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ABSTRACT 

Today, both of the mainstream precursors of carbon fibers (CFs)—PAN and pitch—have 

many downsides, which are limiting the cost reduction and improvement on production efficiency 

of CFs. With a rapidly increasing global demand for this type of high-performance material, there 

is growing interest in finding a better precursor. However, despite numerous studies, researchers 

have yet to develop a new polymeric precursor that is less expensive, melt-spinnable, and offers a 

high carbon yield. In this thesis, I discuss our research approach and the experimental results that 

may address this important technological issue. We have developed a new class of hydrocarbon 

polymer precursors, called PE-g-Pitch, based on polyethylene (PE) polymer chain with grafted 

pitch-like side groups with the structure of polycyclic aromatic hydrocarbon (PAH). Some 

ungrafted pitch is also present in the precursor to reduce the overall melt viscosity during the 

melt-spinning process. In addition to its low-cost raw materials (PE-copolymer and petroleum 

pitch), the resulting PE-g-Pitch precursors with some suitable compositions also show good melt 

processability and high carbon yield under a simple one-step thermal conversion process in N2 

atmosphere. Additionally, PE-g-Pitch can also be solution-spun as an alternative option. 

In Chapter 1, I present the background information on CFs and the mainstream CF 

precursors applied in the industry today. Some recent research studies about CF precursors are 

also discussed, along with their scientific considerations and the challenges hindering them from 

further development. This chapter also includes the studies that inspired us in designing the new 

CF precursor PE-g-Pitch. Chapter 2 is about the research at the early stage of our study before the 

invention of PE-g-Pitch. I explain our research approach for designing new synthetic hydrocarbon 

polymers, as well as the experimental results showing the desirable hydrocarbon structures that 

can be thermally transformed into a carbon crystal structure with high carbon yield. Specifically, I 

focus on a new hydrocarbon polymer system based on poly(phenylacetylene) derivatives that 
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have a π-electrons conjugated molecular structure and the active side groups for Diels-Alder-type 

cycloaddition reaction. One with a para-substituted acetylene group shows an exceptionally high 

carbon yield of more than 90%. The other one with a para-substituted phenylacetylenyl group 

also offers a high carbon yield of 75%, as well as good solubility in common organic solvents. 

This polymer is suitable for electro-spinning processes to form the corresponding precursor 

fibers. In Chapter 3, I expand the structure-designing strategy to the PE copolymer and discuss 

the preparation of the melt-spinnable PE-g-Pitch precursor. To prepare the precursor, a semi-

crystalline PE copolymer containing diphenylacetylenyl side groups was applied to undergo a 

Diel-Alders cycloaddition reaction with petroleum pitch to allow the PAH molecules to be 

grafted onto the PE backbones. A systematic study was conducted on the blend samples of PE-g-

Pitch and unreacted petroleum pitch that serve as a plasticizer to reduce melt viscosity for the 

melt-spinning process. Furthermore, the investigation shows the detailed condition of precursor 

preparation and the thermal conversion process forming the corresponding CFs with a high 

carbon yield of 73% and the desirable polymorphous CF morphology. In Chapter 4, to understand 

the stabilization mechanism of PE-g-Pitch, this material was obtained by using the toluene-

soluble portion of petroleum pitch as the reactant that can be completely removed by Soxhlet 

extractor after the cycloaddition reaction. I discuss the crucial role that PAH side groups play in 

forming cross-linkages via polycondensation reactions during the stabilization at low 

temperature, and subsequently in promoting the dehydrogenation of PE chains to form a more 

extensively conjugated structure that facilitates the carbon conversion. In Chapter 5, I focus on 

the PE-g-Pitch precursor prepared by the Diels-Alder cycloaddition reaction between petroleum 

pitch and a lower-cost and more easily-prepared PE copolymer with 4-bromophenyl side groups 

(PE-co-4-bromostyrene), which was synthesized by the copolymerization of ethylene and 4-

bromostyrene. A systematic study is discussed to provide important information about the effect 

of the size of pitch-like side groups on the solution-spinnability and carbon yield of PE-g-Pitch. 
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The enlarged side groups generate strong π-interaction and form physical cross-linking between 

polymer chains in the solution. They also facilitate a higher carbon conversion by creating a more 

conjugated structure. Additionally, the preparation of precursor fibers by both solution- and melt-

spinning methods, as well as the procedures for CF conversion, are discussed. Some resulting 

CFs show mechanical properties suitable for general applications even without optimizing on the 

stabilization and carbonization conditions. In Chapter 6, I discuss an alternative method for 

preparing the poly(ethylene-4-bromostyrene) copolymer via the bromination of a poly(ethylene-

styrene) copolymer that has been widely commercialized at a very low cost. The brominated 

poly(ethylene-styrene) copolymer has a more random microstructure than the previous PE-co-4-

bromostyrene synthesized by direct copolymerization of ethylene and 4-bromostyrene. PE-g-

Pitch prepared from this PE copolymer with a more random structure has good solution-

spinnability and can achieve a carbon yield of about 60%.  

Overall, this thesis provides details on several strategies for preparing a PE-g-Pitch 

precursor for the economic and efficient production of high-performance CFs. The new precursor 

exhibits a combination of advantages, including 

(i) Low raw materials cost 

(ii) Less energy consumption 

(iii) Melt-spinnable or solution-spinnable in a common solvent 

(iv) High carbon yield of >50% 

(v) More thorough structural stabilization  

(vi) Easily scaled-up production   
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Chapter 1  

Introduction to Carbon Fibers 

1.1 Background of Carbon Fibers 

Since the first carbon fibers (CFs) were synthesized by Thomas Edison from cotton 

threads and bamboo slivers in 1879, this type of carbon-based material has been well-

developed. It is playing a very important role as a high-performance material in the modern 

world today. CFs are defined as a type of micro-sized fiber with at least 92 wt.% of sp2 

hybridized carbon atoms that are covalently bonding in order arrangements of one dimension. 

They are most well-known for their exceptional mechanical properties due to their highly 

ordered crystalline structure.2 The first high-performance CFs were successfully prepared by 

Royal Aircraft Establishment in 1963 with a tensile strength of 1.7GPa and Young’s modulus of 

400GPa.3 After decades of extensive study, the CFs produced by modern technology can have a 

tensile strength of up to 7GPa and modulus up to 900GPa.4 Additionally, they have a relatively 

low density (1.75-2 gcm-3) and good corrosion resistance to most chemicals except oxidizing 

agents, such as hot air and flames.5 Though the improvement in CFs’ mechanical properties has 

been continually discussed and investigated, the maximum practical tensile strength and 

modulus of CFs today are still less than 10% and 30%, respectively, compared to the theoretical 

values of carbon-carbon interaction.6 The applications of CFs can be divided into two main 

sectors: the high technology sector, which has extremely high requirements for material 

performance, and a general technology sector, which is dominated more by cost constraints and 

the need for production efficiency and which has lower performance needs. As shown in Figure 

1.1, the applications of CFs in the high technology sector include aerospace (aircraft and outer 
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space), military, high-pressure vessels, and nuclear engineering, while the general technology 

sector includes automobiles, sporting goods, music instruments, etc.   

