nanotubes. We will also discuss topics including their structural types, unique 

properties, established applications, and industrial challenges. 

 

1.1 Carbon nanotubes: Discovery and Innovation 

The discovery of carbon nanotubes occurred in 1959 when Roger Bacon was studying 

the growth of graphite whiskers. In his study, Bacon observed the formation of thick 

whisker with cylindrical surfaces. He proposed that a graphene sheet with several layer 

roll over its axis several times to form a cylinder (Figure 1.1).3 In 1976, Oberlin et al. 

have observed very thin carbon fibers having a diameter of 2 to 50 nm. The fibers; 

produced by pyrolysing benzene at 1100 oC; were detected under high-resolution 

transmission electron microscope.4 Research toward understanding these material was 

carried on in the 1980s where Fullerenes were discovered and then Howard G Tennet 

issued the first patent for graphitic hollow core fibrils.5-6 

 

  

Figure 1.1 (a) The first model for carbon nanotubes model proposed by Roger 

Bacon. (b) Structure model for carbon nanotubes proposed by Sumio Iijima in 1991. 

Reprinted (adapted) with permission from reference (7). Copyright (1991) Nature. 

(a) (b) 
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The breakthrough in carbon nanotube discovery was made when Sumio Iijima 

described the production of “needle liked tubes” using the arc discharge evaporation 

technique in 1991.7 In his work, Iijima observed the formation of multiwall nanotubes 

using carbon arc discharge after which he was able to observe the single wall nanotubes 

two years later.8 Simultaneously and in the same day, Donald Bethune published the 

same single wall tubular structure carbon material.9 In 1996, the discovery of Fullerenes 

was renowned. Robert  Curl ,  Harold Kroto and Richard  Smalley were awarded the 

Nobel prize for their discovery which made these materials; including carbon nanotubes; 

very attractive for future studies. 

 

1.2 Structural Types and Properties 

Carbon nanotubes hold distinctive structural properties and characteristics. They are 

very small hollow cylinders made entirely of carbon atoms. CNTs are analogous to rolled 

tubes of graphene forming a flawless cylinder with an open or closed end. Besides their 

small shape and size, CNTs are of extraordinary structure that added to their exceptional 

thermal, mechanical, optical and electronic properties.10-11 The diameter of CNTs is 

within the nanometer scale while the length can reach micro or millimeter scale which 

resulted in large aspect ratios of length/diameter.12 

Carbon nanotubes are divided into three groups all represented in figure1.2. (i) Single 

wall carbon nanotube (SWCNT). They are tubes with single cylindrical wall of graphene. 

Typically, SWCNTs have the smallest diameter ranging from 1 to 2 nm which add up to 

the van der Waal forces between the nanotubes and induce their aggregation and 
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bundling. (ii) Multiwall carbon nanotubes (MWCNT). They are made up of several walls 

of graphene sheets turned into the shape of a tub. The spacing between the walls is 

around 3 Å while the diameter of the nanotubes can reach up to 100 nm.13 (ii) Double 

wall carbon nanotube (DWCNT).  They represent the most recent discovered class of 

nanotubes. They are a combination of both the single and multiwall carbon nanotubes. 

DWCNTs are made of dual coaxial SWCNTs combined together by van-der-Waals 

interactions.14 

 

 

Figure 1.2 Representational scheme for (a) SWCNT (b) DWCNT and (c) MWCNT 

 

Graphene sheets can be rolled in different ways and can therefore produce capped 

or uncapped CNTs. The uncapped tubes are a result of symmetrical and cylindrical 

folding of graphene sheets where the open edges coincide seamlessly to form an open 

tubule structure. While the capped nanotubes occur when the graphene sheet has 

pentagonal carbon rings forming a graphitic cone (Figure 1.3).15-16 
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Figure 1.3 (a) HR-TEM showing overlaid SWNTs.  (b) Representational scheme. (c)  

SWNT capped with a half fullerene (pentagons are the yellow part. “Reprinted 

(adapted) with permission from reference (16). Copyright (2008) American 

Chemical Society.” 

 

The diameter and the helicity of carbon nanotubes control their symmetries which 

in turn dictate their properties. Every CNT has a chiral vector and an angle (θ) that 

determines its chirality or helicity. The dimensions of the nanotube are controlled by the 

chiral vector which equate to the circumference of the nanotubes while the rollup vector 

is vertical to the axis of the tub.  
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Figure 1.4 When the origin (0,0) overlaps with point C, a nanotube with indices 

(11,7) is developed. Zigzag or armchair nanotubes are produced along the dotted 

lines. Chiral tubes are produced by all other wrapping angles. The chiral angle θ is 

between T and H. “Reprinted (adapted) with permission from reference (17). 

Copyright (1998) Nature." 

   

 Figure 1.4 summarizes how carbon nanotubes can be assembled by enfolding a 

graphene sheet. Vector C represents the equivalent sites upon which the nanotube is 

formed when C is wrapped. The rolling vector C is defined as: 

 C= na1 + ma2  

The unit vectors are a1 and a2 while n and m are integers (n,m). Thus and so, the outcome 

of rolling the graphene sheet can result in three distinct nanotubes: (1) the armchair 

nanotubes where n and m are equal and θ is 30. (2) The zigzag nanotubes where n or m is 

zero and θ is zero. (3) The chiral conformations where θ is between 0 and 30 (Figure 

1.5).18 
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Figure 1.5 Different chirality exhibited by SWCNTs. “Reprinted (adapted) with 

permission from reference (12). Copyright (2012) American Chemical Society." 

 

Although the chemical bonding within the carbon atoms in the nanotubes are 

similar and don’t have any dopants, the nanotubes possess distinctive electronic 

properties. Carbon nanotube are considered to be metallic once n-m= 3q, and 

semiconducting once n-m ≠ 3q where q is an integer. This leads to the conclusion that 

armchair (n,n) carbon nanotubes are  metallic while zigzag (n,0) nanotubes are semi 

metallic.12 

 

1.3 Methods of Synthesis 

The production methods of carbon nanotubes are highly important and the common 

ones are: chemical vapor deposition (CVD), pulsed-laser vaporization (PLV), high 
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pressure carbon monoxide (HiPco), arc discharge etc. Mainly, CNT production 

techniques can be separated into chemical, physical and miscellaneous processes. 

The most used chemical processes are CVD, HiPco and Cobalt and Molybdenum 

catalyst (CoMoCAT) processes. In 1996, CVD come out as a large scale method for the 

production of CNTs.19  The process includes mixing of hydrocarbon gases such as 

methane, ethylene or acetylene with a process gas such as nitrogen, ammonia or 

hydrogen in a high temperature reaction chamber (700 °C to 900 °C). The process is done 

at atmospheric pressures (Figure 1.6).  CNTs are then deposited and developed due to the 

decomposition of the hydrocarbons on a metal substrate (catalyst). Catalysts used for this 

process are usually metal nanoparticles such as Cobalt or Nickle nanoparticles. CVD has 

been also used to produce double wall carbon nanotubes.20-21  

HiPco is a distinctive method for CNTs development.22 In this method, the catalytic 

reaction happens in the gas phase where the catalyst is nourished directly with the 

hydrocarbon gas into the reaction chamber. The nanotubes produced do not need any 

catalytic support which makes this method suitable for continues production of large 

scale of CNTs. 23  

CoMoCAT processes make use of Cobalt and Molybdenum as catalysts and CO as 

gases. The technique is used for growing SWaNT by CO disproportionation. In the 

presence of CoMo catalyst, CO decomposes  into C and CO2 The reaction happen at a 

temperature ranging between  700°C to 950°C in a continuous flow of clean CO  and at a 

typical pressure ranging between 1 to 10 atm.24 
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The chemical processes mentioned above are simple to design and control. The raw 

materials are also available and easy to get in the gas form. Also, these are cheap process 

that do not require huge amount of energy. 

 

 

Figure 1.6 Chemical Vapor Deposition scheme 

 

The physical processes on the other hand are exemplified in as arc discharge and laser 

ablation processes. These are popular techniques used to develop CNTs for academic 

research and experimental purposes.25-26 

First operated by Iijima, arc discharge process was used to create needle-like tubes 

known as carbon nanotubes. This process represents the first technique used for carbon 

nanotubes development. The same technique was utilized for the production of 

fullerenes. The technique requires a pressurized chamber containing a mixed amount of 

methane (10 Torr) and argon (40 Torr). The chamber also has two thin electrodes, the 

cathode and the anode where lower electrode had a tiny piece of iron serving as a 

catalyst. A 200A current is then applied between the electrodes forming the arc (Figure 

1.7A). It is important to use argon mixed with methane and catalyzed by iron in order to 
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produce SWCNTs using this method. The nanotubes are produced on the negative 

electrode (iron catalyst).27-28 

 

 

Figure 1.7 Schematic representations for (A) Arc Discharge (B) Laser Ablation 

 

The laser ablation process on the other hand consists mainly of a laser and a graphite 

target. In the reactor, a laser pulse strikes the graphite target at an elevated temperature 

accompanied with an inert gas like helium. The helium will push the vaporize graphite 

into a color surface where it condenses and form the nanotubes (Figure 1.7B).29-30  

The main limitation of these physical methods is the extensive energy consumption to 

produce the arc or laser used on the process. Also, they require the evaporation of a target 
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(graphite) to produce the nanotubes which restricts the use of these methods for large 

scale production. Last but not least, CNTs can be produced using miscellaneous 

processes such as electrolysis of flame synthesis. These are less used techniques and not 

commercialized yet.31-32 

 

1.4 Applications 

Carbon nanotubes are auspicious materials for many applications. In the past few 

years, a significant amount of studies have been made on CNTs development and 

functionalizing in order to control their bulk and surface properties such as  electric 

conductivity capacitance and wettability properties. So in pursuance of ideal carbon 

nanotubes applications, it is important to understand their various functionalization 

methods.33-34 

As we mentioned before, CNTs are excellent materials and noble candidates for many 

applications (Figure 1.8). However, there are some difficulties related to their processing 

and assembly into devices. These difficulties represent a key challenge for CNTs 

applications. Their low solubility and their tendency to aggregate exemplify the main 

limiting factor for their applications.35 Thus and so, CNTs have been segregated out of 

their bundles and solubilized in various solvent by modifying their surface properties. 

The modifications include covalent chemical bonding of functional groups on CNT 

surface/sidewalls and noncovalent bonding where the surface wall of the CNT is coated 

with polymers, small molecules or nanoparticles. 
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Figure 1.8 Scheme showing the various applications of Carbon nanotubes and 

graphene. Image courtesy of Meijo Nano Carbon Co.,Ltd. 

 

1.4.1 CNT Electrodes 

CNTs excellent conductivity and high surface/mass ratio allow them to be good 

candidates for electrode applications.36 Examples include and not limited to transparent 

electrodes and electrodes for lithium ion batteries. In recent applications, CNTs have 

been used as conductive optical transparent thin film electrodes to replace, indium tin 

oxide.37-39 CNTs represent a competitive replacement for the rare indium metal in solar 

cells. In this process, optical transparent electrodes (OTEs) made of CNTs are made as 

thin films.40-41 Typically, the films are made out from CNT dispersions via filtration or by 

casting of homogenous dispersions of CNTs.41 Spray-coating of CNTs dispersion is also 
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used to from the films.42-43 CNT electrodes have been also used in organic light emitting 

diodes (OLEDs) and showed superior suitability when flexibility is desired. The CNT 

electrodes were proven to practically work similarly under bending while in the case of 

ITO-based electrodes, the sheet resistance intensely increases due to surface cracks 

formation43 

 

 

Figure 1.9 (a) SEM image showing the formation of MnO2 shell on the CNT wall 

forming MnO2/CNT coaxial nanotube. (b) Charge–discharge profiles comparing 

MnO2–CNT coaxial nanotube arrays to Li/Li+ between 3.2 and 0.02 V. (c) 

Comparing the stability for MnO2/CNT coaxial nanotubes, MnO2 nanotubes and 

CNTs. “Reprinted (adapted) with permission from reference (44). Copyright (2009) 

American Chemical Society." 

 

Also, CNTs are similar to graphite and they have high surface area which allows 

them to be possible candidates for lithium ion batteries applications (Figure 1.9). 

Principle studies performed by Zhao et al. proposed a charge transfer within lithium and 

carbon. Li was able to intercalate on the inner walls the nanotube and within the 

interstitial space. The results also showed the capability of SWCNTs to intercalate one Li 

for each two carbon atoms thus having a higher Li intercalation density in graphite.45 
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Further studies also propose that SWCNTs bundles are excellent candidates for anode 

applications in battery.44, 46-47 

 

1.4.2 Electronic Materials 

Moreover, CNTs have been used in applications for electronic components serving as 

nanowires or transistors due to their excellent electronic transport capabilities.48-49 For 

example, Wang et al. have revealed an original method to utilize CNT composites for 

nanowires applications. In his method, Wang has electropolymerized pyrrole in the 

presence of the nanotubes forming an excellent conductive nanowire composite.50 Also, 

as a part of their applications in organic field-effect transistor (OFETs), CNTs surface is 

proven to interact with aromatic molecules and conjugated polymers  which decrease the 

contact resistance between the CNTs when used as electrodes.51 In his work, Hong et al. 

was able to disperse MWCNTs in water throughout non covalent warping the nanotubes 

with poly(4-styrene sulfonate) (PSS) after which he spin coat to form the CNT array. The 

pentacene field-effect transistor (FET) he created using MWCNT as a bottom layer 

exhibited four times higher mobility compared to its equivalent FET with gold bottom 

contacts.52 

 

1.4.3 Drug Delivery and Imaging 

CNTs grew universally due to their potential applications as multifunctional 

nanomaterials. First and foremost, CNTs have remarkably excellent tensile strength and 

high storage modulus that made them among the most robust and rigid materials that had 

been ever explored.53-54  Moreover, CNTs have high capabilities to absorb optical 
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excitements 55 and produce intense Raman Signals that allow their innocuous 

characterization, in addition to outstanding thermal and electrical conductivities.56-57 

Having all these adjustable unique features, CNTs were examined and used effectively to 

craft new and multifunctional materials. 58 

For therapeutics and biomedical applications, functionalized nanotubes have 

revealed tremendous capabilities, especially in the fields of drug delivery, gene delivery, 

and thermal therapy. 59-60 In this sense, CNTs and specially SWCNTs are able to absorb 

and transform near infrared (NIR) radiations into thermal energy which made them of 

widely used in photothermal therapy to fight cancerous cells 61-62.Moreover, CNTs have 

been used as medicinal agents, and  transporters for precise drug delivery. Certainly, 

various therapeutic drugs have been effectively delivered using CNTs by a large number 

of different strategies, proving superior efficiency and lessened toxicity. 63-67 

As a matter of fact, CNTs exhibit a lot of interesting characteristics that allow 

them to be excellent candidates for drug delivery systems. Mainly, CNTs are considered 

as Nanocarrier. Just as Nanoparticles and Liposomes, CNTs bear the “Enhanced 

Permeability and Retention Effect” (EPR) which allow them to display more 

accumulation in tumor cells in comparison with normal cells.68 This effect allows CNTs 

to carry specific drugs such as chemotherapeutic agents specifically to tumor site.69 

Additionally, CNTs have a “needle-like shape” that eases the “transmembrane 

penetration and intracellular accumulation” of the loaded drug regardless of the cell 

type.70  CNTs also have been proved to enter the cells through “energy dependent 

endocytic pathways”.71 Last but not least, CNTs’ high aspect ratio and surface area that 

makes them excellent platforms for carrying drugs. The drug can be loaded covalently or 
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non-covalently and can be attached either on the surface or within the inner core of the 

CNT.72 To enhance the efficiency of drug delivery systems based on CNTs, the later was 

incorporated with targeting molecules such as magnetic particles or antibodies.73 

Furthermore, CNTs can also be conjugated with imaging tags such as radioactive 

nuclides and fluorescence molecules 74 in order to observe and monitor their bio-

distribution in vivo and in vitro. 

In general, nonfunctionalized CNTs tend to have a hydrophobic surface and a 

high degree of heavy metals which make them more toxic. These problems can be 

addressed by appropriately functionalizing the CNT surface on one hand and purifying 

the heavy metals on other hand.75 As per mentioned, CNTs Functionalization can be done 

either covalently throughout the functional groups available on its backbone surface or 

non-covalently by wrapping the CNTs with water soluble polymers, lipids or 

surfactants.76 Surface functionalization of the CNTs plays a major key not only in 

reducing its cytotoxicity, but also in providing additional linking sites upon which drugs, 

fluorescent molecules or even a targeting moiety can be anchored.77 It is important to 

note that polyethylene glycol (PEG) functionalized CNTs have shown great results in 

achieving prolonged circulation half-life and enhanced bio-availability.78 In the presence 

of these adjustments, CNTs have achieved noble biocompatibility and solubility. 

CNTs have been conjugated with imaging tags and fluorescence probes such as 

radioactive nuclides. The main reason for this conjugation is to examine the CNTs 

intracellular trajectories and bio-distribution in vivo and in vitro. So by combining the 

NIR absorption competency of the nanotubes with drugs and tags, we can create a  

multimodal drug delivery system.79 For example, in order to identify the factors that 
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affect DOX loading or release, it is important to comprehend the intracellular distribution 

and the uptake manner of the CNT-DOX complex in the cancer cell. Usually, in order to 

do so, fluorescence dyes such as Alexa-fluor-647 80, fluorescein 81-82 and Rhodamine (Rh) 

83 are conjugated with the CNTs. Sometimes CdTe quantum dots (QD) can be utilized.73  

In his studies, Cheng et al. has constructed a multiplex PEGylated functionalized 

SWCNT drug delivery system. It consisted of thalidomide (an antiangionic drug that 

hinders blood vessels development and prevent cancer reappearance), cyclic RGD as a as 

a targeting moiety and (Rh) as a fluorescent marker.84 The fluorescent tag was used to 

compare in vivo uptake of the drug delivery construct with and without RGD.  The 

untargeted drug carrier showed little inhibition for cancer cells compared to the targeted 

one. 

Controlled release of therapeutic agents from biomedical appliances allows 

accurate dosing that can be set to meet requirement for various biomedical applications.85 

So to obtain accurate controllable drug delivery, drug nanocarriers are extensively studied 

as a result of their extraordinary properties and tunable structures.86 For instance, carbon 

nanomaterials and especially CNTs and Graphene Oxides (GO) are well known to have 

sp2 carbon lattice and large surface area which allow excellent drug loading. They can 

also be easily modified to provide different routes for controlling and targeting drugs.87 
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Figure 1.10 Preparation of modified PMMA hydrogels and the mechanism for the 

drug release. “Reprinted (adapted) with permission from reference (88). Copyright 

(2013) WILEY-VCH.” 

 

In his study, Servant et al. developed an electroresponsive drug delivery system 

based on poly(methylacrylic acid) (PMAA) hydrogel matrix filled with pristine 

MWCNTs for pulsatile drug release. Figure 1.10 explains the delivery system preparation 

and function. The release profile was measured using radio labelled sucrose. The model 

drug served as a hydrophilic small molecule for the measurement of the release profile. 

The use of MWCNTs in the system led to enhanced electrically conductivity which in 

terms was used to control the drug release.88  

 

1.5 Conjugated Polyelectrolytes: Definition and Background 

The study of conjugated polymers have given rise to new classes of materials with 

unique properties that can be used in various applications such as organic electronics, 
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solar cells and electrochromic devices, light-emitting diodes (LEDs), nonlinear optics and 

chemical and biological sensors.89-92 At first, conjugated polymers suffered from poor 

solubility and low viscosity which limit the applications of their advantageous structures. 

Nevertheless polymer scientists were able to overcome these limitations using different 

methods which made these materials commercially available for both academic research 

and industrial applications. When dealing with the applications of conjugated polymers, it 

is obvious that water solubility is important from so many different aspects.  For 

example, environmentally green processing methods can be used; also the water 

solubility enhances the applications of the polymers in biological systems. Accordingly, 

conjugated polyelectrolytes (CPEs) were designed and established.93 

 

 

Scheme 1.1 Cationic CPE illustration “Reprinted (adapted) with permission from 

reference (94). Copyright (2008) WILEY-VCH.” 

 

Conjugated polyelectrolytes (CPEs) are typified as conjugated polymers with 

ionic side chain in their repeating units. The backbone of the polymer is a π-conjugated 

backbone while the side chains have functional groups that ionize in polar organic 

solvents and aqueous media.95 The drawing represented in scheme 1-1 demonstrates the 

major structural components of CPEs. 
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Figure 1.11 Structures of poly(arylene ethynylene) electrolytes  

 

CPEs have been developed and established around mid-1980s.96 The materials are 

renowned for their unique combination of both, the semiconducting characteristics of the 

conjugated polymers backbone and the charge transfer behavior of a polyelectrolyte.97 

 

1.6 Photophysical Properties: Polymer Aggregation and Self Assembly 

CPEs are well known to exhibit unique photophysical properties. So many studies 

have been made to understand the fundamental behavior of CPEs and their applications 

to chemical and biological sensors in addition to organic optoelectronic devices. 

Practically, the conjugated backbone structure dictates the optical properties of the 

polymer. Thus, conjugated polymers and CPEs having the same backbone will exhibit 
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analogous photoluminescence and absorption spectra regardless of the side groups 

attached to the CPE. Nevertheless, CPEs affinity to aggregate in aqueous solution or 

organic polar solvent is high due to their   hydrophobic backbones and hydrophilic side 

groups (amphiphilic structures). This aggregation directly affects the photophysical 

properties of the CPEs when varying the solvents. 

 

 

Figure 1.12 Fluorescence images of the anionic PPE-Ar-SO3 solutions in methanol 

upon exposure to near UV light. “Reprinted (adapted) with permission from 

reference (98). Copyright (2006) American Chemical Society." 

 

To emphasis some of these structural effects, CPEs with a series of poly- (arylene-

ethynylene) represented in Figure 1.11 were the focus of a broad study reported by 

Schanze et al.  in 2006.99 CPEs in the studied research are made up of five pairs of the 

same poly(arylene-ethynylene) backbone alternating between anionic (1, PPE-Ar-SO3) 

and cationic (2, PPE-Ar-(4+)) side chains. The results of the spectroscopic studies 

demonstrated the occurrence of similar optical properties of the CPEs with the same 

backbone but different anionic or cationic side group. On the contrary, changing the 

aryrlene units within the CPEs backbone prompt a substantial deviation in the band gap 
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through the series. As a result, the maximum absorption fluctuated between 400 to 550 

nm while fluorescence maxima fluctuated between 440 to 600 nm. (Figure 1.12) 

 

 

Figure 1.13 PPE-SO3 absorption (left) and fluorescence (right) spectra in CH3OH 

(__), 1:1 CH3OH/H2O (--) and H2O (__--). “Reprinted (adapted) with permission from 

reference (100). Copyright (2004) American Chemical Society." 

 

Schanze et al. have also extensively studied and explored the effect of CPE 

aggregation on the photophysical properties of the polymers. The studies showcase on the 

effect of solution on the aggregation process on both the absorption and fluorescence 

spectra.100-102 

A clear case is exemplified in Figure 1.13 where the optical properties of PPE-

SO3 were examined in water, methanol and a combination of both solvents. Both 

absorption and emission spectra show a strong red shift when increasing the amount of 

water in the solvent. The effect of aggregation is more obvious in the fluorescence 

spectra. The sharp fluorescence peak of PPE-SO3 in methanol is a broad disordered band 
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in water. This clear deformation and quenching in the fluorescence peak is a result of 

strong aggregation of PPE-SO3 in water compared to “molecularly dissolved chains” in 

methanol.100 

 

1.7 Amplified Fluorescence Quenching 

The phenomena of “amplified quenching”; also known as “super quenching”; is 

recognized to be one of CPEs distinct properties. It is defined as the ability of low 

concentration of a specific quencher to quench the fluorescence of CPEs efficiently.103-105 

 

           

Figure 1.14 (a) Chemical structure MPS-PPV. (b) Absorption (left) and fluorescence 

(right) spectra of MPS-PPV in water without (solid line) and with 100 nm MV2+ 

(dotted line). (From reference (105). Copyright (1999) National Academy of 

Sciences. 

 

Whitten et al. were the first to report the phenomena of amplified quenching in CPEs.  

Their study involves the fluorescence quenching of MPS-PPV (Figure 1.14a ) by N,N’-

dimethyl-4,4’-bipyridinium (methylviologen, MV2+).105 Upon the addition of MV2+ (100 

(a) 
(b) 
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nM) to the polymer in aqueous solution, a noticeable red shift was observed in the 

absorption spectra accompanied by an extremely effective  fluorescence quenching of the 

CPE (Figure 1.14b). The study also shows that the mechanism of quenching involves the 

ion pair formation between the cationic MV2+ and anionic MPS-PPV.105 Additionally, 

amplified fluorescence quenching can be greater when CPEs are in conditions upon 

which the chains strongly aggregated.98, 106 

 

1.8 Synthesis of CPEs with PPEs Backbone and Their Applications 

Poly(phenylene ethynylene)s (PPEs) are poly(arylene ethynylene) (PAEs) with a 

benzene ring substituting the arylene. Since there discovery, PPEs have been conjugated 

with a variety of functional groups such as phosphonate, alkyl, carboxylate, alkoxy and 

other pendant group.101-102, 107-108 Their backbone also has been subjected to “doping” 

with different organic or metal containing comonomer units.109 

 

 

Figure 1.15 Synthesis of meta-carboxylated PPE polyelectrolyte 
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The first CPE with a PPE backbone was report in 1997 when Li et al. have 

synthesized a meta-carboxylated PPE polyelectrolyte(5).110 The synthesis was done in 

aqueous solution throughout the co-polymerization of acetylene with 3,5-dioiodobenzoic 

acid (Figure 1.15). 

The synthesis of poly(phenylene ethynylene)s is mainly done via  Sonogashira co-

polymerization where a di-halogenated aromatic compound (6) interacts with diethynyl 

aromatic compound (8) to produce PPE (9) (Scheme 1.2).  

 

 

Scheme 1.2 Synthesis of poly(phenylene ethynylene)s via  Sonogashira co-

polymerization. 

 

Recently, Schanze and co-workers described the synthesis of two 

poly(phenyleneethynylene) (PPE)-based (CPEs) having cationic imidazolium solubilizing 

groups via Sonogashira coupling. The polymers obtained were soluble in water and polar 

organic solvents and with 75 % yield (Figure 1.16).111 
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Figure 1.16 Synthesis of PIMs. “Reprinted (adapted) with permission from 

reference (111). Copyright (2015) American Chemical Society.” 

 

A detailed explanation and characterization of the cationic polymers was done to 

study their aggregation and amplified quenching properties. The results were coherent 

with previous findings in literature where PIMs were effectively quenched using a small 

concentration of pyrophosphate (PPi) in methanol and water (Figure 1.17).112-113 Also, 

PIMs biocidal activity was determined against Gram-negative and -positive bacteria 

(Escherichia coli and Staphylococcus aureus). The findings showed the efficiency of low 

concentrations of PIMs to work as light activated biocides which made them promising 

candidates for optical biosensors.111 

Another application of PPE CPEs is exemplified in the work done by Liu et al. in 

2008 where he utilized BpPPESO3 for the sensing of phospholipids.114 The mechanism is 

based on the hydrolysis of phospholipids substrate (in the presence if an enzyme) that 

interact intensely with the CPE and consequently, alters is fluorescence properties. 
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Accordingly, the group was able to develop a fluorescence turn off sensor for the enzyme 

phospholipase C (PLC) (Figure 1.18a)  

 

 

Figure 1.17 Stern−Volmer graph of the PIMs quenched by PPi. “Reprinted 

(adapted) with permission from reference (111). Copyright (2015) American 

Chemical Society.” 

 

The fluorescence of BpPPESO3 in aqueous solution is weak due to the aggregated 

state of the polymer (Figure 1.18b). Upon the addition of phospholipid (10CPC), the 

intensity of BpPPESO3 fluorescence is significantly enhanced as a result of BpPPESO3-

10CPC complexation. The presence of 10CPC disturbs the aggregation state of 

BpPPESO3 chains which reduces the interchain interactions and consequently enhances 

the polymer fluorescence. The presence of PLC leads to 10CPC enzymatic hydrolysis 

and as a result, the development of a weak cationic binder to BpPPESO3 (Figure 1.18b). 

Therefore, adding PLC into a solution of BpPPESO3-10CPC efficiently alters the 

formation of BpPPESO3-10CPC complex, and consequently decreases its fluorescent 

intensity (Figure 1.18c).  
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Figure 1.18 a) 10CPC enzymatic hydrolysis by PLC. b) The effect of PLC of the 

fluorescence assay: (__) BpPPESO3 fluorescence; (….) In the presence of 10CPC (1), 

In the presence of PLC (2). c) Schematic representation of PLC turn-off assay. 

“Reprinted (adapted) with permission from reference (114). Copyright (2008) 

American Chemical Society.” 

 

The applications of poly(phenylene ethynylene) based CPEs are not limited to 

chemical and biological sensors but also extend to electronics and photovoltaic cells.115 

For examples, Mwaura et al. have reported the use of PPE based CPE in the formation of 

a photovoltaic cell. They used a layer-by-layer (LBL) assembly method to produce a 

multilayer film made of the anionic PPE and a cationic C60 derivative (Figure 1.19).116 
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Figure 1.19 Simplified representation of the studied photovoltaic cell. The scheme 

shows the structure of the active layer ((D) is donor and (A) is acceptor).  Reprinted 

(adapted) with permission from reference (116). Copyright (2005) American 

Chemical Society.” 

 

The thickness of active layer was 50 nm and it combined 50 bilayers. The incident 

photon to current conversion efficiency (IPCE) measured had a maximum between 4.5 to 

5.5% although the authors suggested this number could be higher due to the device 

thickness limitation because (only 50 % of the incident light is absorbed). The Devices 

obtained had open circuit voltages between 0.2-0.26 V and short circuit currents up to 

0.50mA/cm2, and most importantly a PCE of 0.04% when illuminated with AM 1.5 solar 

light (100mW/cm2). 

Thus and after, CPEs are considered to be leading materials for the current polymer 

research due to their capabilities for conquering major difficulties that hinders the 

applications of “plastic electronics” and setting the path for noble variety of sensor and 

fluorescent imaging materials. 

 

 

  



51 
 

1.9 Description of the Current Study 

In the following study, our goal is to achieve an increase understanding in the field of 

noncovalent functionalization of CNTs. Novel CPEs wisely synthesized and designed 

with suitable charges and backbones were used to noncovalent wrap and disperse the 

CNTs. 

Chapter 2 and 3 discuss the surface modification of MWCNTs with cationic (Chapter 

2) and anionic (Chapter 3) poly(phenylene ethynylene) electrolytes. Spectroscopic studies 

demonstrated the ability of PPEs to strongly interact with and efficiently disperse 

MWCNTs in different solvents mainly due to π-interactions between the PPEs backbone 

and MWCNTs. Transmission electron microscopy and atomic force microscopy revealed 

the coating of the polyelectrolytes on the walls of the nanotubes. 

Also, Scanning electron microscopy (SEM) studies confirm the homogenous 

dispersion of PPE modified MWCNTs in poly(methyl methacrylate) (PMMA) matrix. 

The addition of low concentration of PPE modified MWCNTs to the matrix has led to a 

significant decrease in DC resistivity of the composite (13 orders of magnitude). The 

increase in electrical conductivity and the improvement in thermal and mechanical 

properties of the membranes (Chapter 2) or the nanofibers (Chapter 3) containing the 

PPE modified MWCNTs is ascribed to the formation of MWCNTs networks and cross-

linking sites that provided channels for the electrons to move in throughout the matrix 

and reinforced the interface between MWCNTs and PMMA. 

Chapter 4 on the other hand displays the proficiency of cationic polyelectrolyte 

P3HT-IM to noncovalently interact with SWCNTs via π−π forces.  We deduce that the 
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polymers conjugated backbone tends to π−π stack on the surface of the nanotube leading 

to their dispersion and separation of their bundles. Various spectroscopic and microscopic 

techniques were used to illustrate the interactions between P3HT-IM and the SWCNTs. 

Our results clearly indicate the ability of P3HT to solubilize and disperse SWCNTs for 

future applications in electronic and photovoltaics.  

Chapter 5 shows the capability of cationic PPE polyelectrolyte to interact 

noncovalently with MWCNTs via π−π interactions. The conjugated backbone of the 

polymer tends to π−π stack with the surface of the nanotube causing the dispersion and 

separation of the nanotubes bundles. We used various spectroscopic and microscopic 

techniques to characterize the interactions between PIM-4 and MWCNTs. In this chapter, 

we attempt to use spin coating to produce the PIM-4/MWCNTs thin films for solar cell 

applications. We also studied the dispersion and the alignment of the nanotubes within 

the thin film and their electrical and optical properties of PMMA. Our findings prove that 

PIM-4 efficiently disperse and solubilize MWCNTs. Yet more work should be done on 

the assembly of a solar cell device. 
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Summary and Overview 

This research investigates the modification and dispersion and of pristine 

multiwalled carbon nanotubes (MWCNTs) through a simple solution mixing technique 

based on noncovalent interactions between poly(phenylene ethynylene) based conjugated 

polyelectrolytes functionalized with cationic imidazolium solubilizing groups (PIM-2 and 

PIM-4) and MWCNTs. Spectroscopic studies demonstrated the ability of PIMs to 

strongly interact with and efficiently disperse MWCNTs in different solvents mainly due 

to π-interactions between the PIMs and MWCNTs. Transmission electron microscopy 

and atomic force microscopy revealed  the coating of the polyelectrolytes on the walls of 

the nanotubes. Scanning electron microscopy (SEM) studies confirm the homogenous 

dispersion of PIM modified MWCNTs in poly(methyl methacrylate) (PMMA) matrix. 

The addition of 1 wt% PIM modified MWCNTs to the matrix has led to a significant 

decrease in DC resistivity of the composite (13 orders of magnitude). The increase in 

electrical conductivity and the improvement in thermal and mechanical properties of the 

membranes containing the PIM modified MWCNTs is ascribed to the formation of 

MWCNTs networks and cross-linking sites that provided channels for the electrons to 

move in throughout the matrix and reinforced the interface between MWCNTs and 

PMMA. 
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2.1 Introduction 

With a unique combination of electrical, mechanical and thermal properties, 

carbon nanotubes (CNTs) have drawn significant attention since their discovery in 

1991.1-5 CNTs can act as excellent nanofillers in the field of polymer-nanocomposites.6-9 

In the last few years, interest in polymer/CNT composites has grown significantly due to 

their numerous applications including use in passive and active electronic and 

optoelectronic materials and devices.10-11 Polymer/CNT composites combine the good 

processability of polymers and the unique electrical, mechanical and thermal properties 

of CNTs, affording low-cost polymer materials with improved properties.12-14 

Nevertheless, real-world applications of CNTs still face challenges. A key 

challenge to application is the poor miscibility between polymers and CNTs.15-16 Due to 

van der Waals attraction and π-π stacking, CNTs are thermodynamically driven to form 

aggregates and clusters. The weak interfacial interaction between CNTs and polymers 

makes CNTs immiscible in the polymer phase, which decreases the improvement of the 

polymer properties dramatically.16-22 To overcome these problems, nanotubes were 

segregated out of their aggregated bundles by utilizing either covalent or non-covalent 

functionalization to modify their surface properties.23-26 

Chemical functionalization of CNTs involves covalent attachment of functional 

groups (often polymer chains) to the open-end and sidewalls. This covalent 

functionalization of CNTs can improve CNT dispersion in solution and polymer matrices. 

Furthermore, covalent functionalization can also be used to modify and control the 

CNT/polymer interface for composite properties by varying the chemical functionality.27-
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29 However, a notable drawback of covalent functionalization is disruption of the 

extended π-conjugation in the nanotubes, thus affecting their electronic properties.   