 

Figure 1.1 The main applications of CFs today.1  

Over the past 20 years, the market for CFs has steadily increased, growing at an average 

rate of 12% per year; by 2011, the global annual demand reached approximately 45,800 metric 

tons.7 Though CFs are becoming a more significant part in both general and high technology 

sectors, as mentioned, the scale-up applications of this material in some areas have not yet been 

well developed, although they show considerable potential. The automobile industry, for 

example, is currently experiencing a transformation from producing vehicles with conventional 

internal combustion engines to electric-motor-driven vehicles. To accommodate this change, car 

bodies need to be built with lightweight material, to increase the mileage per charge for practical 

use, yet with exceptional mechanical properties, for safety reasons. CFs have been recognized as 

among the best alternatives to traditional steel for building car body parts such as frames and 



3 

doors.8 However, this replacement is very challenging and hindered by current production 

technology because of CFs’ high cost and low productivity. We can mostly find CFs on some 

luxury sports cars in the form of composite with polymer resins such as epoxy. Additionally, due 

to high resource-intensity, the major global manufacturers of CFs production nowadays include 

only AKSA (AKSACA), Cytec (Thornel®), Formosa Plastics (Tairyfil), Toho Tenax (Tenax®), 

Hexcel (HexTow®, HexForce®), Mitsubishi Rayon (PYROFILTM), SGL (SIGRAFIL® C), 

Teijin (TENAX®), Toray (TORAYCA®), and Zoltek (PANEX®).9 It was predicted that in 2020, 

the CF manufacturing capacity will be 27,132 tons less than global demand (Table 1.1).10  

Table 1.1 Prediction of production capacity and demand in 2020 of CFs.10 

 

1.2 Structure of Carbon Fiber 

CFs have a polycrystalline structure consisting of parallel stacking of graphene layers made 

up of hexagonal carbons.11 Their structure is similar to graphite. A single graphite crystal has a 

graphitic structure with graphene layers regularly parallel to each other with weak Van der Waals 

force as the interaction. The d-spacing between two graphene layers, in pristine graphite crystal, 

is 0.335nm.12,13 For CFs, the structure can be either turbostratic or graphitic depending on the type 

of precursor the CF is made from (Figure 1.2).11 CFs precursors are defined as the materials that 

can be processed and fabricated to fibers and stabilized at a lower temperature before conducting 
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carbonization. Polyacrylonitrile (PAN) and pitch are two mainstream precursors for CFs 

production today. CFs derived from PAN have a turbostratic structure. This structure has sp3 

carbon linkages between graphene layers that cause these layers to be packed in a crumbled 

fashion.14,15 Due to the sp3 linkages and irregular packing, the minimum d-spacing of perfect 

turbostratic graphite is approximately 0.344nm, which is larger than the d-spacing of pristine 

graphite crystal.16,17 It has been reported that the turbostratic structure plays a significant role in 

enhancing the tensile strength of CFs due to the stronger covalent bonding as interconnection.18 

By contrast, CFs derived from the pitch show a more graphitic structure after being treated at the 

same graphitization temperature. Their interlayer d-spacing is less than PAN-based CFs, usually 

ranging from 0.338-0.340 nm.19,20 The more graphite-like characteristic offers the pitch-based 

CFs relatively higher modulus and lower tensile strength.21 The reason why the structure and 

properties of CFs by pitch vary from PAN is because of their different nature of the carbonization 

process.22 Pitch has a polycyclic aromatic structure that contains clusters of 6-membered rings. 

The growth of these rings to a larger graphite network is driven naturally by thermodynamic 

driving force via dehydrogenation polycondensation at high temperatures. PAN, on the other 

hand, has a linear polymeric structure with heteroatoms that is very different from pitch. It 

requires bond breakages and rearrangements to turn from a linear structure to a more stable 

carbon structure. Therefore, the choice of precursor is extremely essential to CFs’ structure and 

properties as illustrated in Figure 1.3.   

 

Figure 1.2 Microstructures of the carbon crystal. 
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Figure 1.3 Mechanical properties of CFs comparing to mainstream structural materials23. 

1.3 Economics Justifications 

Besides its mechanical properties and versatility, cost is another crucial factor for 

considering whether a structural material can be competitive in the market. Although the price of 

CFs has dropped to 30 times less than the very beginning, it plateaued at about $10/lb in the 

1980s and has decreased very little in recent years. Steel, in contrast, has a unit price of about 

$0.4/lb, which is much cheaper than CFs. The cost of CFs depends on several factors, including 

raw materials, operating cost, capital cost, etc. To understand the effect of these contributing 

factors during manufacturing, Nunna et al.24 created a cost model by simulating CF production 

from PAN in a common facility of 24K tow size, with reasonable considerations of the entire 

process chain and the costs involved at each stage. Based on their model, the cost of precursor 

contributes to 53.4% of the total manufactured cost of CFs, which is about three times more than 

the second biggest contributor (Figure 1.4). Ellringmann et al.25 used a similar method to build a 

cost model for a facility of 12K tow size and found energy to be the highest cost component at 
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34%, followed by the precursor cost at 19%. Based on these studies, the influence of cost factors 

varies depending on the tow size, but the cost of the precursor is always a major contributor to the 

cost.   

 

Figure 1.4 The pie chart of cost contributors to PAN-based CFs.24 

1.4 Carbon Fiber Precursors in Industry 

Today, almost all commercial CFs on market are prepared from PAN and pitch. 

Additionally, biopolymers that exist abundantly in nature such as cellulose are also being 

considered in numerous recent studies as low-cost alternatives for CFs production. In general, as 

shown in Figure 1.5, CFs from all of these precursors are produced by similar steps that first spin 

the carbonaceous precursor into fiber form. Then, the as-spun precursor fibers are stabilized by 

the dehydrogenation and cross-linking reaction, usually with the involvement of oxygen, to 

generate a highly π-conjugated network structure within the fibers and render the fibers infusible. 

In the end, the stabilized precursor fibers are heated at a high temperature (1200-3000oC) in an 
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inert atmosphere to remove all of the non-carbon elements and promote the graphite structure, 

converting the precursor fibers into CFs as a result. Although the conversion of most precursors 

to CFs follows this route, the processing and treatment conditions vary highly, because the 

materials involved differ in their physical and chemical properties, such as softening point, 

decomposition temperature, and solubility. 

 

Figure 1.5 A Schematic of carbon fibers manufacturing process.26 

1.4.1 Polyacrylonitrile (PAN) 

PAN-based fibers occupy more than 80% of the CF production market today. PAN has a 

synthetic polymer linear structure in chemical formula (C3H3N) n that contains ~68% of carbon 

content. It is commonly synthesized by free radical polymerization from acrylonitrile either in 

solution or in water-solvent suspension during mass production. In addition to being a precursor 

for CFs, PAN is also a versatile polymer used in many other applications, including the 

precursors of conductive polymer, hollow fibers for reverse osmosis, and fibers for textiles.27  

Polymerization  

As the monomer of PAN, acrylonitrile cannot be directly obtained from nature. Instead, it 

is mainly synthesized by propylene ammoxidation on an industrial scale. This reaction requires 

heterogeneous catalysts such as Bismuth(III) molybdate to increase reactivity and reduce side 

reactions.28,29 The synthetic-only process causes acrylonitrile to become a more expensive 
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monomer compared to most of the olefins, which can be derived from steam cracking of 

petroleum and natural gas.  

The polymerization of acrylonitrile can be achieved by anionic reaction and free radical 

reactions in bulk, suspension, emulsion, and solution, while free radical solution and suspension 

polymerizations are the two most common production methods in industry. Solution 

polymerization of acrylonitrile is usually carried out in an organic polar solvent such as 

dimethylformamide (DMF) or dimethyl sulfoxide (DMSO). This adds convenience by allowing 

the product solution to directly transit into the step of fiber spinning. However, this 

polymerization method can only produce PAN with a relatively low yield of 50%-70% and low 

molecular weight, due to greater impurities and chain transfer reactions resulting from the use of 

solvent. It also requires extra expense and steps to remove and recover the unreacted 

monomers.30,31 Therefore, compared to solution polymerization, suspension polymerization is 

preferred for production of PAN fibers, although it requires an extra step of dissolution before 

conducting the spinning process. This method can produce PAN almost without any byproducts 

and with an easily adjustable molecular weight, as well as a high conversion of >90%.32 All of the 

commercially produced PAN now on the market has a molecular weight ranging from 70000 to 

260000 g/mol, with a polydispersity index (PDI) between 1.5 and 3.5.33  

 

Figure 1.6 Polymerization route of PAN with itaconic acid and methyl methacrylate as 

comonomers. 