By contrast, when CNTs are non-covalently functionalized, their structural 

integrity is preserved and consequently their properties are not disrupted, which is 

essential for their post-synthetic applications.30-32  Non-covalent functionalization 

involves utilizing specific molecules or polymers that adsorb onto the CNT surface to 

separate the CNT aggregates, and improve the dispersion of CNTs in solution or a 

polymer matrix. A library of established non-covalent functionalizing agents exists in the 

literature.  Previous studies have examined the effect of low molecular weight molecules, 

surfactants and polymers including chitosan, sodium dodecyl sulfate (SDS), sodium 

cholate and conjugated polymers.33-36 Among these agents, conjugated polymers exhibit 

some of the best dispersing and solubilizing properties for CNTs. The strong π-π 

interaction between conjugated polyarylenes and CNTs allows the backbone of these 

polymers to wrap CNTs efficiently.37-39  Bargen et al. suggested that wrapping of poly [p-

2,5-bis(3-propoxysulfonicacidsodiumsalt)}phenylene]ethynylene (PPES) around 

SWCNTs is not solely due to π-π interaction between the conjugated backbone and the 

CNTs.  They suggest that it also arises from the presence of the propoxysulfonate side-

chains that interact with the nanotubes and the solvent resulting in helical wrapping of the 

polymer around nanotubes.40 Examples also include poly(3,4-ethylenedioxythiophene)-

/poly(styrenesulfonate) (PEDOT/PSS) that adsorbs onto the surface of  multiwall carbon 

nanotubes (MWCNTs) thus improving the dispersion and electrical properties of the 

nanocomposite.41  A hallmark study by Deria et al. showed that poly[2,6-1,5-bis(3-

propoxysulfonic acid sodium salt)} naphthylene]ethynylene (PNES) is able to  helically 
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wrap SWCNT with a periodic and constant morphology  when a phase transfer catalyst 

such as 18-crown-6 is used.42  Our group has also reported poly-(9,9-dioctyfluorenyl-2,7-

diyl) (PFO) to disperse multiwall CNTs in polyetherimide (PEI) matrix.  The electrical 

conductivity of PEI was dramatically increased by the PFO/CNT dispersion.43  

Ionic liquids have also been demonstrated to be good dispersion agents for CNTs 

via non-covalent functionalization.  In a recent study, we reported a simple and scalable 

method for dispersing MWCNTs in a polyetherimide (PEI) matrix using an imidazolium 

based ionic liquid (IL). The strong interactions between the CNTs and the IL led to the 

formation of “bucky gels”, which when dispersed within PEI yield films with excellent 

conductivity and thermal stability.44  

Herein, we seek to combine the excellent dispersion capability of conjugated 

polymers and imidazolium solubilizing groups. Specifically, a set of conjugated 

polyelectrolytes (CPEs) featuring imidazolium side groups have been designed and 

prepared (Figure 2.1).  The design of these polymers takes into consideration the idea that 

the poly(phenylene ethynylene) backbone will adsorb onto with the CNT surfaces, while 

the pendant imidazole groups will act as solubilizing and stabilizing units, giving rise to 

the ability to disperse the modified CNTs in solvents and polymer matrices.  We 

characterize the interaction between the CPEs and MWCNTs by using optical 

spectroscopy and electron and atomic force microscopy, and the electrical, thermal and 

mechanical properties of PMMA composites with the CPE modified CNTs are then 

explored. The results show that the imidazole conjugated poylelectrolytes serve as 
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excellent solubilizing and dispersing agents for MWCNTs, giving rise to composites that 

exhibit moderate DC conductivity and improved thermal and mechanical properties 

 

 

Figure 2.1 Chemical structure of (a) (PIM-2), (b) PIM-4, (c) poly(methyl 

methacrylate) (PMMA) 
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2.2 Experimental Methods 

2.2.1 Materials 

PMMA in fine powdered was supplied by SABIC Innovative Plastics TM 

(average Mw ~990000). MWCNTs were purchased from Sigma Aldrich with a purity 

>95%. The diameter of the MWCNTs used is 6-9 nm and the length is 2–5 μm. 

Dimethylformamide (DMF) was purchased from Sigma Aldrich and used as received. 

The conjugated polyelectrolytes PIM-2 and PIM-4 were prepared and characterized as 

described elsewhere.45 

 

2.2.2 Preparation of Conjugated Polyelectrolyte Coated MWCNTs 

PIM-2 or PIM-4 were dissolved in (DMF) under bath type sonication for 90 

minutes followed by stirring for 12 hours at room temperature to obtain a homogenous 

pale yellow solution. Pristine MWCNTs were mixed with the PIM/DMF solution then 

sonicated for 90 minutes to form a homogenous suspension. Mixtures of different 

concentrations of PIM/MWCNT were prepared and studied. 

 

2.2.3 Preparation of the PMMA/PIM/MWCNTs Nanocomposites 

PMMA was dissolved in DMF and allowed to stir at room temperature for one 

hour until a clear solution was obtained. PMMA was then added to the PIM/MWCNT 

solutions to obtain different mixtures of PMMA/PIM-MWCNT. The PMMA/PIM-

MWCNT dispersions were then sonicated for one hour and then stirred for 12 hours. The 

mixtures were then cast into a glass petri dish followed by solvent evaporation at 50 oC in 

a vacuum oven for 24 hours to obtain the desired polymer nanocomposite membrane. The 
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resulting membranes were 0.1 mm thick, and they were heated at 70 oC for 24 hours 

eliminate any remaining solvent. (Scheme 2.1) 

 

 

Scheme 2.1 Preparation of the PMMA/PIM-MWCNTs nanocomposites. (i) 

Sonication of PIM with MWCNTs for 90 minutes followed by stirring for 12 hours. 

(ii) Sonication of PMMA with the obtained PIM-MWCNTs dispersion for 1 hour 

followed by stirring for 12 hours. 

 

2.2.4 Instrumentation and Methods 

Ultraviolet-visible absorption spectra were completed in DMF solutions using 

Varian Cary 5000 UV-VIS-NIR absorption spectrometer at room temperature. 

Fluorescence spectra were measured using Varian Cary Eclipse fluorescence spectrometer.  

High Resolution Transmission Electron Microscopy (HRTEM) images were 

obtained using a Titan CT (FEI Company) operating at 300 kV and equipped with a 4 k x 

4 k CCD camera (Gatan). Standard (TEM) images were collected using a Tecnai G2 Spirit 

TWIN, a 20-120 kV / LaB6.  The PIM/MWCNT solution was drop casted on a lacy copper 

grid stabilized with carbon (300 MESH, EMS) and dried for 6 hours in a desiccator prior 

to the analysis. Atomic Force Microscopy (AFM) data were obtained by depositing the 

sample on a freshly cleaved Mica surface using an Agilent 5400 SPM instrument (USA). 

Scanning electron microscopy (SEM) images were taken using FEI Nova Nano 630 FEG 
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HR-SEM equipped with a Through the Lens Detector (TLD) (USA). In addition, the 

samples were cryofractured and mounted vertically for cross-sectional imaging.  

Dynamic mechanical analysis (DMA) was conducted using a DMA 242C (Netzsch, 

Germany) in the thin tension mode, at a constant frequency of 1 Hz, static force at 0.5 N, 

dynamic force at 1 N, heating rate of 2 k/min under air atmosphere and temperature range 

of 30 to 160 oC.  

The decomposition behavior of the composites was studied using a 

Thermogravimetric Analyzer (TGA) TG 209 F1 Iris (Netzsch, Germany) under nitrogen 

from 30 to 500 oC, with a heating rate of 10 oC /min. The thermal behavior of the 

nanocomposites was studied using a Differential Scanning Calorimeter (DSC) (DSC 204 

F1 Phoenix, Netzsch, Germany). The heating rate was 10 oC /min under a nitrogen 

atmosphere with a flow rate of 40 ml/min. 

Four Point Probe form MDC (CMT-SR2000N) was used to measure samples with 

resistivity lower than 105 Ω.cm. For the composites with higher resistivity, a constant 

voltage of 100 V DC was applied across the specimen using a Keithley model 248 high 

voltage supply (USA). The current was monitored with a Keithley 6517B electrometer 

equipped with an 8009 test fixture (Keithley Instruments Inc.). The samples had a diameter 

of 8 cm and a thickness of 0.1 mm. The average value of three measurements is obtained 

for each different nanocomposite. Finally, the Zeta Potential was measured using Zetasizer 

Nano ZS from Malvern.  
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2.3 Results and Discussion 

2.3.1 Study and Characterization of CPEs/MWCNTs Dispersion.  

Two conjugated polyelectrolytes were used in the present investigation as shown 

in Figure 2.1 (PIM-2 and PIM-4).  These polymers feature a poly(phenylene ethynylene) 

(PPE) conjugated backbone that is functionalized with alkyl imidazolium side groups.  The 

polymers differ in the ratio of imidazolium to the phenylene ethynylene (PE) repeats: PIM-

2 features two imidzaolium units for every two PE units, whereas PIM-4 features two 

imidazolium units on every PE repeat.  As a result of this difference, PIM-4 features a 

higher charge density on the PPE backbone compared to PIM-2.  Both of the polymers are 

blue-violet absorbing and they emit strong blue-green fluorescence.46 PIM-2 and PIM-4 

are easily dissolved in water, alcohols and polar organic solvents and, interestingly it is 

found that when their solutions are mixed in various ratios with MWCNTs they are able to 

disperse the nanotubes in various organic and aqueous solvents. For example, as shown in 

Figure 2.2a, the dispersions of PIM-2/MWCNTs in DMF solvent are homogenous, with no 

evidence of MWCNT precipitation observed after more than 8 months, indicating the high 

stability of the dispersion.  

In order to probe the physiochemical interactions between the imidazole CPEs and 

the MWCNTs, we used optical spectroscopy to examine changes that occur when the 

species are mixed. 47-48 Thus, the UV-visible absorption spectra were recorded for PIM-2 

(22 µg/ml) in DMF as reference solution, and for PIM-2/MWCNTs dispersions with 

varying concentrations of the MWCNTs (Figure 2.2b). The major absorption band 

observed for PIM-2 has λmax ~ 417 nm, which is characteristic of the PPE backbone.49  With 

increased MWCNT concentration, the overall absorption increases due to the broad visible 
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absorption by the nanotubes; the absorption peak due to PIM-2 is clearly visible, but 

becomes less resolved as the overall absorption increases above 2 absorbance units.50  

 

 

 

Figure 2.2 (a) Homogenous dispersions of PIM-2-MWCNTs in DMF (a is 0.11 

mg/ml of PIM-2 and for b to f the MWCNT concentrations are  11 µg/ml, 27.5 

µg/ml, 55 µg/ml, 82.5 µg/ml, 110 µg/ml, 220 µg/ml, 440 µg/ml, 660 µg/ml, this 

corresponds to the following ratios (wt:wt) MWCNT:PIM-2: 0.1:1, 0.25:1, 0.5:1, 

0.75:1, 1:1, 2:1, 4:1, 6:1). The solutions are stable for more than 8 months on the 

bench at room temperature. (b) UV-visible absorption spectra of PIM-2/MWCNTs 

dispersions in DMF. The concentration of PIM-2 was fixed while the concentration 

of MWCNTs was increasing. (c) Fluorescence spectra of PIM-2/MWCNTs with 

increasing concentration of MWCNTs in DMF. Note that for the ratios 4:1 and 6:1, 

the solution is diluted 5more times. 

 

Fluorescence spectroscopy was also used to probe the electronic interaction 

between PIM-2 and the MWCNTs. The fluorescence spectrum of PIM-2 exhibits a strong 

fluorescence emission with a band maximum at λmax = 450 nm (Figure 2.2c).  Upon 

addition of MWCNTs into the PIM-2 solution, the fluorescence is progressively quenched 
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as the concentration of the MWCNTs is increased.  More than 40% of PIM-2 fluorescence 

emission is quenched by MWCNTs for 1:1 mass ratio (MWCNT:PIM-2), and the emission 

is entirely quenched at a 6:1 mass ratio. This significant quenching of the PIM-2 

fluorescence is likely due to either energy and/or electron transfer from PIM-2 to the 

MWCNTs.51-52 (In order to confirm that the fluorescence quenching is not due to self-

absorption, the quenching experiment was repeated with optically dilute samples, see Fig. 

S5). The finding clearly indicates the presence of strong interactions between the CNTs 

and the PIM-2 backbone, and is also considered to suggest the existence of π-π stacking 

between PIM-2 and the MWCNTs.53-54 Another important point to note is that the 

quenching trend in the fluorescence spectra obtained from our measurement is distinct to 

that typically seen arising from quenching of CPEs due to inter-chain aggregation (red-

shift accompanying reduction in intensity), and thus further suggests the unique interaction 

between the MWCNTs and PIM-2. 

ζ potential measurements were used to characterize and compare PIM-2/MWCNT 

and PIM-4/MWCNT dispersions. This experiment relates the dispersion to the magnitude 

of electrostatic interactions between CPE modified MWCNTs.55-56 As seen in Figure 

S2.1, pristine MWCNTs are nonionic and their ζ potential is zero in neutral solutions.  

However, when the MWCNTs are coated with the polyionic CPE chains, they acquire a 

charge and therefore consequently display a surface potential where the sign reflects the 

charge on the polyelectrolyte.  As seen in Figure S2.1, the ζ potential values are +45 mV 

for 4:1 MWCNT:PIM-2 (wt:wt) and +90 mV for 4:1 MWCNT:PIM-4 (wt:wt). The 

positive values are indicative that a positive potential is imparted to the MWCNTs as a 

result of adsorption of the imidazolium CPEs.57 Interestingly, the ζ potential of the PIM-4 
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coated MWCNTs is twice that of the PIM-2 coated MWCNTs. This increase in the 

potential is a result of the higher charge density on the PIM-4 backbone; the doubling of 

the ζ potential for PIM-4 suggests that the two polyelectrolytes adsorbs with similar 

surface coverage (based on the number of phenylene ethynylene repeat units) on the 

MWCNTs.  The effect of the different surface potential imparted by PIM-2 and PIM-4 on 

the dispersion of the MWCNTs and the conductivity of the PMMA/PIM/MWCNTs 

composites is discussed later in this paper. 

Transmission electron microscopy (TEM) was used to characterize the interaction 

between the CPEs and MWCNTs by real-space imaging of the morphology of the CPE-

wrapped MWCNTs.  Figure 2.3 compares the TEM images of pristine and CPE modified 

carbon nanotubes. First, comparison of the wide-field images (Fig. 3a-c) reveals the 

improved dispersion of the PIM-2 and PIM-4 modified MWCNTs compared to the 

pristine sample.  Interestingly, the results also suggest that the PIM-4 modified sample is 

better dispersed compared to PIM-2 (Fig. 2.3c vs. 3b), consistent with expectation based 

on the greater surface potential for PIM-4 modified sample.  Figure 2.3d-f compares 

high-resolution TEM (HR-TEM) images of pristine and the PIM-2 and PIM-4 modified 

MWCNTs.  Here it is possible to visualize what appears to be a disordered, continuous 

thin coating layer (1-3 nm) on the surface of the CPE modified MWCNTs (Figure 2.3e 

and f) as compared to surface morphology of the pristine sample, which appears distinct 

and smooth (Figure 2.3d).52, 58 
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Figure 2.3 TEM images for (a) Pristine MWCNTs, (b) PIM-2 modified MWCNTs 

and (c) PIM-4 modified MWCNTs. (d) HR-TEM for pristine MWCNT, the 

magnified area in the box shows smooth surface of the walls of the nanotube. (e) 

HR-TEM for the PIM-2 modified MWCNTs; the magnified area in the box shows 

the walls of the nanotube with a thin layer of the coating polymer on the surface. (f) 

HR-TEM for the PIM-4 modified MWCNTs; similarly the magnified area in the 

box shows the walls of the nanotube with a thin layer of the coating polymer on the 

surface. 

 

Finally, the size and surface morphology of the PIM-2 modified MWCNTs were 

characterized using atomic force microscopy (AFM).59-60  The AFM images were 

obtained on PIM-2/MWCNTs dispersed in DMF and then deposited onto a mica 

substrate.  Figure 2.4 shows the AFM image of the sample, along with several plots of the 

z-axis height profile for specific regions.  The z-axis scans collected in Figure 2.4b show 

that the diameter of PIM-2/MWCNT falls in the range 9-14 nm, which is 3-5 nm greater 

than the original pristine MWCNTs (6-9 nm as reported by the supplier).  Moreover, the 

Non-modified MWCNT 2:1 MWCNT:PIM-2 2:1 MWCNT:PIM-4 

a b c 

d e f 
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z-axis scan shown in Figure 2.4c which was taken along the surface of a single nanotube 

reveals an irregular height profile, consistent with the notion that PIM-2 exists on the 

nanotube surfaces as a continuous, but irregular coating.  Note that this morphology is 

distinct from the “helical” wrapping that has been reported for wrapping of single-walled 

CNTs by a helical CPE by Therien and co-workers.37-38, 40 

 

 

       

Figure 2.4 (a) Phase images resulting from intermittent contact mode AFM 

experiment of 2:1 PIM-2-MWCNT from aqueous suspension on Mica surface. (b) 

Height profiles of the MWCNTs in the AFM image. (c) Height profile of the 

modified MWCNT (line 6) in the AFM image. 
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2.3.2 Morphology of PMMA/PIM-2/MWCNTs Nanocomposites.  

Composites consisting of PIM-2/MWCNTs within a poly(methyl methacrylate) 

matrix (PMMA) were fabricated  by using a solution casting method where PMMA was 

mixed and sonicated with the previously modified PIM-2/MWCNTs followed by casting 

into a glass petri dish.  The objective of this work is to obtain a uniform dispersion of the 

PIM-2/MWCNTs within the PMMA matrix, leading to enhanced properties of the PMMA 

composite (e.g., conductivity, mechanical strength, and thermal stability).  