Processing 

PAN has a high melting temperature of 320oC due to the existence of polar nitrile side 

groups that offer strong intermolecular forces between the polymer chains. When it is heated in 
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an inert atmosphere, cyclization happens between these nitrile groups before reaching the melting 

temperature. Therefore, PAN cannot be processed in a molten state by using the traditional melt-

spin technique in industrial manufacturing. Instead, a preferred method in the industry for 

spinning PAN into fibers is called “wet spinning,” which first dissolves PAN in a solvent and 

makes a highly concentrated solution before the fiber injection and drawing processes take place. 

The strong dipole interaction between the nitrile groups means that PAN can only be dissolved in 

a highly polar organic solvent such as DMF or DMSO, and also in ionic liquids. In a typical wet-

spinning process for PAN, the solution is prepared with a concentration value ranging from 15-

30wt.%, with a corresponding zero shear-rate viscosity in a range between 10 and 200 Pa.s.34 As 

shown in Figure 1.6, PAN is usually copolymerized with monomers such as itaconic acid and 

methyl methacrylate. These comonomer units can effectively enhance the processability of PAN 

in a solution by improving its solubility, drawability, and spinnability when their content is about 

5 mol%.35,36  

 

Figure 1.7 Simplified process flow of industrial PAN precursor fiber manufacturing using DMSO 

solvent.  

Figure 1.7 illustrates an industrial production scheme for wet spinning of PAN precursor 

fibers. After PAN is completely dissolved in a polar solvent, this prepared solution is then spun 
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through a spinneret with multiple holes and injected into a precipitation media such as a water 

bath, where both the solidification and coagulation of the polymer happen by extracting organic 

solvent out of the as-spun fibers. Meanwhile, one end of the fibers is stationary on a take-up 

godet that provides constant rolling and stretching with water as plasticizer, and hence generates a 

highly oriented polymeric structure in the fibers. Before moving forward to the heat treatment, the 

as-spun PAN fibers undergo extra steps of relaxation and drying to remove water and reduce the 

stress in the supramolecular structure. The wet spinning of PAN not only determines the initial 

state of precursor fibers before carbonization but has significant effects on the mechanical 

properties of produced CFs. The effects of spinning conditions have been investigated by 

researchers to obtain CFs with a better mechanical performance. Masahiri et al.37 at Mitsubishi 

Rayon Co. discovered that, by applying an ultrasonic wave in the coagulation bath, they were 

able to improve the strength of PAN precursor fibers due to an assist on the coagulation process. 

Knudsen et al.38 reported that the shape of the cross-section in PAN fibers can be changed by 

using a coagulation bath with different temperatures. Moreton and Watt found that, by conducting 

the entire PAN fiber spinning process in a clean room, they could improve the tensile strength of 

the final CFs by 80% compared to conventionally spun fibers.39 They postulated that this strength 

enhancement is due to the removal of small impurities that can initiate crack within the material 

structure.  

Some recent studies on PAN focus on improving the precursor fibers by applying a new 

fiber spinning technique called gel spinning. Different from the conventional wet spinning, gel 

spinning starts from preparing a semi-dilute solution with high molecular weight PAN, then turns 

this solution from a fluid state to a three-dimensional gel network by thermal phase transition at a 

temperature lower than the gel point before applying stretching on the produced precursor 

fibers.40 Because this improves the polymer orientation and reduction on the defects in the 

precursor fibers during the coagulation process (Figure 1.8), it has been verified that the CFs 
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produced from gel spinning have better tensile strength and modulus, as well as larger crystal size 

and smaller interplanar d spacing than those produced from solution spinning.41–43  

 

Figure 1.8 SEM micrographs of cross-section for the as-spun PAN precursor fibers fabricated by 

(a) wet spinning and (b) gel spinning.43 

Gel-spinning techniques on PAN can effectively improve the mechanical properties of both 

the precursor fibers and produced CFs and provide extra potential strategies such as adding 

cellulose nanocrystal to optimize the spinning and stabilization processes,44 However, they do not 

eliminate the remaining problems of PAN-based CFs, such as costly solvent recovery, expensive 

polymer, and low carbon yield.   

Heat Treatment  

To make PAN fibers infusible, as well as increase their carbon yield, a stabilization process 

with stretching applied must be conducted on them before carbonization. Based on a study by 

Watt and Johnson, who performed comparative experiments on PAN fibers heating in vacuum 

and air, there are two steps in PAN stabilization: a prefatory step involving the formation of the 

cyclic structure without oxygen participation, and a sequent step associated with the oxidation of 

the cyclic structure in air.45  

As shown in the scheme shown below in Figure 1.9a, the prefatory step of stabilization is 

the cyclization reaction by the polymerization of nitrile groups that transforms the polymer into a 

cyclic ladder structure at a temperature between 200 and 300oC with no oxygen involved. The 
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mechanism of this cyclization can be explained by “inter/intramolecular jumping of free 

radicals”—a thermally activated free radical on nitrile group interacts with a pendant nitrile group 

from a nearby chain segment and creates a new free radical as a return 46,47 Every agitated free 

radical can impact 2 to 5 units of segments on average.48 Besides generating free radicals, the 

cyclization reaction can also be conducted under an ionic mechanism with a lower temperature 

requirement if there are itaconic acid groups present as comonomers in PAN. The heat released 

from cyclization is reduced, thus preventing damage to the fiber surface and enhancing the 

quality of the fiber.48 Besides itaconic acid, function groups including acrylic acid, methacrylic 

acid, can effectively improve the stabilization process based on many studies (Figure 1.9b).49–51 

The formed cyclic ladder structure enhances the thermal resistance and increases the carbon yield 

of the PAN precursor. This stabilization process also transforms PAN fibers from a linear 

polymeric structure to a polymer network, and thus results in infusibility of the fibers at a higher 

temperature. 

 

Figure 1.9 (a) Cyclization in PAN initiated through free radical mechanism (b) Cyclization in 

P(AN-IA) initiated through ionic mechanism. 
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Though cyclization reactions can happen in an inert atmosphere, to achieve high-

performance CFs, the PAN fibers must be stabilized in a sequent step.52 In this step, the formed 

cyclic ladder structure is heat-treated in an oxidizing atmosphere at the same temperature range as 

the prefatory step. The oxidation reaction promotes the dehydrogenation reactions that generate a 

more conjugated cyclic structure along the polymer chain. It also introduces oxygen-containing 

groups such as hydroxyl groups into fibers that assist the coalescence of cyclic structures during 

the following carbonization process, hence resulting in a final product with a more graphite-like 

structure. This oxidation process of PAN fibers is highly exothermic. The rapid evolution of heat 

may cause local overheating, which creates defects within the fibers that diminish the strength of 

both precursor fibers and produced CFs. Therefore, the oxidation of PAN requires extremely 

precise control. It is usually accomplished by passing the fibers through an oven that has different 

heating zones with gradually increased temperatures. Additionally, factors such as line speed, 

temperature distribution, airflow, oxygen content, and applied tension must be strictly controlled 

to produce high-quality precursor fibers. After the oxidation process, the density of the precursor 

would increase from 1.18 to 1.38 g/cm3 with an oxygen uptake of 5-10 wt.%.34,53  

Both the prefatory step and sequent step are significant for stabilizing the precursor fibers 

and increasing their carbon yield. However, due to the slow diffusion of oxygen within the 

precursor fiber, the surface section always has more oxygen content than the inner core section. 