High resolution scanning electron microscopy (HR-SEM) was used to image the 

dispersion of the PIM-2 modified- and pristine MWCNTs within a PMMA matrix (Figure 

2.5).  The morphology of a cryofractured PMMA nanocomposites sample with 1 wt% 

pristine MWCNT is shown in Figs. 5b and c.  By comparison Figs. 5d and e show a 

cryofractured PMMA composite that contains a dispersion of PIM-2/MWCNT (1 wt-% 

each relative to PMMA, 1:1 wt-ratio PIM-2/MWCNT).  As a point of reference, Fig. 5a 

indicates that the cross sectional morphology of 1-wt% PIM-2 in PMMA is smooth and 

flat with no obvious phase separation.  First, as seen in Figs.2.5b and c, the addition of 1% 

of the non-modified MWCNTs to PMMA results in a clear deformation in the fractured 

surface of the PMMA composite with observable phase separation (see arrows highlighted 

in Figure 2.5b).  It is evident that there is relatively poor dispersion of the pristine 

MWCNTs in the PMMA phase, as the number of dispersed nanotubes within the polymer 

matrix is relatively low.  Moreover, a closer inspection of the structure of the pristine 

MWCNT/PMMA composite clearly reveals the presence of MWCNT aggregates (see 

circle highlighted in Figure 2.5c).  By comparison, upon dispersing PIM-2 modified 

MWCNTs within the PMMA matrix, an obvious enhancement in the nanotube dispersion  
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Figure 2.5 HR-SEM images displaying the architecture of the cryofractured 

composites. (a) PMMA with 1 wt% PIM-2 only compared to the whole polymer 

matrix. (b) PMMA/MWCNTs composite with 1wt% pristine MWCNT; The arrows 

show a clear deformation in the fractured surface of the PMMA composite with 

observable phase separation. (c) Higher magnification image of (b) showing 

MWCNTs aggregates; the circle shows MWCNT aggregates in PMMA matrix. (d) 

PMMA/PIM-2/MWCNTs composite with 1wt% PIM-2 and 1 wt% MWCNTs. (e) 

Higher magnification image of (d) showing homogenous dispersion of the MWCNTs 

in the PMMA matrix. 

a 

b 

d 

c 

e 
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within the polymer matrix is noticed (Figure 2.5d). The images show good uniformity and 

dispersity of the modified MWCNTs as compared to the composites with the pristine 

MWCNTs. Moreover, almost no phase separation is observed, and as a result a 

homogenous surface is obtained. Moreover, Figure 2.5e shows a number of contacts 

between the adjacent nanotubes in the composite matrix. This contact could facilitate 

electron transport, enhancing the overall electrical conductivity of the composites, as 

discussed below 

 

2.3.3 Conductivity of PMMA/PIM-2/MWCNTs Composites 

A series of experiments were performed to explore the DC resistivity of 

PMMA/MWCNT composites. Four Point Probe was used to measure the samples with 

resistivity lower than 105 Ω.cm while a Keithley model 248 was used for samples with 

higher resistivity. The studied samples had a diameter of 8 cm and a thickness of 0.1 mm. 

The average value of three different measurements was obtained for each nanocomposite. 

These experiments were carried out using samples that contained a fixed amount of PIM-

2 or PIM-4 relative to PMMA (0.25 - 1 wt-%) and varying loading of MWCNT (0 – 2 

wt-%).  The results of these measurements are compiled in Figure 2.6, which illustrates 

the variation of the DC resistivity as a function of MWCNT wt-% for different PIM 

loadings. Note that in the process of forming the composites with pristine MWCNTs, the 

unmodified MWCNTs tend to aggregate in the polymer matrix due to their substantial 

van der Waal interactions (Figure S2.3). Because of the MWCNT aggregation, the 

MWCNTs network is discontinuous within the PMMA matrix and consequently, very 

low conductivity was observed.  
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As expected, the volume resistivity of pristine PMMA is very high (1016 Ω.cm) 

which is consistent with its insulating properties. Upon the addition of 1 wt% PIM-2 only 

to the PMMA sheet (Figure 2.6a), the volume resistivity decreased slightly indicating that 

no substantial conductivity is added to the PMMA matrix in the presence of PIM-2 alone. 

However, the resistivity decreased sharply with the increasing concentration of the PIM-2 

modified MWCNTs. For 0.25 wt% MWCNTs, the resistivity was measured as 6x1013 

Ω.cm compared to the value for pristine PMMA which was 1016 Ω.cm. This high 

resistivity value is explained as being due to the fact that the nanotube concentration 

within the PMMA matrix is still quite low (and below the percolation threshold). We 

rationalize that the MWCNTs are possibly segregated from each other in the polymer 

matrix which limits the electron transfer/transport between the carbon nanotubes and 

results in only minimal enhancement in conductivity. By comparison, the addition of 

increased concentration of MWCNTs to the PMMA matrix resulted in a pronounced 

reduction in volume resistivity of PMMA to 1011 Ω.cm for 0.5 wt% MWCNTs and 

1.46x105 Ω.cm for 1 wt% MWCNTs, likely due to formation of a percolation network. 

The resistivity reached a minimum at 2 wt% loading of the PIM-2 modified MWCNTs 

where the composite has a resistivity of 1.6x103 Ω.cm compared to 1016 Ω.cm for the 

pristine PMMA. Overall, the outcome of dispersing PIM-2/MWCNTs in PMMA matrix 

with 1-wt% PIM-2 is a dramatic enhancement in conductivity up to 13 orders of 

magnitude in comparison to the neat PMMA.  

Upon decreasing the concentration of PIM-2 in the polymer matrix to 0.5 wt% 

(Figure 2.6b), a similar effect on the conductivity of the composites was observed with a 

slight increase in the conductivity values obtained. Interestingly, when only 0.25 wt% PIM-
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2 was used, the conductivity was higher for all composites concentrations, and it reached 

a maximum value of 26 Ω.cm for 2 wt% MWCNTs (Figure 2.6c). This enhancement 

maybe attributed to the lower coating of the PIM-2 on the walls of the CNTs. The presence 

of fewer charges on the modified MWCNTs likely leads to less repulsion between the 

MWCNTs giving rise to improved inter-tube contact and enhanced electron transfer 

between the nanotubes.  

 

 

Figure 2.6 Volume resistivity of PMMA and its composites. (a) Volume resistivity 

values for composites having 1wt% PIM-2 (compared to the whole PMMA matrix) 

and increasing concentrations of MWCNTs. (b) Volume resistivity values for 

composites having 0.5 wt% PIM-2 and increasing concentrations of MWCNTs. (c) 

Volume resistivity values for composites having 0.25 wt % PIM-2 and increasing 

concentrations of MWCNTs. (d) Volume resistivity values for composites having 0.5 

wt% PIM-4 and increasing concentrations of MWCNTs. All measurements are 

reproduced several times at room temperature and the average values were plotted 

accordingly.  

 

The DC resistivity of composites with 0.5 wt% PIM-4 relative to MWCNT was 

also examined (Figure 2.6d). For 1 wt % MWCNT content, the resistivity of the composite 

was higher compared to its similar PIM-2 composites, likely due to the fact that PIM-4 has 
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higher charge density (highlighted by the ζ potential measurements, see above). The greater 

surface charge on the PIM-4 dispersed MWCNTs leads to an increase in the repulsion 

between the nanotubes (increase in the average inter-tube separation distance) and 

consequently less inter-tube contact and less electron transfer. On the other hand, the 

presence of higher concentration of MWCNTs (2-wt %), the conductivity increases as a 

result of more CNTs interaction. Taken together, to the best of our knowledge, the results 

reported here for the PIM modified MWCNT/PMMA composites represent the lowest 

reported values of DC resistivity observed for MWCNT/PMMA composites at similar 

concentrations of MWCNTs.  This clearly supports the notion that the PIM family of CPEs 

has remarkable properties with respect to their ability to wrap CNTs and stabilize their 

dispersions. 

In previous work, Jian et al. has reported the modification of polycarbonate (PC) 

nanocomposites using (MWCNTs) coated with a thin layer of conductive (PEDOT/PSS). 

The resulted MWCNT/(PEDOT/PSS)/PC composite had a volume resistivity of (4.2 ± 1) 

× 109 Ω.cm for 1 wt % loading of MWCNTs.41 In a similar manner, our lab has reported 

the use of PFO to disperse MWCNTs in PEI matrix. The resulted PFO/MWCNT/PEI 

composite in this case had a volume resistivity of 3 × 103 Ω·cm at 2 wt % loading of 

MWCNTs and 0.5 wt % loading of PFO.43  

To demonstrate the potential application of the modified composite membrane in 

electrical devices, a PMMA/PIM-2/MWCNTs membrane with 2 wt% MWCNTs and 1 

wt% PIM was demonstrated to act as a conductor, connected in series with circuit for a 

light emitting diode (60 mW, see Figure S2.4). 
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2.3.4 Thermal Analysis of the PMMA/PIM-2/MWCNTs Composites 

To explore the effect of the PIM-2 modified MWCNTs on the thermal stability of 

the PMMA composites, the thermal properties of PMMA and the modified composites 

were studied using differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) under nitrogen atmosphere. Results are summarized in Figure 2.7 and 

Table 2.1, and in the supporting information.  The importance of this study is to determine 

the dispersion state of the modified MWCNTs within the polymer matrix and the effect of 

any possible MWCNTs aggregates on the thermal behavior of PMMA. 

Figure 2.7a compares DSC thermograms for PMMA composites with pristine 

MWCNTs and with PIM-2 modified MWCNTs. For all of the samples, a transition is 

observed at ~ 120 oC, which is analogous to the glass transition temperature (Tg) of 

syndiotactic PMMA.61 Literature reports the Tg of neat PMMA very widely depending on 

the degree of tacticity.61-62  A sample of the neat PMMA used herein exhibited a glass 

transition temperature, Tg ~ 122 oC.  However, the presence of pristine MWCNTs in the 

composite results in a slightly lower glass transition temperature (Tg = 121 oC) compared 

to neat PMMA. This can be ascribed to the multiwalled carbon nanotubes that are typically 

aggregates having a small influence on the Tg. By contrast, the presence of PIM-2 modified 

MWCNTs in the PMMA matrix leads to a slight but systematic increase in the Tg of the 

nanocomposites. For 1 wt % of PIM-2/MWCNTs, the Tg increased 2 oC compared to the 

neat PMMA. Interestingly, these findings that the PIM-2/MWCNTs lead to a slight 

increase in the Tg are in concert with findings that dispersion of polymer grafted graphene 

in PMMA leads to slight increase in the Tg.
63 The effect is attributed to the “attractive” 

interaction between the graphene surface and the PMMA matrix, which decreases the 
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mobility of the chains in proximity to the interface.  It is likely that a similar effect arises 

in the PIM-2/PMMA composites, which points to the fact that the PIM is a good interface 

stabilizing agent, having a favorable interaction with the PMMA matrix. 

 

      

Figure 2.7 (a) DSC curves of PMMA composite with 1 wt% pristine MWCNTs,  

clean PMMA and PMMA composites with 1wt% PIM-2 and various concentrations 

of MWCNTs (0.25, 0.5 and 1 wt% of MWCNTs) (b) TGA and DTGA curves of 

PMMA, PMMA composite with 1 wt% MWCNTs (no PIM-2), PMMA composite 1 

wt% MWCNT and 1:1 (wt:wt) PIM-2/MWCNT. 

 

The thermal gravimetric analyses for the nanocomposites in comparison with the 

neat PMMA matrix were carried out in order to examine their thermal stability. Figure S2.2 

and Table 2.1 list the TGA results obtained for PMMA and composites with different 

concentrations of MWCNTs, while Figure 2.7b gives a summary presentation. A clear 

difference is noticed in the thermal stability of the nanocomposites with varying 

concentration of the nanotubes, and in general, the modified composites exhibited 

enhanced stability compared to neat PMMA. The differential thermogravimetric data 

(DTGA) presented in Figure 2.7b shows two degradation steps for neat PMMA, but only 

a single step in the presence of MWCNTs. The first step (around 280 C) is related to bond 
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scission at unsaturated ends, and is caused by loss of –CO2CH3 groups, while the second 

step (at 361 C) is due to arbitrary cleavage within the polymer backbone. In the presence 

of MWCNTs, only the second weight loss is observed, for reasons that are not entirely 

clear.64 

 The differential thermograms exhibit an overall increase in the decomposition 

temperature of the nanocomposites with 1wt % PIM-2/MWCNTs, which maximizes at 379 

oC. The temperature is slightly lower for the composite with 1wt % pristine MWCNTs, 

which decomposes at 366 oC, and the neat PMMA which decomposes at 361 oC. The 

presence of a single weight loss step and the increase in the decomposition temperature of 

the MWCNT modified nanocomposites can be explained as a result of the interaction 

between the MWCNTs and the polymer. The presence of MWCNTs gives rise to restricted 

motion and results in less segmental mobility of PMMA chains. The decrease in the 

mobility helps in hindering chain scission and increases the thermal stability of the 

polymer. 

Moreover, PMMA exhibited 10 wt% weight loss at 245 oC and this temperature 

gradually increased with the increasing concentration of PIM-2/MWCNTs until it reached 

its maximum of 295 oC for 1 wt% PIM-2/MWCNTs. At T30 (where the material loses 30% 

of weight) the temperature difference reached 55 oC between the neat PMMA and the 1 

wt% PIM-2/MWCNTs modified composite (Table 2.1). It is also observed that the 

composite with the pristine MWCNTs exhibited a lower thermal stability at all 

temperatures compared to the composite having PIM-2/MWCNTs for the same 

concentration.  
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Overall, the results reveal that the presence of cross-linked PIM-2/MWCNTs 

complex structure and the robust PIM/MWCNT/PMMA networks can support the thermal 

stability of resulted composites.  This improvement is possibly due to the excellent 

dispersion of the nanotubes in the PMMA matrix which in turn has strengthened the 

interfacial interactions between the carbon nanotubes and PMMA. The effect of additives 

on the thermal properties of polymers is broadly studied in the literature.  For example, in 

a recent study by Goncalves et al. PMMA was grafted on graphene oxide to give GPMMA. 

The GPMMA nanosheets where then used as a filler to enhance the properties of PMMA 

films. The resultant PMMA/GPMMA composites have shown  increase in the thermal 

stability of the polymer thin films compared to the composite with the non-modified GO.65 

 

Table 2.1 Thermal Properties of PMMA and its composites. 

 T10
a 

(oC) 

T30
b 

(oC) 

Weight loss at 279 oC 

(%) 

Tg by DSC 

(oC) 

PMMA 245 300 20 122 

0.25 wt% MWCNTsc 285 350 8.4 123 

0.5 wt% MWCNTsc 285 352 8.0 124 

1 wt% MWCNTsc 295 355 7.6 124 

1 wt% MWCNTs (no PIM) 293 345 7.6 121 

a temperature at 10 wt% weight loss (oC), b temperature at 30 wt% weight loss (oC),c 

PMMA composites with 1 wt% PIM-2 compared to PMMA. 

 

2.3.5 Dynamic Mechanical Analysis of PIM-2/MWCNTs PMMA Composites. 

Dynamic mechanical analysis (DMA) is an essential tool for studying the effect of 

additives on the mechanical properties of a polymer composite.66  In the present study, 

DMA was applied to determine the storage modulus (E`) as a function of temperature for 

neat PMMA as well as the MWCNT composites, Figure 2.8.  The results clearly indicate 
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an increase in the storage modulus of PMMA upon the addition of un-modified MWCNT.  

An even greater increase in storage modulus is seen for the composite that contains PIM-

2/MWCNTs at low temperatures (up to 90 oC). The noticeable enhancement in the storage 

modulus can be attributed to excellent dispersion of PIM-2 modified MWCNTs and to the 

development many physical cross-linking sites that reinforced the interface between 

MWCNTs and PMMA. At higher temperatures, the polymer chains of PMMA/PIM-

2/MWCNTs composite are more flexible than that of PMMA/MWCNTs which led to a 

lower storage modulus. This softening in the polymer chains can be attributed to the good 

miscibility between PIM-2 and PMMA. 
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Figure 2.8  DMA curves for pristine PMMA, PMMA composite with 1 wt% PIM-2 

and 1 wt% MWCNT (1:1 (wt:wt) PIM-2/MWCNT), PMMA composite with 1 wt% 

pristine MWCNTs (no PIM-2). 
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2.4 Conclusion 

This study clearly reveals that the imidazole functionalized poly(phenylene 

ethynylene) polyelectrolytes interact strongly with MWCNTs, as confirmed by  

fluorescence quenching, ζ potential, TEM and AFM.  The strong interaction between the 

CPE chains and the CNTs likely arises from π-π (dispersion) interaction between the 

phenylene ethynylene backbone and the CNT surface, with the imidazole units acting as 

solubilizing groups which also separate the individual nanotubes due to charge repulsion.  

As a result of these favorable effects, the PIM modified MWCNTs are easily dispersed in 

solution as well as into a polymer matrix, as exemplified herein by PMMA.  The 

resulting PIM/MWCNT/PMMA composites exhibit excellent DC conductivity as well as 

improved thermal and mechanical properties.  Compared to other surface active 

molecules and polymers that have been used as dispersants for CNTs,32, 67-68 we believe 

that the results presented here demonstrate that imidazole conjugated polyelectrolytes are 

among the leading materials for solubilizing and dispersing carbon nanotubes 
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2.5 Supporting Information 
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Figure S 2.1 Zeta potential records comparing the effect of PIM-2 and PIM-4 on the 

surface charge of the MWCNTs 
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Figure S 2.2. TGA curves of PMMA, PMMA composites with 1wt% PIM-2 and 

various concentrations of MWCNTs, PMMA composite with 1 wt% pristine 

MWCNTs. 
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Table S 2.1 Summary of all studied nanocomposites 

Samples PMMA:PIM 

wt/wt 

MWCNT: PMMA 

wt% 

PMMA 100:0 0 

PMMA/PIM-2 99:1 0 

PMMA/PIM-2 99.5:0.5 0 

PMMA/PIM-2 99.5:0.25 0 

PMMA/PIM-4 99.5:0.5 0 

PMMA/MWCNT 99.5:0.5 0.25 

PMMA/MWCNT 99.5:0.5 0.5 

PMMA/MWCNT 99.5:0.5 1 

PMMA/MWCNT 99.5:0.5 2 

PMMA/PIM-2/MWCNT 99:1 0.1 

PMMA/PIM-2/MWCNT 99:1 0.25 

PMMA/PIM-2/MWCNT 99:1 0.5 

PMMA/PIM-2/MWCNT 99:1 0.75 

PMMA/PIM-2/MWCNT 99:1 1 

PMMA/PIM-2/MWCNT 99:1 2 

PMMA/PIM-2/MWCNT 99.5:0.5 0.25 

PMMA/PIM-2/MWCNT 99.5:0.5 0.75 

PMMA/PIM-2/MWCNT 99.5:0.5 0.5 

PMMA/PIM-2/MWCNT 99.5:0.5 1 

PMMA/PIM-2/MWCNT 99.5:0.5 2 

PMMA/PIM-2/MWCNT 99.75:0.25 0.25 

PMMA/PIM-2/MWCNT 99.5:0.25 0.75 

PMMA/PIM-2/MWCNT 99.75:0.25 0.5 

PMMA/PIM-2/MWCNT 99.75:0.25 1 

PMMA/PIM-2/MWCNT 99.75:0.25 2 

PMMA/PIM-4/MWCNT 99.5:0.5 0.25 

PMMA/PIM-4/MWCNT 99.5:0.5 0.5 

PMMA/PIM-4/MWCNT 99.5:0.5 1 

PMMA/PIM-4/MWCNT 99.5:0.5 2 
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Figure S 2.3. (a) Pristine MWCNTs aggregations in PMMA membrane visible by 

naked eyes. The membrane has 1 wt% pristine MWCNTs and without PIM. (b) 1 

wt% MWCNTs and 1wt %PIM dispersed in PMMA. Excellent dispersion of PIM-

2/MWCNTs without any obvious aggregations detected. 