This difference causes the surface section to become highly stabilized and densified at the early 

stage of stabilization, thus preventing the oxygen from diffusing into the inner section. In the core 

section of fibers, only prefatory reactions happen and cannot be fully stabilized. After 

carbonization, because the core has more weight loss and less graphitic arrangement than the 

skin, a heterogeneous structure, or so-called “sheath-core” structure with internal porosities, 

would be formed that reduces the mechanical properties of CFs.46,54 

Besides the reactions involved, the stretching applied on PAN fibers during stabilization 

also plays an important role in improving the mechanical properties of the CF product. In the 
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manufacturing process, this stretching is usually applied by controlling the speed differences 

between rollers. Gupta et al.55 found that the stabilization reaction on PAN fibers occurs earlier in 

the amorphous phase than it does in the crystalline phase. The difference in stabilization rate can 

result in inhomogeneity along with the whole fiber. Wu et al.56 studied the effect of stretching on 

PAN fibers’ microstructure during stabilization at different temperatures and found that the 

stretching in the range of 160-190oC can effectively orient the disorder regions in the amorphous 

phase and pack them into an ordered structure. Several reports have shown that stretching can 

also prevent the relaxation of polymer chains during stabilization, reduce the diameter of the 

fibers for more thorough oxygen diffusion, and eliminate surface defects.57,58 

The stabilized precursor fiber would be continually heated and carbonized in an inert 

atmosphere with an increasing temperature, as illustrated in Figure 1.10. At 400-500oC, cross-

linkages are formed by the condensation reactions between oxygen-containing groups. As a result 

of the cross-linking reaction, reorganization and coalescence of the previous ladder structure arise 

and convert the stabilized polymer matrix into a more graphite-like heteroaromatic structure. 

Meanwhile, nitrogen atoms start to be released in the form of N2 via a denitrogenation reaction.59 

As the heating temperature continues to increase and approaches 1000oC, most heteroatoms 

evolve in the form of volatile compounds such as CH4, NH3, HCN, H2O, and O2.60 At 1000-

1600oC, due to the elimination of heteroatoms within the material matrix and the formation of 

plain graphite layers, a turbostratic structure forms gradually that contains graphite layers 

oriented in the fiber direction, along with a tetrahedral sp3 carbon linkage between these layers.61      
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Figure 1.10 Model reaction paths from PAN to a carbon phase.34. 

Pros and Cons 

PAN can produce CFs with high tensile strength because of the turbostratic structure, as 

well as the improvement in fibers’ morphological order that comes from the mechanical 

stretching applied during stabilization. Additionally, stretching that is processed under good 

control can heal the defects formed by the released volatiles and thermal relaxation under high 
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temperatures. However, one disadvantage of using PAN as a CF precursor is that when being 

heated, PAN begins to undergo thermal decomposition before reaching its melting temperature, 

making solution spinning the preferred method for drawing PAN into fiber form. The use of an 

expensive solvent (e.g., DMF) and solvent recovery methods increase the cost and complexity of 

the processing procedures compared to melt spinning. PAN can only be prepared from synthetic 

only acrylonitrile; therefore, the cost of PAN fibers contributes 30-50% of the cost of CFs.62 PAN 

also generates toxic gases (e.g., hydrogen cyanide) during heat treatment due to the nitrile groups 

and may cause severe environmental issues if not handled carefully. Moreover, the carbon yield 

of common stabilized PAN fibers is below 50%, which may not be sufficient to meet demand in a 

rapidly growing market.  

1.4.2 Pitch  

Preparation 

Pitch is also used for CF production as an inexpensive precursor, but with a smaller market 

share than PAN due to its lower mechanical strength. It is usually in the form of complex 

mixtures of polycyclic aromatic hydrocarbons (PAHs) having some aliphatic side groups (Figure 

1.11); their molecular weights range from 200 g/mol to more than 2500 g/mol.63 

                     

Figure 1.11 Chemical structure (left) and appearance (right) of petroleum pitch. 
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In general, there are two different types of pitch, based on preparation methods. The first is 

natural pitch, produced by destructive distillation of petroleum and coal tar. Pitch derived from 

coal tar contains a high content of carbon particles, which increase the probability of filament 

breakage during fiber extrusion and heat treatment.64 It is also a highly carcinogenic substance, 

potentially causing lung, skin, and kidney cancers.65 The second type, petroleum pitch, is derived 

from the heavy gas oil fraction of crude oil; compared to coal tar pitch, it is less carcinogenic and 

contains only trace amounts of carbon particles. Hence, it is preferred as a CF precursor.11 

Besides pitches collected from petroleum and coal tar, pitch can also be synthesized by pyrolysis 

from polyaromatic compounds and polymers; however, the preparation of synthetic pitch requires 

harsh conditions such as high pressure and temperatures, limiting the scale-up production of this 

substance.66 Both natural and synthetic pitch are classified as isotropic pitch (IP) with isotropic 

nature and can be converted to general-purpose CFs as long as the precursor has homogeneity and 

appropriate fluidity. Although isotropic pitch-based carbon fibers (IPCFs) have a relatively low 

price due to their lower energy cost, they have limited mechanical properties, i.e., 0.5-1.0 GPa of 

tensile strength, 30-40 GPa of modulus, and 1.2-2.4% elongation.67  

To obtain high-performance CFs with a tensile strength greater than 2.4 GPa and Young’s 

modulus higher than 380 GPa, the better pitch precursor would be anisotropic pitch, also called 

mesophase pitch (MP).22 MP is a disk-like liquid-crystalline state of polycyclic aromatic 

hydrocarbon (PAH) molecules subject to the polycondensation of IP with much smaller 

molecular weight.68 The formation of MP requires heat treatment of IP at a temperature of 350-

500oC to conduct dehydrogenation polycondensation and with a long soaking time (from hours to 

days) to obtain the desired degree of anisotropy. MP also can be prepared from aromatic 

hydrocarbons such as naphthalene and anthracene by using HF/BF3 as the catalyst. Using this 

method, MP with 100% anisotropy can be produced at a much lower temperature of 

approximately 260oC and a shorter duration of heat treatment (approximately four hours), 

compared to the preparation method using thermal condensation of IP. The catalytic reaction also 
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creates extra methyl groups from the fission of aromatic rings; this reduces the softening point of 

MP to as low as 215oC and increases its oxidative reactivity.69 This method was utilized by 

Mitsubishi Gas Chemical Company in the commercial production of CFs. However, the catalyst 

HF-BF3 can potentially cause severe corrosion and health problems. Hence, the commercial 

production of synthetic MP has been discontinued.  

Processing 

Although MP is melt-spinnable at a temperature beyond its softening temperature, the 

processing of this material is very difficult. One of the reasons is that the melt viscosity is highly 

sensitive to temperature change.70 Figure 1.12 shows a comparison of melt viscosity between MP, 

nylon-6, and IP at different temperatures. It is obvious that MP is more temperature-dependent 

than nylon-6, and even slightly more sensitive than IP. 

  

Figure 1.12 The dependence of viscosity on temperature for various pitches and a melt-spun 

polymer.70 

A simplified design of the setup for a pitch melt-spinning process is shown in Figure 1.13, 

with a setup similar to the device for the polymer extrusion. It starts with loading raw material 

into the melting zone, where it is turned into liquid in a molten state, then densifies along the 

rotating screw with continued heating beyond the softening temperature of MP. As pressure 

accumulates, the melt is extruded out of the nozzle holes located at the other end, then turned into 

fiber form. After cooling by air, the as-spun fibers are wound onto a take-up godet.  
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Figure 1.13 Simplified process flow of pitch precursor fiber manufacturing by melt-spinning. 