 

 

Figure S 2.4. PMMA/PIM-2/MWCNTs membrane with 2 wt% MWCNTs and 1 wt% 

PIM. The photograph demonstrates the capability of the modified PMMA 

membranes to conduct electrical current. 

 

a b 
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Figure S 2.5. (a) UV-visible absorption spectra of PIM- 2/MWCNTs dispersions in 

DMF. The concentration of PIM-2 (1.84 µg/ml) was fixed while the concentration of 

MWCNTs was increasing ( a is only PIM and b to i correspond to (wt:wt) 

MWCNT:PIM-2: 0.1:1, 0.25:1, 0.5:1, 0.75:1, 1:1, 2:1, 4:1, 6:1). (b) Fluorescence 

spectra of PIM-2/MWCNTs with increasing concentration of MWCNTs in DMF. The 

same samples used for UV are diluted 10 times and measured for fluorescence.  

 

  

(b) (a) 
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3.Chapter 3  

Fabrication of Poly(methyl methacrylate)/PPE-SO3/MWCNT Composite Nanofibers 

via Electrospinning: Enhanced Thermal Properties and Single Fiber Electrical 
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Summary and Overview  

This work explores the surface modification and solublization of pristine 

multiwalled carbon nanotubes (MWCNTs) via a simple solution mixing technique 

through noncovalent interactions between poly(phenylene ethynylene) based conjugated 

polyelectrolytes functionalized with anionic sulfonate solubilizing groups PPE-SO3 and 

MWCNTs. 

Spectroscopic studies demonstrated the ability of PPE-SO3 to strongly interact 

with and efficiently disperse MWCNTs in different solvents mainly due to π-interactions 

between the PPE-SO3 and MWCNTs. Transmission electron microscopy and atomic 

force microscopy revealed the coating of the polyelectrolytes on the walls of the 

nanotubes. Scanning electron microscopy (SEM) studies confirm the homogenous 

dispersion of PPE-SO3 modified MWCNTs in poly(methyl methacrylate) (PMMA) 

electrospun nanofibers.  

The addition of 1.21 wt% PPE-SO3 modified MWCNTs to the nanofibers has led to a 

significant decrease in DC resistivity of the composite (12 orders of magnitude). The 

increase in electrical conductivity and the improvement in thermal properties of the 

nanofibers containing the PPE-SO3 modified MWCNTs is ascribed to the formation of 

MWCNTs networks and cross-linking sites that provided channels for the electrons to 

move in throughout the matrix and reinforced the interface between MWCNTs and 

PMMA.   
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3.1 Introduction  

Over the past two decades, carbon nanotubes (CNTs) have been broadly explored 

due to their outstanding electrical, mechanical and thermal properties.1-4 A broad range of 

possible applications for CNTs have been established such as electrode materials for 

bioelectrochemical,5 electronics and energy,6-9 pharmaceutical and biomedical 

applications.10-11 A large number of these studies have utilized CNTs as a support in 

composite materials considering their hardness, tensile strength, elastic modulus, 

electrical, optical and thermal properties.12-14 Polymer matrices reinforced with CNTs are 

among the most studied composites. The presence of CNTs in such composites has led to 

dramatic enhancements in various electrical and mechanical properties depending on 

both, structural type of CNT and the polymer matrix.15-20 

Diverse applications of CNT/polymer composites require the formation of CNT 

reinforced nanofibral polymer composites.21 The fundamental challenges of these 

applications are summed in the dispersion, alignment and interfacial interactions between 

the nanotubes and the polymer.22-23 Due to their strong inter filler forces, CNTs tend to 

aggregate and form clusters within the polymer matrix. CNT clusters weaken the 

interfacial interactions between CNT surfaces and the polymer resulting in phase 

separation and subsequent reduction in the polymer properties enhancement. Several 

studies were conducted to deal with these problems and as a result, carbon nanotubes 

were individualized out of their aggregations by modifying their surface properties either 

through covalent or noncovalent functionalization. 

Covalent modification of CNTs involves the formation of strong chemical bonds 

between CNTs and other functional groups. As a result, the covalent functionalization of 



107 
 

CNT sidewalls gives rise to sp3 carbon sites on the nanotubes that disturb the 

displacement of π electrons, and alter the novel properties of CNTs. The degree of 

functionalization can vary and can therefore tremendously affect the electrical 

conductivity and mechanical properties of the nanotubes to the extent of converting the 

nanotube into an insulating material.24-26 

On the contrary, noncovalent functionalization of CNTs preserves the structural 

integrity and does not affect the electronic network of the tubes. Noncovalent 

functionalization involves the modification of the nanotube surface throughout π-π 

interactions and van der Waals forces. Examples of noncovalent modification include but 

not limited to adsorption or wrapping of conjugated polymers, surfactants, biomolecules, 

ionic liquids, other aromatic compounds.27-31  

Among these materials, conjugated polyelectrolytes represent a unique solution 

for dispersing different kinds of nanotubes. In 2009, Therien et al. have demonstrated the 

unique ability of linear conjugated poly[p-2,5-bis(3-

propoxysulfonicacidsodiumsalt)}phenylene]ethynylene (PPES) to helically wrap and 

disperse  SWCNTs.32 Further investigation was done by the same group to understand the 

origin of the helical wrapping of PPES around the single wall carbon nanotube. 

Molecular dynamic simulations were executed, and the results stated that in aqueous 

system, the polyelectrolyte side chains embrace conformations that facilitate van der 

Waals attraction between the nanotubes and the side chains, while leaving the anionic 

sulfonates exposed for aqueous solvation.33 In unique approach, Liu et al. have presented 

a flexible nanoplatform based on the electrostatic interactions between conjugated 

polyelectrolytes (CPEs) and carboxylated multi-walled carbon nanotubes (cMWCNTs). 
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The study shows that   CPE/cMWCNT nanocomposites have acquired both, the inherent 

optical properties of the CPEs and distinctive Raman vibration modes of MWCNTs, 

giving rise to a fluorescence–Raman dual-imaging technique for intracellular detection of 

MWCNTs.34 In a different study, Lo et al. have studied the formation of cationic 

conjugated polyelectrolyte/ MWCNT hybrid. The study showed that poly[N,N,N-triethyl-

12-(thiophen-3-yl)dodecan-1-ammonium bromide] (PTETDA) can attach to MWCNTs 

by noncovalent interactions, and as a result, improve the photosensitivity of the  

CPE/MWCNT incross. The study also shows that the PTETDA/MWCNTs interaction is 

mainly as a result of the conjugated backbone of the polymer in addition to the alkyl 

chains of PTETDA.35 

Our group has also reported the dispersion of MWCNTs via ionic liquids,36 

conjugated polymers37 and conjugated polyelectrolytes.38 The dispersed nanotubes were 

then used in various applications. For example, mixing MWCNTs with ionic liquid (IL, 

1-butyl-3-methyl imidazolium hexafluorophosphate ([BMIM][PF6])) cause the formation 

of  “Bucky Gels” and disperse the nanotubes through cation-π/ and π−π interactions. The 

dispersion of Bucky Gels in polyetherimide (PEI) matrix produced films with outstanding 

conductivity, improved thermal stability and high tensile strength.  Furthermore, we also 

reported the dispersion of MWCNTs using poly-(9,9-dioctyfluorenyl-2,7-diyl) (PFO). 

PFO/MWCNTs dispersions were then used to improve the electrical and mechanical 

properties of PEI. In our recent study, we used an imidazole functionalized 

poly(phenylene ethynylene) polyelectrolytes to disperse MWCNTs. Our results showed 

that both the poly(phenylene ethynylene) backbone and the imidazole side group helps in 

dispersing the nanotubes. The modified MWCNTs were also dispersed in poly(methyl 
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methacrylate) (PMMA) to produce a nanocomposite membrane with superb electrical  

conductivity. 

In this work, we study the development of PMMA nanofibral composites 

encompassing MWCNTs as nanofillers to enhance the electrical and thermal properties 

of nanofibers. The work demonstrates the capability of anionic polyelectrolyte PPE-SO3 

(Figure 3.1) to interact noncovalently with MWCNTs via π−π interactions. The 

conjugated backbone of the polymer tends to π−π stack with the surface of the nanotube 

causing the dispersion and separation of the nanotubes bundles. We used various 

spectroscopic and microscopic techniques to characterize the interactions between PPE-

SO3 and MWCNTs. Moreover, we used electrospinning to produce the PMMA 

nanofibers. We also studied the dispersion and the alignment of the nanotubes within 

PMMA nanofibers and their effect on the electrical and thermal properties of PMMA. 

Our findings prove that PPE-SO3 efficiently disperse and solubilize MWCNTs in PMMA 

nanofibers and lead to better thermal properties and single fiber conductivity. 

 

 

 

Figure 3.1Chemical structures of PPE-SO3 and poly (methyl methacrylate) (PMMA) 
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3.2 Experimental Methods 

3.2.1 Materials 

MWCNTs (purity >95%) and Dimethylformamide (DMF) were bought from 

Sigma Aldrich. The nanotubes have a diameter of 6-9 nm and a length of 2–5 μm. 

PMMA in fine powder was provided by SABIC Innovative Plastics TM (average Mw 

~990000). Both MWCNTs and DMF were used as received. The conjugated 

polyelectrolyte PPE-SO3 was prepared and characterized as described in previous 

reports.39 

 

3.2.2 Preparation of PPE-SO3 coated MWCNTs.  

In order to obtain PPE-SO3/MWCNT complex, a predetermined amount PPE-SO3 

was dissolved in (DMF). The solution was then sonicated for 60 minutes under bath 

sonication type then stirred for 9 hours at room temperature to obtain a homogenous pale 

yellow solution. Pristine MWCNTs were mixed with the PPE-SO3/DMF solution then 

sonicated for 60 minutes to form a homogenous suspension. The obtained PPE-

SO3/MWCNT dispersions were then stirred for 12 hours preceding further analysis. Table 

S3.1 in the supporting information displays the sample composition of mixtures with 

different concentrations of PPE-SO3/MWCNT under study. 

 

3.2.3 Preparation of PMMA/PPE-SO3/MWCNTs dispersion.  

In order to obtain PMMA/PPE-SO3/MWCNT dispersions, PMMA was dissolved 

in DMF and left to stir at room temperature for an hour until a homogenous solution was 

obtained. PMMA was then added to the PPE-SO3/MWCNT solutions to obtain various 
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mixtures of PMMA/PPE-SO3/MWCNTs. PMMA/PPE-SO3-MWCNT dispersions were 

then sonicated for an hour and left to stir for another 9 hours. (Scheme 3.1) 

 

3.2.4 Electrospinning Process.  

PMMA solutions with different wt % were electrospun in order to determine the 

best PMMA wt % concentration and obtain the desired nanofibers morphology and 

diameter (Table. S 3.2). PMMA solution with 7 wt % happens to have the best fiber 

morphology and diameter and as a result, PMMA/PPE-SO3/MWCNTs dispersions ware 

prepared accordingly. The content of the PPE-SO3 modified MWCNT varied in each 

composite nanofiber and ranged from: only PMMA without any MWCNTs, 

PMMA/PPE-SO3 nanofibers, 0.15 wt % PPE-SO3/MWCNT and 1.21 wt % PPE-

SO3/MWCNT in the polymer matrix. 

For electrospinning, various PMMA solutions were transferred into a 10 mL glass 

syringe integrated with an 18 gauge stainless steel needle. Electrospinning experiments 

were conducted based on previous reports in literature.40 In our study, we used 

electrospinning system model FM1108 (Beijing Future Material sci-tech Co. Ltd) to 

produce the nanofibers. The enhanced electrospinning conditions were accomplished 

using a glass syringe with 0.8 mm diameter spinneret and at an applied voltage difference 

of 12 kV over a distance of 12 cm (E =1 kV/cm). The solution flow rate was 6.67 µL/min 

all along the process. The nanofibers were collected on a stainless steel collecting screen 

covered with aluminum foil. The nanofibers were used as produced for further analysis. 
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3.2.5 Instrumentation and Methods. 

Ultraviolet-visible (UV-VIS) absorption spectra were collected in DMF solutions 

using Varian Cary 5000 UV-VIS-NIR absorption spectrometer at room temperature. 

Fluorescence spectra were completed using Varian Cary Eclipse fluorescence 

spectrometer. 

High Resolution Transmission Electron Microscopy (HR-TEM) images were 

acquired using a Titan CT (FEI Company) operating at 300 kV and equipped with a 4 k x 

4 k CCD camera (Gatan). Standard (TEM) images were obtained using a Tecnai G2 

Spirit TWIN, a 20- 120 kV / LaB6. PPE-SO3/MWCNT solution was drop casted on a 

lacy copper grid stabilized with carbon (300 MESH, EMS) and dried for 4 hours in a 

desiccator before analysis.  

Atomic Force Microscopy (AFM) data were took by depositing the PPE-

SO3/MWCNT dispersion on a freshly cleaved Mica surface via an Agilent 5400 SPM 

instrument (USA). Zeta Potential was measured using Zetasizer Nano ZS from Malvern. 

Scanning electron microscopy (SEM) images were acquired using FEI Nova Nano 630 

FEG High Resolution SEM equipped with a Through the Lens Detector (TLD) (USA). 

Thermogravimetric Analyzer (TGA) TG 209 F1 Iris (Netzsch, Germany) was used to 

study the decomposition behavior of the nanofibers. The measurements were done under 

nitrogen from 50 to 70000 oC, with a heating rate of 10 oC /min. Also, the thermal 

behavior of the nanofibers was studied using a Differential Scanning Calorimeter (DSC) 

(DSC 204 F1 Phoenix, Netzsch, Germany). The heating rate was 10 oC /min under a 

nitrogen atmosphere with a flow rate of 40 ml/min. 
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The current-voltage curves were obtained using a Cascade M150 Manual Probe 

Station attached to a Keithley 4200SCS Semiconductor Analyzer. Nanofibers were 

electrospun directly on UV-Ozone cleaned, prepatterned gold electrodes on 240 nm silica 

over silicon substrates.  45 nm Au sits on 5 nm ITO; both are deposited by e-beam 

evaporation to give a precise 2.5 um channel length. 

 

  

Scheme 3.1 Fabrication of PMMA/PPE-SO3/MWCNTs nanofibers. (a) Sonication of 

PPE-SO3 with MWCNTs for 60 minutes followed by stirring for 9 hours. (b) 

Sonication of PMMA with the obtained PPE-SO3/MWCNTs dispersion for 1 hour 

followed by stirring for 12 hours. The samples were then electrospun to produce 

PMMA/PPE-SO3/MWCNTs nanofibers. 
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3.3 Results and Discussion 

3.3.1 Examination and Characterization of PPE-SO3 /MWCNTs Dispersion. 

The conjugated polyelectrolyte examined in the current study is shown in Figure 

3.1. The polymer consist of a poly(phenylene ethynylene) (PPE) conjugated backbone 

decorated with alkyl sulfonate side group. PPE-SO3 features two sulfonate entities for 

every two phenylene ethynylene (PE) units. The polymer absorbs in blue-violet region 

and fluoresces strongly in the yellow-green region.41-42 PPE-SO3 can be easily dissolved 

in aqueous and organic solvents such as water, alcohols, DMSO, DMF etc. Notably, we 

found that PPE-SO3 solution, when mixed with MWCNTs is capable of dispersing the 

nanotubes. Figure 3.2a shows a homogenous dispersion of different concentrations PPE-

SO3/MWCNTs in DMF solvent. The dispersion is stable for several months without any 

obvious MWCNT precipitation detected signifying excellent stability of the dispersions.  

In the process of examining the physiochemical interactions between PPE-SO3 

and MWCNTs, we employed optical spectroscopy to study the alteration that follows the 

interacting species complexing.43-44 Therefore, UV-visible absorption spectra were 

measured for PPE-SO3 (5.4 μg/ml) and for PPE-SO3 /MWCNTs dispersions with 

increasing concentrations of the MWCNTs in DMF solvent (Figure 3.2c). PPE-SO3 

showed a major absorption band with λ-max approximately around 429 nm, consistent 

with characteristic of the PPE backbone reported in literature.39, 45 Upon increasing 

MWCNTs concentration, the whole absorption increased as a result of the wide visible 

absorption of the nanotubes. The absorption maximum of PPE-SO3 is unmistakably 

visible, but develops into a less resolved peak. 
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Figure 3.2 (a) Homogenous dispersion of samples 0 (only PPE-SO3), sample 5 (1:1 

MWCNT:PPE-SO3) and sample 8 (8:1 MWCNT:PPE-SO3). The presence of 

MWCNT has quenched the fluorescence of PPE-SO3). The concentration of PPE-

SO3 in DMF is 192.3 μg /ml while for MWCNT the concentrations are 192.3 μg/ml, 

and 1538.5 μg/ml, this correlates to the MWCNT:PPE-SO3 ratios (wt:wt): 1:1 and 

8:1). The solutions are stable for several months at room temperature. The solutions 

are diluted to obtain the following (b) Schematic representation for the interaction 

of PPE-SO3 with MWCNTs (c) UV-visible and (d) Fluorescence spectra. (c) UV-

visible absorption spectra of PPE-SO3/MWCNTs dispersions in DMF. PPE-SO3 

concentration (5.4 μg/ml) was fixed while the concentration of MWCNTs was added. 

(d) Fluorescence spectra of PPE-SO3 (0.3 μg/ml) and PPE-SO3/MWCNTs complexes 

with varying the concentration of MWCNTs in DMF. 

 

 We also used fluorescence spectroscopy to investigate the electronic interactions 

of PPE-SO3 and MWCNTs (Figure 3.2a, b and d). The samples used for the absorbance 

measurements were optically diluted to proper concentrations to avoid any confusion 

about self/internal light absorption of the CNTs. PPE-SO3 exhibits a strong fluorescence 

emission peak having a band maximum of λmax = 453 nm (Figure 3.2d). Simultaneous to 

(a) (b) 

(c) 
(d) 
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the addition of MWCNTs into PPE-SO3 solution, the fluorescence is gradually quenched 

as the concentrations of MWCNTs increase.  When the amount of MWCNT is equal to 

PPE-SO3 (MWCNTS:PPE-SO3 1:1 mass ratio), around 60% of PPE-SO3 fluorescence 

emission is quenched. The emission is completely quenched at an 8:1 mass ratio of 

MWCNTS:PPE-SO3. The quenching of PPE-SO3 fluorescence is an indication for the 

interaction and is possibly due to either energy and/or electron transfer between PPE-SO3 

and the MWCNTs.46 We suggest that PPE-SO3 backbone strongly interacts with the 

surface of the MWCNTs through a π-π stacking mechanism where the polymer 

complexes to the nanotube leading to its emission quenching (Figure 3.2b).47-48 It is 

important here to mention that CPEs are renowned to exhibit a unique quenching trend 

defined as a red shift associated with reduction in their fluorescence intensity in the 

fluorescence spectra as a result of inter-chain aggregation.49 Our findings here are clearly 

different and thus enhance our suggestion of the presence of an exceptional complexation 

between the nanotubes and PPE-SO3.  