However, compared with the typical polymer extrusion process, the production of pitch 

fibers has far harsher requirements. Besides the need to carefully control temperature in the 

melting zone, as mentioned previously, both the spinning temperature at the die head and the 

nozzle structure have a significant effect on the mechanical properties of CF products, which are 

both closely related to the CFs’ microstructure. MP-based CFs can yield different transverse 

microstructures depending on the spinning temperature. At a lower temperature, a radial-type 

structure will be more likely to form due to higher viscosity, while spinning under a higher 

temperature is more likely to generate the onion-skin-type of structure.71 Besides the viscosity, 

the microstructure can also be changed with the orientation of liquid crystals; the orientation is 

highly dependent on the spinneret geometry. If the MP liquid crystals have a laminar flow when 

passing through the spinneret, the radical-type texture will form, while the switch to turbulent 

flow will cause the formation of random texture. Turbulent flow can be achieved by using either a 

narrower spinneret hole and wider flow path, or the hole with a layer of stainless-steel particles as 

a filter. It can also be achieved by adding stirring near the nozzle.71,72 Mochida et.al73 studied the 

differences in properties of MP-based CFs with four typical textures: radial, radial-skin/random-

core, random, and quasi-onion (Figure 1.14). Although the CFs with these four textures have 

similar values of Lc, La, and degree of preferred orientation, the one with radical texture has the 
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lowest tensile strength and modulus, while the one with random texture shows the best 

mechanical properties among all these samples. Nevertheless, the as-spun precursor fibers are 

both very brittle and have a limited tensile strength of <0.04GPa that further increases the 

difficulty of handling in the winding-up process and the following heat treatment steps.74 As a 

result, usually no stretching is applied on precursor fibers during the melt-spinning of either MP 

or IP.  

 

Figure 1.14 Observed microstructures of mesophase pitch-based carbon fibers.11  

Stabilization and Carbonization 

Figure 1.15 illustrates the thermal conversion processes of the pitch-based precursor fibers, 

which are stabilized and infusibilized via an oxidation process by exposing these fibers to an air 

environment at a temperature of 200-400oC for several hours. The role of oxygen is to introduce 

functional groups such as carbonyl and carboxyl groups that create linkages in the form of 

covalent bonding between pitch molecules.75 After the fibers become infusible, they can be 

heated to a much higher temperature in the noble gas environment. At approximately 350oC, a 
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dehydrogenation reaction begins that condenses the adjacent pitch molecules to a more graphene-

like structure by creating additional covalent bonds (Figure 1.16).76 When the temperature 

reaches ~1500oC, heteroatoms such as oxygen and nitrogen are released from fibers in the form 

of gas molecules, accompanied by some loss of small hydrocarbon fragments. The molecules 

experience further condensation and reorganization at temperatures greater than 1500oC, resulting 

in the graphite structure at the end.34     

 

Figure 1.15 Processing steps of CFs starting from pitch as precursor material.34 



22 

 

Figure 1.16 Model reaction paths from mesophase pitch to a carbon phase.76 

Pros and Cons 

The major advantages of using pitch as a CF precursor are its low cost and high carbon 

yield, especially in the case of MP, where carbon yield can reach >80% due to its extremely high 

carbon content, as well its large and thermally stable polycyclic aromatic structure.77 The cost 

saving is also from its melt-spinnability, which requires no organic solvent and solvent recovery, 

compared to PAN.  

However, although all of the raw materials for pitch-based CF production are inexpensive 

due to their abundant existence in nature, the cost of the final products is still high, which limits 
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them from reaching a large market share like PAN-based CFs. The main reason is that the 

processing, as mentioned, requires very precise control and complex design to produce high-

quality CFs. Additionally, the formation of mesophase requires a long soaking process that 

inevitably consumes a large amount of energy. Both of these restrictions increase the cost of mass 

production of pitch-based CFs. In addition, the brittleness and weakness cause the as-spun 

precursor fiber to become un-stretchable during stabilization and carbonization, while stretching 

is a key procedure for PAN fibers for elimination of defects.34 Pitch molecules can also form 

large crystallinities that result in high-stress concentration on grain boundaries.11 Therefore, even 

with a higher elastic modulus, pitch-based CFs have a relatively lower tensile strength than those 

made from PAN fibers.  

1.4.3 Cellulose  

Cellulose is the most abundant organic compound in the world, and has a linear 

polysaccharide structure consisting of β-1,4-glycosidic linked d-glucose units (Figure 1.17).78 It is 

found in many living creatures such as trees, plants, tunicates, algae, and bacteria. The first use of 

cellulose to prepare carbon fiber was in 1880, by Thomas Edison, who used the carbon filament 

to conduct electricity for the light bulb. Decades later, in 1959, Curry Ford and Charles Mitchell 

at Union Carbide designed an improved method that carbonized cellulose material under a 

controlled heating process in an inert atmosphere.79 In 1965, this type of CF was first 

commercially produced by Union Carbide by using a hot stretching process. 

 

Figure 1.17 Chemical structure of cellulose.  
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For cellulose-based CFs to have the appropriate mechanical properties for industrial use, 

they cannot be directly prepared from natural cellulose fibers due to their structural 

disorderliness, high porosity, and impurities such as hemicelluloses and lignin. Instead, treated 

materials called regenerated cellulose fibers are used as a precursor; these fibers have a finer 

structure, higher degree of orientation, and higher purity. They are classified into four major 

types, based on the production method: 1) viscose rayon fiber, which is prepared by reacting 

alkali cellulose with carbon disulfide; 2) lyocell rayon fibers, produced from the solution of 

cellulose with N-methyl morpholine-N-oxide (NMMO) as the solvent; 3) cupro rayon fibers, 

which are formed by dissolving cellulose into cuprammonium solution followed by a wet-

spinning process; and 4) acetate fibers, synthesized by acetylating cellulose using acetic 

anhydride liquid as a reagent and sulfuric acid as catalyst.80 Viscose rayon fiber is the dominant 

type of regenerated cellulose fiber, occupying more than 93% of the market of cellulose-based 

CFs today. 

The solution-spinning process used in making cellulose fibers involves the injection of 

cellulose solution into a coagulation bath, followed by stretching and winding processes. The 

conversion of cellulose fibers to final products also includes heat treatment steps: oxidative 

stabilization and carbonization. As illustrated in Figure 1.18, the first step of heat treatment is 

stabilization, which is carried out in the air atmosphere at a temperature greater than 120oC to 

form a network structure, resulting from inter/intramolecular dehydration between the hydroxyl 

groups. When the temperature goes beyond 240oC, thermal scission reactions happen along the 

polymer chains and cause the molecular weight of cellulose to drop dramatically. Meanwhile, 

small molecules such as CO and CO2 are eliminated due to the thermal scission, increasing the 

overall carbon content. The carbon aromatization and formation of carbon crystal structure begin 

when the temperature reaches 700oC.  

The main disadvantage of using cellulose as a CF precursor in the industry is its low 

carbon yield, which ranges from only 10% to 30%, even with an optimized stabilization 
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process.81 Another problem is that the stabilization of cellulose takes hours to finish because of its 

high sensitivity to heating rate. 

 

 

Figure 1.18 Model reaction paths from cellulose to a carbon phase.82 
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1.5 Recent Studies on Carbon Fiber Precursors 

As previously discussed, although the CF industry has progressed considerably since the 

first appearance of high-performance CFs in 1963, current CF precursor technologies still have 

significant drawbacks. As the global demand for CFs will continue to grow for the foreseeable 

future, many recent studies are focusing on improving CF precursors, by either modifying the 

precursor’s chemical structure or blending with additives to make it a binary system.  