In order to understand the interaction between PPE-SO3 and MWCNTs, we used 

transmission electron microscopy (TEM). This technique allowed us to visualize and 

interpret the morphology and the structural interactions between PPE-SO3 and the 

MWCNTs.50-51 Figure 3.3 shows high resolution TEM images of pristine and PPE-SO3 

modified MWCNTs. First, pristine MWCNTs appear to have clear and smooth surface 

morphology (Figure 3.3a). The inset of figure 3.3a shows that the walls of the nanotubes 

are clean and sharp without any odd attachments. However, in the presence of PPE-SO3, 
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Figure 3.3 HR-TEM images for the different MWCNTS. (a) Pristine MWCNTs, (b 

to i) PPE-SO3 modified MWCNTs with MWCNT:PPE-SO3 ratios (wt:wt): 0.1:1, 

0.25:1, 0.5:1, 0.75:1, 1:1, 2:1, 4:1, 8:1. The magnified area in the boxes show smooth 

surface of the walls of the nanotube for pristine MWCNT while a thin layer of the 

coating polymer on the surface for the modified MWCNT. The thickness of the 

coating layer ranged between 1 and 5 nm. 

 

we started to see a chaotic continuous layer with an alternating thickness ranging between 

1 to 4 nm covering the surface of the PPE-SO3 modified MWCNTs (Figure 3.3b-i). We 

a b c 

d e f 

g h i 
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also observed that the thickness of the coating layer was varying regardless of the ratio of 

PPE-SO3 to MWCNTs. 

We used ζ potential measurements in order to understand and characterize the 

PPE-SO3/MWCNTs complexation we obtained (Figure S3.1). The measurements 

describe the degree of electrostatic interactions between PPE-SO3 modified MWCNTs.52-

53 Pristine MWCNTs are not ionic and therefore acquire a zero ζ potential in neutral 

solutions. Conversely, when MWCNTs are complexed with the anionic chains of PPE-

SO3, they obtain a charge and thus display a negative surface potential. The sign of the 

obtained potential mimics the charge on the polyelectrolyte; PPE-SO3 in this case. The 

value of the ζ potential obtained for 1:1 MWCNTS:PPE-SO3 (wt:wt) is -38 mV. The 

negative value indicates that a negative potential is conveyed by the modified MWCNTs 

as an effect of the adsorption of PPE-SO3 onto the walls of the nanotubes.54 This result 

coincides with our previous work where we obtained a positive potential upon measuring 

the ζ  potential of MWCNTs coated with a positively charge conjugated polyelectrolyte.38 

 

 
Figure 3.4 (a) Taping mode AFM Phase images from aqueous suspension of sample 

1:1, MWCNT: PPE-SO3 casted on Mica surface. (b) AFM 3D image of (a) showing 

the variation in height for the modified MWCNTs. 

(a) (b) 
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At last, we used atomic force microscopy (AFM) for a better examination on the 

dispersion and surface morphology of PPE-SO3 modified MWCNTs.55-56 PPE-

SO3/MWCNTs dispersion in DMF (1:1 wt % ratio) was deposited on a mica substrate 

and run for analysis.  The AFM images obtained are presented in Figure 3.4. A fast look 

on Figure 3.4a shows an excellent dispersion of the modified MWCNTs over a large 

surface area. The nanotubes are separated from their bundles and dispersed nicely over 

the mica surface. Furthermore, the AFM 3D image presented in Figure 3.4b shows the 

variation in the z-axis height profile for the dispersed nanotubes along the mica surface.  

The image shows obvious agglomerations of the conjugated polyelectrolytes on the walls 

of the nanotubes resulting in an irregular height profile. These findings support our 

results obtained from the TEM. 

 

3.3.2 Alignment and interfacial interactions of PPE-SO3/MWCNTs within PMMA 

Nanofibers.  

Our study requires the formation of smooth surface nanofibers without the 

presence of any beads or deformations to minimize the morphological instability and to 

insure nanofibers reproducibility. Subsequently, we ran a series of optimizations and 

standardizations to obtain the desired nanofibers. Figure S3.2 shows the SEM images of 

PMMA nanofibers with different wt %. For 5 wt % (Figure S3.2-A), SEM shows the 

formation of undesired beads within the fiber morphology and with a fiber diameter of 

200 nm. As the wt % increase, fewer beads are obtained with an increase in the fiber 

diameter (Figure S3.2-B). The fiber diameter and morphology reached its optimum for 

PMMA solution with 7 wt % where the fiber diameter was 300 nm with the absence of 

any beads. PMMA solutions with higher PMMA wt % has yielded fibers with larger 
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diameters and coiled structures (Figure S3.2- D, E and F). These results are summarized 

in Table S3.2. 

Nanofibers made of PPE-SO3/MWCNTs dispersed within poly(methyl 

methacrylate) matrix (PMMA) were then produced  throughout electrospinning. PMMA 

solution was mixed and sonicated with a predetermined amount of PPE-SO3/MWCNT 

dispersion after which the solution was electrospun on a stainless steel collecting screen 

covered with aluminum foil. This work aims to achieve a homogenous dispersion of PPE-

SO3/MWCNTs within PMMA nanofibers, in order to enhance their thermal stability and 

electrical conductivity. 

 

 
Figure 3.5 High resolution SEM images showing the structural design of the 

fabricated nanofibers. (a & b) PMMA nanofibers with 0.15 wt % PPE-SO3 only and 

without any MWCNTs. (c & d) PMMA/PPE-SO3/MWCNTs nanofibers with 0.15 wt 

% modified MWCNTs. (e & f) PMMA/PPE-SO3/MWCNTs nanofibers with 1.21 wt 

% modified MWCNTs. The arrows in d and f show the presence of the modified 

MWCNTs aligned within the PMMA nanofibers. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Figure 3.5 shows a comparison between the SEM images of clean PMMA 

nanofibers and the MWCNTs modified ones. In the absence of MWCNTs (Figure 3.5a 

and b), PMMA nanofibers are nicely aligned with no obvious fractures or deformations. 

The morphology of the nanofibers surface is smooth and with no obvious roughness to 

mention. Upon adding 0.15 wt % of PPE-SO3/MWCNTs, we did not notice any 

significant variation in the nanofibers diameter and that is probably due to the small 

amount of the nanotubes present in the electrospun solution (Figure 3.5c). The roughness 

of the nanofibers was induced slightly due to the presence of the MWCNTs within the 

nanofibers. Some MWCNTs were detected to be on the surface of the nanofibers 

(highlighted by the arrows in Figure 3.5d). In the presence of 1.21 w t% of PPE-

SO3/MWCNTs, the nanofibers roughness was further induced. A higher magnification 

image shows the presence of multiple MWCNTs aligned with and on the surface of the 

nanofiber (Figure 3.5 e and f). PPE-SO3 modified MWCNTs were found to align 

horizontally within the axis of PMMA nanofibers. The alignment of the nanotubes was 

accompanied by the absence of any aggregation which enhanced the formation of 

homogenous nanofibers without any defects or deformations. 

For comparison reasons, pristine MWCNTs were dispersed in PMMA solution 

without any modification. Figure 3.7a shows the dispersion state of MWCNTs (0.15 wt 

% and 1.21 wt %) in PMMA solution. After 24 hours, MWCNTs precipitated out of the 

solution due to their poor dispersion and aggregate formation. Figure 3.7b shows an SEM 

image of the electrospun PMMA nanofibers with 1.21 wt % pristine MWCNTs. 

Comparing Figure 3.5f and 3.7b, we can clearly observe the difference. The presence of 

unmodified MWCNTs within PMMA nanofibers has led to the presence of structural 
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deformations in the nanofibers morphology. MWCNTs tend to aggregate rather than 

disperse within nanofibers (Figure S3.3). 

 

 
Figure 3.6 TEM images showing the presence of PPE-SO3 coated MWCNTs 

dispersed within PMMA nanofibers. (a & b) PMMA nanofibers with 0.15 wt % 

PPE-SO3 only and without any MWCNTs. (c & d) PMMA/PPE-SO3/MWCNTs 

nanofibers with 0.15 w t% modified MWCNTs. (e & f) PMMA/PPE-SO3/MWCNTs 

nanofibers with 1.21 wt % modified MWCNTs. The highlighted areas in d and f 

show the presence of the modified MWCNTs aligned and dispersed within the 

PMMA nanofibers without the presence of any MWCNTs aggregates. 

 

The orientation, dispersion and alignment of the PPE-SO3 modified MWCNTs in 

the electrospun PMMA nanofibers were additionally studied via TEM (Figure 3.6). The 

electron density of MWCNTs is higher than that of PMMA and as a result, MWCNTs 

were visible as darker cylindrical structures inside the nanofibers.57 Both PMMA 

nanofibers with 0.15 wt % and 1.21 wt % loading of PPE-SO3/MWCNTs showed the 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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presence of well aligned MWCNTs within the nanofiber axis (highlighted areas in Figure 

3.6d and f). Also, we couldn’t detect any sign of MWCNTs aggregation in the nanofibers. 

On the contrary, Figure 3.7c shows the TEM image of PMMA nanofibers with 1.21wt % 

pristine MWCNTs. The image indicates the presence of MWCNTs aggregates within the 

polymer nanofibers leading to the formations of unwanted deformation. Therefore, TEM 

also confirms the presence of a homogenous dispersion of PPE-SO3 modified MWCNTs 

inside PMMA nanofibers. 

 

                     

 
Figure 3.7 (a) Pristine MWCNTs partially dispersed in PMMA solution (0.15 wt % 

and 1.21 wt % of pristine MWCNTs in PMMA solution). After 24 hours, we observe 

a clear sedimentation of MWCNTs. (b) HR-SEM image and (c) TEM image of 

PMMA/MWCNTs nanofibers with 1.21 wt % pristine MWCNTs. 

 

Finally, the dispersion of PPE-SO3 modified MWCNTs within PMMA was 

demonstrated in Figure 3.8. Fluorescent Optical micrographs PMMA/PPE-

SO3/MWCNTs nanofibers with 0.15 wt % modified MWCNTs showed the presence of 

PPE-SO3 modified MWCNTs all over the nanofibers. 

(a) 

(b) (c) 

24 hours 
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3.3.3 Thermal Analysis of PMMA/PPE-SO3/MWCNTs nanofiber composites. 

We used differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA) to study the thermal properties of PMMA nanofibers. The study aims to 

investigate the effect of PPE-SO3/MWCNTs on the thermal behavior and stability of the 

modified PMMA nanofiber composites. The results obtained are summed up in Figure 

3.9 and in Table 3.1. The significance of the thermal behavior study is to understand the 

dispersion state and the alignment of PPE-SO3 modified MWCNTs within PMMA 

nanofibers and the influence of MWCNT aggregates on the thermal stability of the 

nanofibers.  

 

 

Figure 3.8 (a) Optical micrograph of PMMA/PPE-SO3/MWCNTs nanofibers with 

0.15 wt % modified MWCNTs. (b) Fluorescent micrograph of (a) indicating the 

dispersion of the modified MWCNTs in PMMA nanofibers. (c) Graphical 

representation for the dispersion of the modified MWCNTs in PMMA nanofibers. 

(a) (b) 

(c) 
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Figure 3.9a examines the DSC thermograms for PMMA nanofibers having 

pristine MWCNTs and PPE-SO3 modified MWCNTs. As the figure shows, all of the 

samples have expressed a glass transition temperature (Tg) around 120 °C, which is 

agreeing with the Tg of syndiotactic PMMA.58 According to literature reports, PMMA 

has a Tg value that varies with the degree of tacticity of the polymer. Starting with the 

neat polymer, PMMA nanofibers demonstrated a glass transition temperature of 122 °C.  

However, after dispersing PPE-SO3 modified MWCNTs within PMMA nanofibers, the 

Tg has slightly increases to reach 124 °C for nanofibers with 1.21 wt % loading of PPE-

SO3/MWCNTs compared to 122 °C for neat PMMA. On the contrary, PMMA nanofibers 

with pristine MWCNTs have yielded a lower glass transition temperature (Tg = 121 °C) 

in comparison with that of neat PMMA (Tg = 122 °C). This decrease in Tg can be 

credited to the aggregation multiwalled carbon nanotubes within the nanofibers (as 

shown in the SEM and TEM images in Figure S3.3 in the supporting information) 

resulting in an undesirable influence on the Tg of the nanofibers. Remarkably, this 

systematic fluctuation in Tg of the nanofibers upon adding MWCNTs is consistent with 

our finding in previous work were the addition of PIM-2 modified MWCNTs has led to 

slight increase in the Tg of PMMA composites.38 Similarly, the increase in Tg is ascribed 

to the synergy between the carbon nanotube surface and the PMMA matrix, which 

reduces the mobility of the chains close to the interface. 

The thermal stability of the produced PMMA nanofibers was studied using 

thermal gravimetric analyses. The study covers neat PMMA nanofibers, PMMA 

nanofibers with PPE-SO3 modified MWCNTs, and PMMA nanofibers with pristine 

MWCNTs (Figure 3.9b and Table 3.1). An obvious variation in the thermal stability of 
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the nanofibers was detected when changing the weight percentage of the nanotubes; 

nevertheless the overall thermal stability of the modified nanofibers was enhanced 

compared to that of neat PMMA.  
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Figure 3.9 (a) DSC curves of PMMA nanofibers of neat PMMA, PMMA nanofibers 

with 0.15 wt % PPE-SO3 and different concentrations of MWCNTs (0.15 and 1.21 

wt % of MWCNTs) (b) TGA curves of PMMA, PMMA nanofibers with 0.15 wt % 

PPE-SO3 and different concentrations of MWCNTs (0.15 and 1.21 wt % of 

MWCNTs). The inset shows the DTGA curves for neat PMMA nanofibers 

compared to the ones containing 1.21 wt % PPE-SO3/MWCNTs. 

 

The inset present in Figure 3.9b shows the differential thermogravimetric data 

(DTGA) curves for neat PMMA nanofibers compared to the ones containing 1.21 wt % 

of PPE-SO3/MWCNTs. Neat PMMA nanofibers presented two degradation steps while 

only one step was present for the PMMA/PPE-SO3/MWCNTs nanofibers. Similar results 

were obtained in our previous studies were only a single step was present for PMMA 

composites in the presence of MWCNTs.38 Accordingly to literature, the first step 

corresponds to the bond scission at the unsaturated ends of PMMA and is a result of the 

(a) (b) 
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loss of −CO2CH3 groups, while the second step   corresponds to random cleavage in 

PMMA backbone.59 

 

Table 3.1 Thermal Properties of PMMA Nanofibers with Different Concentrations 

of MWCNTs 

 T10
a 

(oC) 

T30
b 

(oC) 

Decomposition 

Temperature 

(oC) 

Weight loss 

at  

289 oC 

(%) 

Tg by 

DSC 

(oC) 

PMMA 270 329 364 16.5 122 

0.15 wt % MWCNTsc  304 349 367 6.2 123 

1.21 wt % MWCNTsc  314 354 375 5.4 124 

1.21 wt % MWCNTs (no 

PPE-SO3) 

299 344 368 7 121 

a temperature at 10 wt % weight loss (oC), b temperature at 30 wt % weight loss (oC),c 

PMMA composites with 0.15 wt % PPE-SO3 compared to PMMA 

 

Table 3.1 summarizes the thermal properties of the studied nanofibers. The 

decomposition temperature of the nanofibers with 1.21 wt % PPE-SO3/MWCNTs reaches 

its maximum at 375 °C.  The temperature is 7 °C Less for the nanofibers with 1.21 wt % 

pristine MWCNTs which decompose at 368 °C. Neat PMMA nanofibers decompose at 

364 °C. The step up in the decomposition temperature of the nanofibers with MWCNT 

can be described as a result of MWCNT/PMMA surface interactions. MWCNTs present 

in the nanofibers result in a restricted motion and therefore reduce the segmental mobility 

of PMMA chains. This reduction in the polymer chain mobility acts as a barrier for chain 

scission and enhance the thermal stability of the nanofibers. 

Furthermore, PMMA nanofibers with 1.21 wt % PPE-SO3/MWCNT exhibited a 

10 % weight loss at 299 °C, which is 19 °C more than that of neat PMMA. At T30, the 

temperature required to loss 30 % of the weight of neat PMMA was 329 °C. This 
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temperature gradually increased as we increased the concentration of PPE-

SO3/MWCNTs to reach a maximum of 354 °C for nanofibers with 1.21 wt % PPE-

SO3/MWCNTs. We also noticed that nanofibers with pristine MWCNTs displayed lower 

thermal stability compared to those with PPE-SO3/MWCNT for the same concentration 

and at all temperatures. 

Generally, our findings show that PPE-SO3/MWCNT complex structures can 

integrate within PMMA matrix forming a robust PMMA/PPE-SO3/MWCNTs network 

that enhances thermal stability of resulted nanofibers. This enhancement is conceivably a 

result of the superb dispersion of the modified nanotubes within PMMA which reinforced 

the interfacial interactions between PPE-SO3/MWCNT and PMMA. The influence of 

adding MWCNTs on the thermal behavior of polymeric composites is widely explored in 

the literature.60-62 For instance, Gu et al. has studied the effect of polyaniline 

functionalized MWCNTs (PANI-MWCNTs) on the properties of epoxy polymer 

nanocomposites. PANI-MWCNTs were used as nanofillers to enhance the properties of 

the produced nanocomposites. The thermal study of the modified polymer 

nanocomposites showed 6-25 oC enhancements in glass transition temperature and higher 

thermostability compared to the unmodified pure epoxy nanocomposite.63 

 

3.3.4 Conductivity of PMMA/PPE-SO3/MWCNTs nanofiber composites. 

In order to study the electrical properties of PMMA/PPE-SO3/MWCNTs 

nanofibers, electrospun nanofibers having 1.21 wt % PPE-SO3/MWCNTs were deposited 

on 50 nm UV-Ozone cleaned, prepatterned gold electrodes on 240 nm silica over silicon 

substrates.  
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Figure 3.10 (a) I-V curve of the fibers deposited on of the 2.5 µm device. (b) 2.5 µm 

device with nanofibers deposited on the gold electrodes (the scale bar is 50 µm). (c) 

Theoretical explanation of how the fibers are crossing over the gold electrodes. The 

nanofibers have 1.21 wt % modified MWCNTs. 