1.5.1 Melt Spinnable Polyacrylonitrile 

As mentioned, the cyclization reaction of PAN happens before reaching its melting point at 

around 300oC. In industry, PAN fibers can only be spun by solution spinning, which is more 

costly and hazardous than melt spinning because it requires large amounts of toxic and organic 

polar solvents such as DMSO and DMF. Hence, much work so far has focused on designing melt-

spinnable PAN. An interesting approach is to design PAN with high comonomer content. It is 

believed that the excessive presence of comonomers can interrupt the ordered structure of PAN, 

therefore eliminating the crystallinity as well reducing the softening point to make the copolymer 

melt-spinnable.    

Rangarajan et al.83 discovered that when PAN is polymerized with 10% methyl acrylate 

(MA), it can be melt-spun at 220oC with complex viscosity (a four-order drop of magnitude) 

compared to PAN that is polymerized with 2 to 7% of MA content. However, the study implies 

two trade-offs. The first is that the theoretical carbon yield of copolymer would decrease as a 

result of increasing MA content. The second is that a lower softening temperature can cause the 

conventional stabilization method to be unsuitable for the spun fibers, although the authors 

suggest that the viscosity could increase four times with the heat treatment with a long residence 

time of 30 min at 220oC, which is considered the lower temperature limit for the stabilization 
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reaction of PAN. As mentioned, the cyclization of PAN is usually conducted at a higher 

temperature. Without a rapid formation of the cross-linked network structure before reaching that 

temperature, the precursor fibers may not maintain their form. Therefore, the incorporation of 

reactive side groups as cross-linking agents is favorable to make melt-spinnable PAN. Naskar et 

al.84 developed a new stabilization method involving UV by incorporating acryloyl benzophenone 

comonomer as a UV cross-linker into the polymer chains of acrylonitrile and methyl acrylate. 

The resulting copolymer (PAN-MA-ABP) shown in Figure 1.19 (left) was found to be melt-

processable with good thermal stability at 220oC. It can also be rapidly cross-linked when 

exposed to a high energy UV beam for about one minute. Hence, the premature melting before 

oxidative stabilization can be eliminated by the addition of UV-cross-linkable ABP comonomers. 

However, in a later report, Naskar et al.85  showed that the tensile strength of the produced CFs is 

only 400-700MPa, which is much lower than the conventional PAN-based CFs on the market. 

They concluded that the major problem limiting the tensile strength of produced CFs is that the 

UV treatment cannot fully cross-link the whole material matrix. The maximum gel fraction that 

can be achieved is only 65%, based on their results. The advantages of the incorporation of cross-

linkable comonomers as a strategy to prepare melt-spinnable PAN has attracted more researchers 

to follow this route. Deng et al.86 reported studying a new type of PAN copolymer (Figure 1.19, 

right) with 1-vinyl imidazole (VIM) as a comonomer. In addition to reducing the crystallinity of 

PAN, the presence of VIM comonomers disrupts the strong dipole force within PAN by charge 

transfer from imidazole groups to nitrile groups. The unsaturated pendant imidazole groups can 

also stabilize the fiber form via thermal cross-linking reaction. Due to the combination of the 

disruption on polymeric order and reduction of polar interaction between polymer chains, this 

copolymer could be successfully melt-spun to fibers at 192oC. Additionally, the rheology and gel-

fraction results show that the cross-linking can be finished in two hours with a gel fraction of 

90% at 210oC, which is slightly higher than the processing temperature. Later, Mahmood et al.87 

reported continued work on (PAN-VIM) for a melt-spinnable CF precursor. They studied the 
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thermal stabilization behavior, carbonization behavior, and mechanical properties of precursor 

fibers and CFs, and found that the mechanical properties of CFs made from PAN-VIM were 

improved with higher molecular weight. Among the samples they prepared, the one with 47kDa 

shows the highest tensile strength of 975MPa and modulus of 158GPa after stabilization, with a 

carbon yield of about 40%.   

                                 

Figure 1.19 Chemical structure of PAN-MA-ABP (left) and PAN-VIM (right). 

In general, most of the studies on melt-spinnable PAN have focused on copolymerize 

acrylonitrile with a high content of comonomer to reduce the softening point. Because the lower 

softening point may cause the conventional stabilization method to be unsuitable for the PAN 

copolymers, the most promising way is to incorporate cross-linkable comonomers into PAN to 

promote the rapid formation of network structure at a temperature slightly higher than the 

processing temperature, but lower than the temperature of oxidative stabilization. Although these 

studies provide insightful inspirations for strategies for controlling the melt rheology behavior of 

the polymer and avoiding premature melting, the carbon yield of the resulting copolymer is lower 

compare to conventional PAN precursors, because the incorporated comonomers cannot be 

involved in the cyclization reaction.  

1.5.2 Polymer-Lignin Blend 

Lignin is the second most abundant natural biomaterial after cellulose. It has a high 

molecular weight polyaromatic structure, making it a green alternative precursor for CFs. Lignin 
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can be found in the cell walls of pith, roots, fruit, and bark. It also can be synthesized by 

dehydrogenative polymerization of monolignol, which is a type of source material for 

biosynthesis also known as hydroxyl cinnamyl alcohol monomer. As a byproduct of the “wood-

free” papermaking process, lignin is commonly burned as a heat source to fuel the chemical 

recovery process during paper production. As an increasing number of paper mills have stopped 

this recovery process due to the energy inefficiency and environmental hazard, lignin is losing its 

role as a fuel in the paper making industry. The abundance and low price of wasted lignin draw 

the attention of researchers to study its potential use as a precursor for CF production.  

The main problem with using lignin as a carbon precursor is that its brittleness and lack of 

melting property create processing limitations. Blending lignin with a polymer can effectively 

improve the processability of the material in terms of mechanical properties and melting 

behavior. Lignin has a highly branched structure with abundant benzene rings that affect its 

miscibility. Therefore, the compatibility with lignin becomes the most important factor in whether 

a polymer is a good candidate to blend with. An incompatible blend of polymer and lignin will 

create porosity after carbonization and therefore produce CFs with a poor mechanical 

performance for structural applications. In previous studies, researchers found that blending 

polymers such as polylactic acid (PLA) and polypropylene with lignin caused phase separation 

due to their incompatibility.88–90 Polymers such as poly (ethylene oxide), polyethylene 

terephthalate (PET), and PAN are all compatible with the blend.91–94 Since PAN has been known 

as the most mainstream CF precursor with acceptable carbon yield and good properties, most 

studies focus on investigating the potential of PAN/lignin blends as an alternative to the 

conventional PAN precursor. Liu et.al95 investigated the stabilization kinetics of composite fibers 

made from PAN and softwood lignin (SWL) and found that the SWL can facilitate PAN 

cyclization and cross-linking reactions. The fast kinetics is due to the fewer activation energies 

required for cyclization reaction based on their DSC analysis. Additionally, the incorporation of 
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SWL allows higher tension to apply on fibers during stabilization, which is also favorable for the 

PAN cross-linking network formation.  