 

According to several references in literature,64-66 when CNTs are used as 

nanofillers in composite materials, the electrical conductivity enhancement can be the 

outcome of a tunneling mechanism. The mechanism requires a distance no more than 10 

nm between the nanofiller for tunneling conduction to occur. Usually, (I–V) correlation 

provides information about the modified composite conductivity and indicates the 

principle reason of conductivity (whether due to tunneling or direct interaction between 

(a) 

(b) (c) 
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the CNTs). Figure 3.10a displays a semiconducting nonlinear I-V curve for the studied 

fibers. Figure 3.10b shows an optical image for the fibers crossing through the gold 

electrodes. The measured resistance is divided by the fiber cross-overs to give 16.4 MΩ 

per single fiber across the 2.5 um channel.  The fiber conductivity (𝜎) was determined by: 

𝜎 =
𝑑

𝐴𝑅
 

where 𝑑 is the distance between electrodes, 𝐴 is the calculated fiber cross-section 

assuming  cylindrical fibers with diameter of 500 nm, and 𝑅 is the resistance. 

 

The fiber conductivity obtained is 0.790 S/m; the conductivity of neat PMMA fibers 

in literature is 10-13 S/m which is around twelve orders of magnitude less than the 

conductivity of the obtained PMMA/PPE-SO3/MWCNTs nanofibers.67 While MWCNTs 

networks detected in SEM and TEM are the main reason for the development of the 

electrical conductivity, these experiments also display the lack of direct contact between 

the dispersed PPE-SO3/MWCNTs resulting in tunneling conduction, (due to a lack of 

linear behavior). The percolation threshold of PMMA/PPE-SO3/MWCNTs is also 

achieved and consequently, the electrical conductivity is amplified several orders of 

magnitude. This great enhancement in conductivity also supports our results that 

conjugated polyelectrolytes such as PPE-SO3 are capable of coating MWCNTs which 

enhance their effect when dispersed in composite materials.  
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3.4 Conclusion 

MWCNTs were coated with PPE-SO3 to enhance their dispersion into PMMA 

electrospun nanofibers. This study demonstrates the capability of PPE-SO3 to interact 

noncovalently with the surface walls of CNTs through π−π interactions. This 

complexation between PPE-SO3 and MWCNTs was confirmed using fluorescence 

spectroscopy. ζ potential measurement also showed a negative potential confirming the 

coating of PPE-SO3 on the walls of the nanotubes. TEM and AFM confirmed the 

excellent dispersion state of the modified nanotubes and also showed a thin coating layer 

of PPE-SO3 on the surface of the nanotubes walls. As a result of dispersing the 

nanotubes, PPE-SO3 modified MWCNTs were easily solubilized into PMMA matrix and 

eventually electrospun to form PMMA/PPE-SO3/MWCNTs nanofibers. The resulting 

modified fibers exhibited enhanced thermal properties compared to neat PMMA. Also the 

electrical conductivity of a single PMMA fiber encompassing 1.21 wt % PPE-

SO3/MWCNTs have increased twelve order of magnitude compared to neat PMMA. At 

the end, PPE-SO3 represents a unique tendency not only to solubilize MWCNT but also 

to disperse them in polymer matrix.  

 

  



132 
 

3.5 Supporting Information 

 

 

Table S 3.1. Experimental setup and details for the prepared PPE-SO3/MWCNT 

solutions and the PPE-SO3/MWCNT/PMMA fibers 

Samples PMMA: PPE-SO3 

wt/wt 

MWCNT: (PMMA, 

PPE-SO3) 

wt % 

MWCNT: PPE-SO3 

 

0 - 0 0:1 

1 - - 0.1:1 

2 - - 0.25:1 

3 - - 0.5:1 

4 - - 0.75:1 

5 100:0.15 0.15 wt % 1:1 

6 - - 2:1 

7 - - 4:1 

8 100:0.15 1.21 wt % 8:1 

9 100:00 1.21 wt % 8:0 
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Figure S 3.1 Zeta Potential plot confirming the effect of coating of PPE-SO3 on the 

surface charge of MWCNTs. 
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Figure S 3.2 SEM images for the PMMA nanofibers with different wt %. (A) is 5 wt 

% (B) is 6 wt % (C) is 7 wt % and (D) is 10 wt % (E) is 13wt %   and (F) 16 wt %. 

The images show the difference in the fibers diameter and morphology. 

A B C 

D E 

 

F 
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Table S 3.2. PMMA Fiber diameter and morphology depending on the wt % of PMMA in 

DMF. The solutions were electro spun at voltage range from 10 to 30 KV. 

% PMMA wt/wt Fiber Diameter Fiber Morphology 

5 ~ 200 Fibers with some deformation 

6 ~ 300 Fibers with little to no deformation 

7 300 nm Straight fiber no beads 

10 700 nm Straight fiber no beads 

13 2-3 µm Straight fiber no beads 

16 4-5 µm coiled fiber no beads 

 

 
Figure S 3.3 (a, b and c) SEM images; (d and e) TEM images of PMMA/MWCNTs 

nanofibers with 1.21 wt % pristine MWCNTs. Both SEM and TEM show 

deformation in the nanofiber morphology due to pristine MWCNTs aggregation 

within the nanofibers. 

 

  

(a) (b) (c) 

(d) (e) 
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4.Chapter 4 

The Study of the interaction of Poly(3-hexylthiophene) with SWCNTs 

 

Summary and Overview 

In this research, we will look into the noncovalent interactions between SWCNTs and 

poly(3-hexylthiophene)  with an imidazole side group (P3HT-IM).  Ultraviolet-visible-

near infrared (UV-Vis-NIR) absorption spectroscopy and Fluorescence study were used 

to study the effect of the CNTs on the absorption and fluorescence of the polymer. Zeta 

potential was used to study the overall surface charge of the modified SWCNTs. 

Transmission Electron Microscopy (TEM) was used to visualize the morphology of the 

modified CNTs and Atomic Force Microscopy (AFM) was used to confirm the dispersion 

of the modified CNTs. 
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4.1 Introduction 

The properties of conjugated polyelectrolytes (CPEs) have been broadly explored for 

some decades due to their prospective use in numerous applications such as energy 

storages, optoelectronic devices, corrosion inhibitors, sensors and enzyme catalysts.1-3 

Examples of CPEs are the soluble poly(3-alkylthiophene)s (P3ATs). These polymers are 

classified into regiorandom and regioregular P3ATs depending on the regioregularity of 

alkyl substituents which can be either “Head to tail” (HT) or “Head to Head” (HH) as 

scheme 4.1 shows. P3ATs are regioregular when they encompass only HH or only HT 

alkylthiophene. The random presence of both HH and HT results in a regiorandom P3AT. 

In 1996, Bao et al. published the first paper on the application of a regiregiolar P3AT 

in photovoltaic application and since that, the semiconducting applications of P3ATs are 

extensively studied.4 Specifically, poly(3-hexylthiophene) P3HT became the most 

spreading P3AT due to its application in transistors and optoelectronics.5-6 The properties 

of P3HT are highly dependent on its chain regioregularity.7 

On the other hand, the unique electrical, mechanical and thermal properties of carbon 

nanotubes have added to their importance and significance which made them of a 

primary research interest.8-9 Nevertheless, the possible applications of CNTs are vastly 

hindered by their bad solution behavior. As a result, CNTs were subjected to various 

surface adjustments and functionalization in order to disperse and solubilize them in 

aqueous and organic solutions in addition to various polymer matrices.10 Moreover, The 

combination of both CNTs and CPs have proven to demonstrate an excellent synergetic 

effect due to the unique optoelectronic and photophysical properties of the conjugated 
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polymers on one hand and the excellent thermal, mechanical and electrical properties of 

the CNTs on the other hand.11-12  

 

 

Scheme 4.1 (a) Head to Tail and Head to Head conformations of P3ATs (b) 

Regioregular P3HT.  

 

Examples of CPEs/CNTs interactions and applications in literature are many. For 

example, in 2014,  Lo et al.13 studied the photoconductivity and charge transport 

properties of polyelectrolytes/CNTs hybrids using scanning probe microscopy. The 

polyelectrolyte used was poly[N,N,N-triethyl-12-(thiophen-3-yl)dodecan-1-ammonium 

bromide] (PTETDA). His study showed that PTETDA noncovalently functionalizes 

MWCNTs and acts as effect dispersant of the CNTs. Moreover, the photosensitivity of 

the resulting polymer/MWCNT hybrid was increased. Such enhancements are very useful 

for organic optoelectronic devices. In another example, Kuila et al.14 has grafted CH2OH-

teminated regioregural P3HT onto the carboxylic groups of the carbon nanotubes by 
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esterification. The resulted P3HT attached CNTs we spin coated to form a thin film and 

was used as an electron donor in a photovoltaic device. The resulted device showed a 

40% increase in the power conversion efficiency compared to its counterpart based on 

pure P3HT. 

In our work here, we display the proficiency of cationic polyelectrolyte P3HT-IM 

represented in Figure 4.1 to noncovalently interact with SWCNTs via π−π forces.  We 

deduce that the polymers conjugated backbone tends to π−π stack on the surface of the 

nanotube leading to their dispersion and separation of their bundles. Various 

spectroscopic and microscopic techniques were used to illustrate the interactions between 

P3HT-IM and the SWCNTs. Our results clearly indicate the ability of P3HT to solubilize 

and disperse SWCNTs for future applications in electronic and photovoltaics.  
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4.2 Experimental Methods 

4.2.1 Materials 

Single wall carbon nanotubes (SWCNTs> 95 % purity) and Dimethyl sulfoxide 

(DMSO) were purchased from Sigma Aldrich and us308068-566ed as received. The 

diameter of the nanotubes is 0.6-1.1 nm.  The conjugated polyelectrolyte P3HT-IM was 

prepared and characterized as described elsewhere in literature.15 

 

4.2.2 Preparation of P3HT/SWCNTs complexes 

P3HT-IM was dissolved in (DMSO) under bath type sonication for 75 minutes 

followed by stirring for 12 hours at room temperature to obtain a homogenous orange 

solution. Pristine SWCNTs were then mixed with the P3HT-IM/DMSO solution and 

sonicated for 75 minutes to form a homogenous suspension. Mixtures of different 

concentrations of P3HT-IM/SWCNT were prepared and studied (Table 4.1). 

 

4.2.3 Instrumentations and Methods 

Ultraviolet-visible absorption spectra were completed in DMSO solutions using Varian 

Cary 5000 UV-VIS-NIR absorption spectrometer at room temperature. Fluorescence 

spectra were measured using Varian Cary Eclipse fluorescence spectrometer.  

High Resolution Transmission Electron Microscopy (HRTEM) images were obtained 

using a Titan CT (FEI Company) operating at 300 kV and equipped with a 4 k x 4 k CCD 

camera (Gatan). Standard (TEM) images were collected using Tecnai G2 Spirit TWIN, a 

20-120 kV / LaB6.  The P3HT/SWCNT solution was drop casted on a lacy copper grid 
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stabilized with carbon (300 MESH, EMS) and dried for 6 hours in a desiccator prior to the 

analysis. Atomic Force Microscopy (AFM) data were obtained by depositing the sample 

on a freshly cleaved Mica surface using an Agilent 5400 SPM instrument (USA). Finally, 

the Zeta Potential was measured using Zetasizer Nano ZS from Malvern.  

 

 

Figure 4.1 chemical structure showing P3HT-IM and SWCNT 
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4.3 Results and Discussions  

P3HT-IM/SWCNT complex examination 

P3HT-IM presented in Figure 4.1 is made of a poly(thiophene) (PT) conjugated 

backbone accessorized with alkyl imidazolium side group. The polymer contains one 

imidazolium group for every thiophene unit. The polymer absorbs in bluet region and 

fluoresces strongly in the yellow-orange region.16 P3HT-IM can be simply dissolved in 

aqueous and organic solvents such as water, alcohols, DMSO, DMF etc. Remarkably, we 

found that P3HT-IM solution, when mixed with SWCNTs, is capable of dispersing the 

nanotubes. The dispersion was found to be stable for several months without any 

precipitation detected for the nanotubes. 

 

Table 4.1 Various samples of different SWCNT:P3HT-IM ratio 

Samples SWCNT: P3HT-IM 

0 0:1 

1 0.1:1 

2 0.25:1 

3 0.5:1 

4 0.75:1 

5 1:1 

6 2:1 

7 4:1 

8 8:1 
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Figure 4.2 UV-Vis spectroscopy for P3HT-IM/SWCNTs solutions with various 

concentrations of SWCNTs in DMSO solution. The concentration of P3HT-IM is 

16.7 μg/ml. 

 

So as a first step for studying the physiochemical interactions between P3HT-IM 

and SWCNTs, we used optical spectroscopy to examine the outcome of the interaction 

between the complexing polymer and nanotubes.17 Accordingly, UV-visible absorption 

spectra were obtained for P3HT-IM (16.7 μg/ml) and for P3HT-IM/SWCNTs dispersions 

with increasing concentrations of the SWCNTs in DMSO solution (Figure 4.2) As the 

figure shows, P3HT-IM has a major absorption band with λmax approximately around 453 

nm, consistent with characteristic of the PT backbone absorption reported in literature.16 

When increasing the SWCNTs concentration, the absorption increased as a result of the 

wide visible absorption of the nanotubes. The absorption maximum of P3HT-IM is still 

visible, but changes into a less resolved peak. Also for higher concentrations of 

SWCNTs, several absorption bands were detected between 350 nm and 800 nm 
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indicating the presence of metallic and semiconducting SWCNTs. The presence of these 

excellent resolved peaks is an indication of an outstanding dispersion of SWCNTs.18 
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Figure 4.3 Fluorescence spectroscopy for P3HT-IM/SWCNTs solutions with various 

concentrations of SWCNTs in DMSO solution. The concentration of P3HT-IM is 

9.09 μg/ml. 

 

Furthermore, we used fluorescence spectroscopy to check the electronic 

interactions between P3HT-IM and SWCNTs (Figure 4.3). P3HT displays a strong 

fluorescence emission peak at a band maximum of λmax = 582 nm. After the addition of 

SWCNTs into P3HT-IM solution, the fluorescence is gradually quenched with the 

increasing concentrations of SWCNTs. Around 55 % of P3HT-IM fluorescence was 

quenched when an equivalent amount of SWCNT was added to the P3HT-IM solution 

(P3HT-IM:SWCNT 1:1 mass ratio).When the ratio of P3HT-IM:SWCNT is 1:4, the 



153 
 

emission is almost completely quenched. The quenching phenomena obtained upon the 

presence of the nanotubes indicates the presence of energy and/or electron transfer 

between P3HT-IM and the SWCNTs.19 We propose that P3HT-IM backbone strongly 

interacts with the surface of the SWCNTs through a π-π stacking mechanism where the 

polymer complexes to the nanotube leading to its emission quenching.20 
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Figure 4.4  Zeta potential of both SWCNTs and P3HT-IM/SWCNTs. The positive 

potential obtained for P3HT-IM modified SWCNTs is an indication of effective 

coating of P3HT on the surface of the nanotubes. 

 

For a better understanding of the P3HT-IM/SWCNT interactions, ζ potential was 

employed (Figure 4.4). The results obtained from ζ measurements correspond to the 

degree of electrostatic interactions between P3HT-IM modified SWCNTs.21 In neutral 

solutions, pristine SWCNTs are non-ionic and consequently attain a zero ζ potential.  On 

the contrary, when SWCNTs are conjugated with the cationic chains P3HT-IM, they gain 
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a charge and thus display a positive surface potential. The positive potential obtained is 

+39mV and is an indication of the wrapping/coating of P3HT-IM around the surface of 

SWCNT (as it will be more explained in later paragraphs in the text). 

 

Also, we used atomic force microscopy (AFM) for a better inspection on the 

dispersion and surface morphology of P3HT-IM modified SWCNTs.22 P3HT-

IM/SWCNTs dispersion in DMSO (1:1 wt % ratio) was deposited on a mica substrate 

and run for analysis. Figure 4.5 shows the AFM image obtained. The image shows an 

excellent dispersion of the CNTs on a large surface area. The nanotubes are separated 

from their aggregations and dispersed nicely on the mica. 

 

 

Figure 4.5 Tapping mode AFM image of aqueous suspension of P3HT-IM/SWCNTs. 

The ratio is 1:1 P3HT-IM:SWCNT. 
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Finally, In order to understand the interactions between P3HT-IM and SWCNTs, 

we used transmission electron microscopy (TEM). This technique allowed us to envision 

and deduce the morphology and the structural interactions between P3HT-IM and the 

SWCNTs.23 Figure 4.6 shows high resolution TEM images of P3HT-IM modified 

SWCNTs. 

 

  

Figure 4.6  HR-TEM image showing the wrapping of P3HT-IM on the SWCNT 

 

The images clearly show the presence of chaotic continuous alternating layer with 

thickness ranging between 1 to 2 nm covering the surface of the modified SWCNTs. We 

believe that this is the conjugated polymer coating the surface of the SWCNTs and thus 

enhancing its dispersion. 
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4.4 Conclusion 

In this study, we demonstrated the ability of P3HT to noncovalently interact and coat 

the surface of SWCNTs through π−π interactions. The complexation of both P3HT-IM 

and SWCNTs was confirmed using spectroscopic measurements while AFM and TEM 

confirmed the outstanding dispersion state of the modified nanotubes with an emphasis 

on the coating of the nanotube surface with P3HT-IM. This complexation facilitates the 

solubility and processability of the nanotubes for further applications such as electronics 

and composite materials 
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5.Chapter 5  

Non-Covalent Modification of MWCNT via Conjugated Polyelectrolytes: 

Applications to Electronics and Photovoltaic Devices 
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5.1 Introduction 

In recent years, renewable energy technologies are of great interest and photoinduced 

energy conversion is the most attractive among all technologies.1-3 Semiconductors such 

as quantum dots (QDs), silicon nanoparticles, or nanowires represent the most spreading 

materials utilized for photoenergy conversion process.4-7 Also, carbon nanomaterials have 

been renowned for their photon harvesting characteristics which made them perfect 

candidates for energy conversion applications.8-9 As a matter of fact, carbon 

nanomaterials such as graphene and carbon nanotubes are within the excellent well 

known materials utilized in organic photovoltaic devices.10-13 

Research on Carbon nanotubes  have shown that they have high optical 

absorption,14-15 rich excited state 16-18 and act as an efficient photoinduced charge-transfer 

19-20 which allow them to be photoactive. For these reason, CNTs have been intensively 

studied for possible photoenergy conversion applications.21-22  In this context, CNTs are 

considered to be excellent candidates to replace electrodes and transparent conductive 

oxide layers (TCO)   in photovoltaic devices and they have been effectively incorporated 

into organic solar cells as an active layer. In 2002, Kymakis et al. have reported the first 

attempt to utilize CNTs in bulk-heterojunction solar cells. The researchers used SWCNTs 

blended with polythiophenes and observed an enhancement in the photocurrent.23 CNTs 

were also used in dye-sensitized solar cells (DSSCs) where reports indicated the doubling 

in the efficiency of such solar cells.24 

The most popular technique for the implementation of nanotubes in BHJs requires 

the solublization of nanotubes in an electron donating polymer solution. In this case, the 
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primary problems that limits the performance of the CNTs in solar cell devices is their 

aggregation and bundling. The presence of CNT bundles mainly affect the properties of 

the tubes and decreases the interface availability for charge separation. In order to avoid 

their aggregation, CNTS were solubilized and dispersed out of their bundles via covalent 

and noncovalent surface modifications. Accordingly, Nogueira et al. enhanced the 

dispersion of SWCNT in poly(3-octylthiophene) (P3OT) matrix after covalently 

functionalizing the nanotubes with thiophene moieties. Their result produced a BHJ solar 

cell with 0.184% efficiency when 5 wt% of the functionalized SWCNTs were used.25 

 

 

Figure 5.1 Chemical structure for PIM-4 

 

Our lab has also described the dispersion of nanotubes specially MWCNTs via 

different molecules such as ionic liquids,26 conjugated polymers27 and conjugated 

polyelectrolytes28 for various applications. For example, the CPE modified MWCNTs 

were dispersed in poly(methyl methacrylate) (PMMA) to produce a nanocomposite 
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membranes with superb electrical conductivity.  In this work, we demonstrate the 

capability of cationic polyelectrolyte PIM-4 (Figure 5.1) to interact noncovalently with 

MWCNTs via π−π interactions. The conjugated backbone of the polymer tends to π−π 

stack with the surface of the nanotube causing the dispersion and separation of the 

nanotubes bundles. We used various spectroscopic and microscopic techniques to 

characterize the interactions between PIM-4 and MWCNTs. Moreover, we used spin 

coating to produce the PIM-4/MWCNTs thin films for solar cell applications. We also 

studied the dispersion and the alignment of the nanotubes within the thin film and their 

electrical and optical properties. Our findings prove that PIM-4 efficiently disperse and 

solubilize MWCNTs. Yet more work should be done on the assembly of a solar cell 

device. 

 

 

Scheme 5.1 Schematic illustration for the spin coating experiment. (A) Applying 

solution (B) Rotating (C) Drying (D) Photographed image for a spin coater. 
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5.2 Experimental Methods 

5.2.1 Materials 

MWCNTs (purity >95%) and acetone were bought from Sigma Aldrich. The 

nanotubes have a diameter of 6-9 nm and a length of 2–5 μm. Both MWCNTs and 

acetone were used as received. The conjugated polyelectrolyte PIM-4 was prepared and 

characterized as described elsewhere.29 

 

5.2.2 Preparation of PIM-4 coated MWCNTs  

In order to characterize PIM-4/MWCNT complexes, a predetermined amount 

PIM-4 was dissolved in acetone. The solution was then sonicated for 90 minutes under 

bath sonication type then stirred for 12 hours at room temperature to obtain a 

homogenous pale yellow solution. Pristine MWCNTs were then mixed with the PIM-

4/Acetone solution then sonicated for 60 minutes to form a homogenous suspension. The 

obtained PIM/MWCNT dispersions were then stirred for 12 hours preceding further 

analysis. Table 5.1 displays the sample composition of mixtures with different 

concentrations of PIM/MWCNT under study.  

 

5.2.3 Preparation of PIM-4/MWCNTs Thin Films 

Scheme 5.1 summarizes the spin coating process for the formation of PIM-

4/MWCNTs thin films. PIM-4/MWCNTs dispersion was sonicated for 5 minutes and 

spin coated on pre-cleaned glass substrate. Table 5.1 summarized the different film 

thickness obtained out of the spin coating experiments.  
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5.2.4 Instrumentation and Methods  

Ultraviolet-visible (UV-VIS) absorption spectra were collected in DMF solutions 

using Varian Cary 5000 UV-VIS-NIR absorption spectrometer at room temperature. 

Fluorescence spectra were completed using Varian Cary Eclipse fluorescence 

spectrometer. Zeta Potential was measured using Zetasizer Nano ZS from Malvern.   

 

High Resolution Transmission Electron Microscopy (HR-TEM) images were 

acquired using a Titan CT (FEI Company) operating at 300 kV and equipped with a 4 k x 

4 k CCD camera (Gatan). Standard (TEM) images were obtained using a Tecnai G2 

Spirit TWIN, a 20- 120 kV / LaB6. PPE-SO3/MWCNT solution was drop casted on a 

lacy copper grid stabilized with carbon (300 MESH, EMS) and dried for 4 hours in a 

desiccator before analysis 

 

Table 5.1 Experimental details showing the method of preparation of the films. 

Sample Method of preparation ( spin 

rotation and time) 

PIM:MWCNT Film thickness 

(nm) 

1 1000 rpm for 50 sec 10:1 99 

2 1000 rpm for 50 sec 5:1 71 

3 1000 rpm for 50 sec 1:1 37 

4 1000 rpm for 50 sec 1:2 Couldn’t find the 

thickness 

5 1000 rpm for 50 sec 1:5 61 
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Raman spectroscopy was performed with an ARAMIS UV (HORIBA) Raman 

Microscope, which was equipped with a 100mW diode laser with an excitation 

wavelength of 600 nm. A four point probe was used to measure the electrical 

conductivity of the thin film (MDC-CMT-SR2000N). Scanning electron microscopy 

(SEM) images were acquired using FEI Nova Nano 630 FEG High Resolution SEM 

equipped with a Through the Lens Detector (TLD) (USA).  The thickness of the films 

was measures using a profilometer type Contour GT-X8 Optical Profiler, KLA Tencor 

Stylus Profilometer. 
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5.3 Results and Discussions 

5.3.1 Study of the Physiochemical Interactions and Characterization of PIM-

4/MWCNTs Dispersion 

PIM-4 is a poly(phenylene ethynylene)  conjugated polymer decorated with an 

alkyl imidazolium side group. The polymer absorbs in the  blue-violet and  emits a  blue-

green fluorescence.30 As discussed in previous chapters, we found that PIM-4 is able to 

solubilize MWCNTs in both organic and aqueous solutions. The study of the interaction 

of PIMs with MWCNTs is fully explained in Chapter 2 and the following discussion is a 

brief summary of our previous findings. 

 

 

 

Figure 5.2 UV-Vis spectroscopy for PIM-4/MWCNTs solutions with various 

concentrations of MWCNTs in DMF solution.  

 

In order to characterize the interactions between PIM-4 and MWCNTs we used 

optical spectroscopy to observe the changes accompanied with their mixing.31-32 
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Therefore, UV-visible absorption spectrum was recorded for PIM-4 (17 µg/ml) and for 

PIM-4/MWCNTs dispersions with varying concentrations of MWCNTs in DMF (Figure 

5.2). PIM-4 showed a strong absorption band at λmax ~ 422 nm.33  Interestingly, this 

absorption band increases and slightly broadens with increasing concentration of 

MWCNT in the PIM-4 solution. We ascribe the former effect to the absorption of the 

MWCNTs, whereas the peak broadening can be interpreted as a result of the π-π 

interactions between the MWCNTs and the conjugated backbone of PIM-4.34  
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Figure 5.3Fluorescence spectroscopy for PIM-4/MWCNTs solutions with various 

concentrations of MWCNTs in DMF solution 

 

Also, we used fluorescence spectroscopy to examine the electronic interaction 

between PIM-4 and MWCNTs. As seen in Figure 5.3, PM-4 displays a strong 

fluorescence emission at λmax = 471 nm. The simultaneous addition of MWCNTs into the 
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PIM-4 solution leads to a progressive fluorescence quenching. PIM-4 fluorescence 

emission is quenched up to 50% after adding 1:1 mass ratio MWCNT:PIM-4, and the 

emission is almost completely quenched at 4:1 mass ratio. The fluorescence quenching 

observed is most probably a result of either energy and/or electron transfer between the 

interacting species.35-36 The results clearly suggest the presence of π-π stacking between 

PIM-4 and the MWCNTs.37-38  
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Figure 5.4 Zeta potential of both MWCNTs and PIM-4/MWCNTs. The positive 

potential obtained for PIM-4 modified MWCNTs is an indication of effective 

coating of PIM on the surface of the nanotubes. 

 

Moreover, zeta potential measurements were utilized to relate the dispersion of 

the modified MWCNTs with their electrostatic interactions.39-40 Figure 5.4 displays the 

zeta potential measurements for both the pristine and the PIM-4 modified MWCNTs. 

Pristine MWCNTs acquire a zero zeta potential in neutral solution signifying the absence 
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of any surface charges. On the contrary, PIM-4 modified MWCNTs  acquired a positive 

potential ( +90 mV for 4:1 MWCNTs:PIM-4) signifying the coating of the nanotubes 

with the positively charged CPE.41 The result of this coating is elaborated in the TEM 

discussion below where PIM enhanced the dispersion state of the nanotubes. 

 

 

Figure 5.5 High Resolution TEM images showing the dispersion state of both 

pristine and PIM-4 modified MWCNTs.  The label in (d) shows the PIM layer 

coating the nanotube. 

 

Finally, we used TEM to illustrate the interaction of PIM-4 and MWCNTs by 

imaging the morphology of the PIM coated MWCNTs. The comparison TEM images of 

pristine and PIM-4/MWCNTs is presented in Figure 5.5. The low magnification images 

(a) (b) 

(c) (d) 
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(a and b) show case at the dispersion states of the nanotubes. In the absence of PIM-4, the 

nanotubes are bundles and in their aggregation form while in the presence of PIM-4, the 

nanotubes display an excellent dispersion without the presence of any bundle. Also the 

high magnification images (c and d) show a very smooth surface for the non-modified 

nanotubes while a 3nm thin coating layer is observed for the modified ones. 36, 42 This is 

also a further indication of the unique interaction of PIM-4 with MWCNTs. 

 

5.3.2 PIM-4/MWCNTs Thin Films: Synthesis and Morphology 

The production of thin transparent conductive films has been linked to various 

chemical, physical and electrochemical approaches. The most renowned processes are the 

solution-based ones such as drop casting, and vacuum filtration. Yet spin coating 

technique, remains the most spreading one due to its several advantages such as no 

temperature or vacuum requirements, low cost and most importantly its easiness for bulk 

production of various substrates.43-45 

 In our current work, we used spin coating technique to produce PIM-4/MWCNTs 

thin conductive films. In the process, PIM-4/MWCNTs dispersion was sonicated for 5 

minutes after wish 50 ml of the dispersion was casted in a clean glass. The glass substrate 

was pre cleaned with detergent and sonicated for 10 minutes followed by treatment with 

acetone and isopropanol in the same manner. The glass substrate was then subjected to 

O2 plasma treatment for 15 minutes. Table 5.1 shows the different spin speed and time 

used for obtaining the thin films. The thickness of the films produced ranged between 37 

nm and 91 nm depending on the concentrations of MWCNTs used. 
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Figure 5.6 Raman spectroscopy for both spin coated PIM-4/MWCNT and 

MWCNTs 

 

Raman spectroscopy was used to analyze the obtained films. The measurements 

were conducted with a 600 nm excitation frequency. As Figure 5.6 shows, the most 

significant Raman peak of PIM-4 is the stretching vibration of the C triple bond C in the 

polymers backbone. This peak occurs at around 2100 cm-1.  When looking at the Raman 

peaks of the PIM-4/MWCNTs film, we can see the addition of a peak around 2100 cm-1 

as a proof of the existence of PIM-4 within the film and also we can see the MWCNTs 

characteristic Raman peaks at around 1300 cm-1 and 1600 cm-1.46-48 
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Figure 5.7 SEM images for the film with increasing concentrations of MWCNT (0 

with no MWCNTs and 5 with the highest concentration of MWCNTs). 

 

SEM was used to inspect the surface morphology and continuity of the PIM-

4/MWCNTs films. Figure 5.7 shows the images of the films with no MWCNTs (0) up to 

1:5 PIM-4:MWCNTs (5). The films produced were all homogenous and continuous with 

a slight variation in thickness depending on the concentration of the nanotubes. In the 

0 1 

2 3 

4 5 
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absence of MWCNTs, the film showed a smooth surface with some polymer aggregation. 

The variation in the film thickness was about ± 25 nm. In the presence of a small amount 

of MWCNTs (1), a small amount of MWCNTs non continuous network was observed. 

As the concentration of MWCNTs increased (2), the network formation was obvious and 

MCNTs are intact and form a thin film. Also, the roughness of the surface increased with 

the concentration on MWCNTs increased (3 and 4). Also, it is worth the mention that the 

presence of PIM-4 served as a substrate or glue for the CNTs to network and link forming 

a nice smooth thin film. 

 

 

Figure 5.8 Sheet resistance for PIM-4/MWCNTs films with increasing 

concentrations of MWCNTs. 

 

Finally, the films were tested for electrical conductivity to explore their potential in 

electronic applications using a four point probe. Figure 5.8 shows the data obtained. In 
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the absence of MWCNTs (sample 0) or in the presence of tine amount of MWCNT 

(sample 1), the film didn’t show any conductivity (the measurement is beyond the 

minimum detection limit of the four point probe). As the concentration of the nanotubes 

increases, the film start to have continuous networks of MWCNTs and as a result a small 

conductivity was obtained. The conductivity was maximum for sample 5 where it 

reached 5000 Ω/sq. The resistivity of the films obtained compared to results from 

literature are still high and further modifications showed be made in order to get better 

conductivity. 
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5.4 Summary and Conclusion 

This work show case on an attempt to synthesis thin conductive films from PIM-

4/MWCNTs dispersion. The work indicates the excellent capability of PIM-4 to 

noncovalently modify the surface properties of MWCNTs through π-π interactions and 

therefore ease their solution processing for further application. Various spectroscopic and 

microscopic measurements showed that PIM-4 enhance MWCNT dispersion. We also 

attempt to form a conductive thin film out of the dispersion via spin coating. The spin 

coated films were of 60-90 nm thickness and reached a minimum sheet resistance of 5000 

Ω/sq. More work should be done in order to enhance the conductivity of the formed film 

and utilize them in electronic and photovoltaic applications 
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6.  

Chapter 6 Conclusions and Outlooks 

 

 

CNTs exceptional properties have made them remarkable materials for a number of 

multiple applications, yet their poor solubility and bad dispersion in various solvents have 

limited their usage. In the previous chapters, we described the noncovalent surface 

modification of both single and multiwalled carbon nanotubes via different anionic and 

cationic conjugated polyelectrolytes as an outstanding solution for the CNT 

aggregation/dispersion problems. The CPEs/CNTs complexation was studied and 

investigated in various solvents. The outcome of this study has revealed the presence of a 

strong interaction between the CNTs and the CPEs. This powerful CPE/CNT complex 

was then used in different applications such as composited materials and nanofibers. 

 

6.1 Summary And Key Findings 

6.1.1 Complexation And Dispersion 

This study clearly reveals the capability of imidazole functionalized poly(phenylene 

ethynylene) polyelectrolytes (PIM-2 and PIM-4)  and  the sulfonated poly(phenylene 

ethynylene) polyelectrolyte (PPE-SO3) to interact strongly with MWCNTs. The 

complexation between the CPEs and MWCNTs was confirmed using fluorescence 

quenching, ζ potential, TEM and AFM.  The strong interaction between the CPE chains 

and the CNTs likely arises from π-π (dispersion) interaction between the phenylene 

ethynylene backbone and the CNT surface. TEM and AFM confirmed the excellent 
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dispersion state of the modified nanotubes and also showed a thin coating layer of the 

CPEs on the surface of the nanotubes walls. 

Moreover, we demonstrated the ability of poly(3-hexylthiophene)  P3HT-IM to 

noncovalently interact and coat the surface of SWCNTs through π−π interactions. The 

complexation of both P3HT-IM and SWCNTs was confirmed using spectroscopic 

measurements while AFM and TEM confirmed the outstanding dispersion state of the 

modified nanotubes with an emphasis on the coating of the nanotube surface with P3HT-

IM. This complexation facilitates the solubility and processability of the nanotubes for 

further applications such as electronics and composite materials. 

 

6.1.2 Application To Composite Materials And Nanofibers 

The outcome of this interaction has given rise to a strong CPE/CNT complex capable 

of dispersing in solution as well as into a polymer matrix, as exemplified herein by 

PMMA.  The resulting PIM/MWCNT/PMMA composites exhibit excellent DC 

conductivity as well as improved thermal and mechanical properties.  Compared to other 

surface active molecules and polymers that have been used as dispersants for CNTs. 

Also, coating MWCNTs with PPE-SO3 has enhanced their dispersion into PMMA 

electrospun nanofibers. PPE-SO3 modified MWCNTs were easily solubilized into 

PMMA matrix and eventually electrospun to form PMMA/PPE-SO3/MWCNTs 

nanofibers. The resulting modified fibers exhibited enhanced thermal properties 

compared to neat PMMA. Also the electrical conductivity of a single PMMA fiber 



184 
 

encompassing 1.21 wt % PPE-SO3/MWCNTs have increased twelve order of magnitude 

compared to neat PMMA. 

 

6.2 Future Outlook 

The complexation of CPEs with CNTs has given rise to new materials capable of 

fitting a wide range of applications. In this dissertation, we have reported several 

important characteristic of these materials. Yet,   more work has to be done for better 

understanding and applications of these materials. For instant, more work should be done 

on the synthesis of CPE/CNT thin films for various usage in solar cell and photovoltaic 

applications. Also, various CPEs with different functional/electrolyte groups can tailored 

to additionally increase the diversity of the CPE wrapped CNT and give rise to a novel 

hybrid materials. 



 