To develop a highly compatible polymer/lignin blend as a CF precursor, Culebras et al.96 

designed a melt-spinnable polymer/lignin blend based on thermoplastic elastomer polyurethane 

(TPU) and hardwood lignin. They found the blend not only has a homogeneous morphology that 

prevents the formation of pores, it also shows good melt-spinning processability because of the 

good compatibility. The viscosity of this precursor material decreases with higher lignin content 

and can reach below 100Pa.S at 230oC. The carbon yield of the sample with 30% TPU content 

can reach a maximum of 40% at 1400oC, slightly less than stabilized PAN. The size of the 

precursor fibers is in the range of 70-150um and can be further reduced to 50um by applying 

stretching along the drawing direction. The X-ray diffraction patterns show that after 

carbonization at 1400oC, the lignin/TPU-based CFs have a carbon crystal structure similar to 

PAN-based CFs, with d002 around 0.37nm, La in the range 3.4-3.65 nm, and Lc in the range 0.98-

1.08 nm. The produced CFs have a maximum tensile strength of 1100 MPa and maximum 

modulus of 80 GPa, which was obtained from the lignin and PAN blended precursor with a 50:50 

ratio. However, this sample only less than 30% carbon yield at 1400oC. 

Synthetic lignin has also been designed and investigated by researchers for use in CF 

precursors. Xia et al.97 synthesized lignosulfonate (LS) -acrylonitrile (AN) copolymer-based 

precursors, first esterifying LS by reacting with acryloyl chloride to remove the highly reactive 

hydroxyl groups, then copolymerizing the esterified LS with AN via free radical polymerization; 

see Figure 1.20. The resulting copolymer overcomes the processing difficulties in fiber spinning 

due to the highly interconnected structure of lignin, as well as the strong hydrogen bonding 

caused by the presence of a large amount of hydroxyl groups. The researchers found that the LS-

AN copolymer is soluble in DMSO and dimethylacetamide (DMAc) to prepare a solution for 

wet-spinning. The precursor fibers made from the LS-AN copolymer have significantly fewer 

micro-voids beneath the fiber surface compared to LS/AN blend-based precursor fibers based on 
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the SEM images these researchers provided, indicating that phase separation was prevented by 

copolymerization of LS and AN, while phase separation was still found in a blend due to their 

limited compatibility. The LS/AN copolymer-based precursor was successfully converted to CFs 

with a minimum diameter of 12um and maximum tensile strength of ~1100MPa, which is two 

times higher than the LS-AN blend-based CFs.  

 

Figure 1.20 Synthesis of (a) esterified LS and (b) LS-AN copolymer 97 

In general, the relative studies on lignin demonstrate an interesting point: that miscibility is 

the most crucial factor for preparing a CF precursor with binary components. The phase 

separation formed by two immiscible components can cause the formation of destructive pores in 

the produced CFs with a greatly negative impact on mechanical performance. Despite the 

advantages of being eco-friendly and inexpensive, the lignin/polymer blending and 

copolymerization methods face several inherent limitations. First, lignin does not involve the 

stabilization mechanism of the polymer; as a result, the carbon yields of resultants prepared by 

both the blending and synthetic methods are less than those of origin PAN fibers. Additionally, 

lignin has poor miscibility with many of the polymers. Although PAN/lignin blends do not show 

obvious phase separation, in the relative studies, the blends were spun to fibers via 
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electrospinning and gel-spinning instead of the solution spinning that is widely applied in 

industry, indicating that the processability of the blend is not superior to the PAN precursor.       

1.5.3 Carbon-Based Additives 

Many recent studies have focused on blending carbon-based additives such as carbon 

nanotubes (CNTs) to CF precursors. CNTs are large cylindrical molecules in the form of single or 

multiple sheets of graphene that consists of sp2 hybridized carbon atoms arranged hexagonally in 

two dimensions.98 They are widely used in applications such as nano-sensors and atomic 

transportation, because of their exceptional electrical, thermal, and mechanical properties.99,100 

Additionally, with ultra-high tensile strength ranging from 11-63 GPa and Young’s modulus 

around 1TPa,101 this type of material has also been extensively investigated for its great potential 

as an additive to enhance the mechanical properties of many types of polymers, including 

polyethylene, polypropylene, poly(ethylene terephthalate), nylon, poly(vinyl alcohol) and 

PAN.102–106 An advantage of using CNTs as an additive is that their surface can be modified to 

improve their chemical compatibility in the material matrix and their dissolution properties in the 

solvent.107 The reinforcement effect results from their ability to not only increase the rate of 

crystallization of the polymer but also act as templating agents for polymer chains orientation.108–

110 Much attention has also been focusing on using CNTs to reinforce CFs. Results from Chae 

et.al111 found that the tensile strength and modulus of PAN-based CFs can be increased by 64% 

and 49%, respectively, by adding 1wt.% of CNTs in the precursor. The researchers also 

investigated the effect of CNTs on the oxidative stabilization of PAN and found that the 

composite fiber generates much less heat during this process. Additionally, the composite fibers 

exhibit better-oriented morphology, smaller d-spacing, and larger crystal after carbonization, 

compared to PAN-based CFs. 
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These studies explore the potential to further develop the mechanical performance of CFs 

based on the existing precursors. The addition of CNTs, graphene, and graphene oxide (GO) can 

also be potentially applied to the new precursors we will discuss later in this thesis. The most 

common method to synthesize CNTs is chemical vapor deposition (CVD) combined with the 

usage of catalysts (Co, Ni, Fe, and combination powder). This method starts with the preparation 

of the substrate with the catalyst particles, which are usually mixed with catalyst supports to 

increase the surface area. Then the decomposition of a hydrocarbon, such as methane, in the gas 

phase acts as feedstock and produces carbon atoms that are transported toward the edge of the 

catalyst particles to form CNTs. Although CNTs can be produced in kilograms via CVD, their 

price of about $1000/g on the market would dramatically increase the cost of CFs if CNTs were 

used as additives. Besides the CNTs, the effect of additives such as graphene and graphene oxide 

in PAN-based CFs have also been extensively investigated and have proven to be similar to the 

CNTs in their ability to improve the mechanical properties of the CFs.112–114  

1.5.4 Others 

Numerous polymers with linear or cyclic structures have also been investigated as possible 

precursors in commercial production; examples include phenolic polymers, polyvinyl chloride 

(PVC), polyvinyl alcohol (PVOH), polyamide, polyphenylene, and polybenzoxazole.115–122 

Among all of these polymers, the ones with linear structures can be stretched to fibers in a molten 

or solution state but also have lower carbon yields than PAN (<50%). The ones with cyclic 

structure show potential in terms of high carbon yield but pose difficulties in the way they must 

be processed. The lack of competitiveness in cost and production efficiency compared to the 

precursors currently on the market limits their further development on an industrial scale.   
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1.6 Inspirational Studies Relating to Our Works 

Most of the studies on CF precursors today still focus on PAN, pitch, and biomaterials such 

as lignin and cellulose. Although some improvements on the mechanical properties of produced 

CFs have been achieved in recent studies, such improvements are becoming increasingly limited 

since most of these materials have been studied for decades, some for more than a century. PAN, 

the precursor that owns the largest market share, can make CFs with high tensile strength as a 

result of its polymeric linear structure, but it has limited melt-processability, high cost, and low 

carbon yield. Pitch as a precursor yields poor mechanical strength and presents difficulties in 

processing and handling; thus it occupies only a small part of the market. The shortcomings of 

these precursors are highly related to their inherent chemical structure, thermal properties, and 

mechanical properties on which only limited modification can be applied. As the global demand 

for CFs is rapidly growing, the need is urgent for a new type of precursor that meets the following 

requirements: 

1) High carbon yield, i.e., more than 50% after stabilization 

2) Good melt/solution spinnability (viscosity can reach <100 Pa.S at a processing 

temperature)  

3) Easy stabilization  

4) Low cost and energy-efficient on raw material, synthesis, processing, and carbonization 

5) Comparable or better mechanical strength of the produced CFs, relative to current PAN-

based and pitch-based CFs 

1.6.1 PE-based CFs Precursors 

To achieve these goals, we proposed the design of a new type of functionalized 

polyethylene (PE) copolymer as a strong starting point. As a type of polyolefin with the simplest 
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structure of (C2H4) x and with more than 85 wt.% carbon content, PE is one of the most 

inexpensive polymers in the world that has well-developed production lines. It not only has linear 

semi-crystallinity structures that are favorable for producing precursor fibers with good 

mechanical properties, but it also can be synthesized easily via coordination polymerization by 

using the Ziegler-Natta catalyst and the metallocene/MAO catalyst. Since Karl Ziegler and Giulio 

Natta invented the Ziegler-Natta catalyst in the 1950s, polymerization involving the utility of 

transition metal coordination chemistry started a new chapter for industrial manufacturing of 

polyolefins such as PE, PP, and so on. Conventional Ziegler-Natta catalysts are heterogeneous 

with multiple active sites, which are composed of titanium or magnesium compounds with an 

internal electron donor, and aluminum-alkyls are typically used as a co-catalyst during the 

polymerization. Later in the 1980s, the discovery of the metallocene/MAO homogeneous catalyst 

system by Walter Kaminsky promoted the synthesis of polyolefins to a higher level in polymer 

science. By tailoring the homogeneous catalyst with a well-defined organic ligand and single 

active site, polymer structure and properties including tacticity, molecular weight, and molecular 

weight distribution, crystallinity, and melting temperature can be controlled more efficiently and 

accurately.123 The invention of these novel catalyst systems brings new possibilities for producing 

functionalized PE with desired properties, by introducing comonomers containing heteroatoms 

and unsaturated side groups in the polymer backbone, via the transition metal coordination 

process.124  

The potential of PE as a CF precursor has drawn significant interest among researchers due 

to its low cost and ease of processing. The pyrolysis of plain PE does not produce any carbon 

without stabilization by introducing covalent cross-linkages into the polymer structure. PE can be 

cross-linked by many different methods, including radiation, peroxide, silane coupling agents, 

and sulfonation.125 Among all these methods, sulfonation can reach the highest cross-linking 

density and therefore becomes the most promising method for converting PE to a CF precursor.126 

In 1978, the first research work following this direction led to a patent filing by Horikiri et al.127 
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at Sumitomo Chemical Company of Japan. In their study, high-density polyethylene (HDPE) 

fibers were first sulfonated and stabilized with either chlorosulfonic acid, sulfuric acid, fuming 

sulfuric acid, or a mixture of any two of them. After carbonization, the resultant fibers were 

reported to have excellent graphitizability, based on the large size crystal (002) parallel to the 

fiber axis. In the 40 years since then, the method for preparing CF precursors by PE sulfonation 

has been extensively investigated and several major improvements have resulted. Postema et 

al.128 observed that low linear density polyethylene (LLDPE) can be stabilized by chlorosulfonic 

acid at a lower temperature than HDPE. They successfully converted sulfonated LLDPE fibers to 

CFs with a maximum tensile strength of 1.2 GPa. Younker et al.129 investigated the thermal 

pyrolysis pathway of sulfonated PE by studying the reaction mechanism of heptane-4-sulfonic 

acid at high temperatures (Figure 1.21). They discovered that a radical chain mechanism is 

dominated to yield a trans-alkene structure at a temperature below 550oK, while an internal 

elimination reaction mechanism is dominated to yield cis-alkene structure at higher temperatures. 

They also studied the effect of the degree of sulfonation on the carbon yield, showing that the 

fully sulfonated PE fiber gave a maximum charred residue of 40% with an optimized heating rate.  

 

Figure 1.21 Scheme showing Ei5 elimination reaction (top) and the radical chain reaction 

(bottom).129 
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Barton et al.130 further investigated the overall mechanism by which PE transforms to 

carbon from sulfonated C19-C22 and polyolefins by using evolved gas analysis (EGA), elementary 

analysis, and liquid chromatography-mass spectrometry (LC-MS). They also found that as the PE 

fibers are treated with sulfonation agents such as sulfuric acid, their chemical structure transforms 

to a highly conjugated alkene-like system containing functional groups such as carboxylic acids, 

sulfonic acids, and ketones (Figure 1.22). With a heat treatment at the temperature range 120-

220oC, desulfonation reaction occurs within the resultant fibers, accompanied by the formation of 

an extensively conjugated structure in the form of a cross-linked network. At 600-800oC, 

dehydrogenation occurs, releasing H2 molecules from the material and gradually turning it into a 

more graphite-like structure.    

 

Figure 1.22 A simplified mechanistic transformation of sulfonated PE to carbon.130 

From the studies described above, we know that sulfonation would increase the carbon 

yield of PE as a CF precursor. Although the transformation from alkane to a more stable alkene 

structure with electron delocalization was determined to be a valid stabilization route for PE, the 

carbon yield of sulfonated PE is still lower than 40%, and thus does not meet the requirement for 

efficient mass production of CFs. Additionally, sulfonation also requires a large quantity of 

strong acid that is difficult to recover, causing severe environmental concerns. Therefore, it could 
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be useful to design an alternate functionalized PE that can follow a similar stabilization route of 

formation of alkene-like backbones, but be prepared by a more economic and efficient method.  

1.6.2 Polymer-Pitch Blend 

As mentioned previously, pitch-based CFs have the advantage of high carbon yield and 

melt-spinnability. However, producing them on a large scale would require overcoming several 

challenges, including the extremely low strength of pitch precursor fibers, their large energy 

consumption for coalescence and stabilization, and the low tensile strength of resultant CFs. But 

what if we can connect the pitch molecules to a polymer such as PE copolymer with the reactive 

functional groups? PE is a semi-crystalline polymer with a degradation point up to 450oC. When 

the pitch molecules are connected on linear PE polymer chains, the difficulties in handling could 

be overcome by the chain entanglements and semi-crystalline structure of PE if side group 

content is well-controlled, while their melt-processability as pitch derivative could still be 

maintained. Meanwhile, the resultant polymer could be easily stabilized by cross-linking 

reactions via polycondensation that create a network structure to infusibilize the precursor fibers 

more rapidly and efficiently compared to individual and small pitch molecules. Additionally, for 

a linear polymer with pitch-like side groups, the presence of polymer chains in the material 

matrix may generate a more turbostratic carbon structure after carbonization that has been proven 

to enhance the tensile strength of produced CFs, while the pre-existing polycyclic aromatic pitch 

molecule can form a more graphitic structure to keep the high modulus.  

The mechanism of interaction between pitch molecules and polymer during blending at 

high temperatures has been investigated in several studies. Mochida et al.131 investigated how the 

blending of the pitch with PVC changes the oxidation behavior of the pitch. They found that the 

rate of oxidative stabilization of modified coal-tar pitch by PVC was improved, while the 

mechanical properties of pitch fibers remained unchanged. The authors did not convert the PVC-
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modified coal tar pitch into CFs. The amount of heat released by a faster oxidation reaction would 

present a drawback by affecting the quality of the CF. They also did not blend PVC with 

petroleum pitch, because of the low compatibility of the two. This creates a limitation on practical 

applications because of the much greater presence of insoluble particles in coal-tar pitch 

compared to petroleum-derived pitch. Hlatshwayo et al.132 studied and discussed the rheology and 

thermal results of pitch/PVC blends with more experimental results. They showed that blends 

with more polymer content exhibit greater shear-thinning behavior and also showed the 

improvement of carbon yield after heat-treating the blend in air/O2 atmosphere at 400oC. 

However, considering applying it as a precursor material for CF production, the material would 

be softened and become fusible before reaching the oxidative stabilization temperature that helps 

improve the carbon yield. Several studies have demonstrated that the formation of liquid crystals 

in mesophase can be accelerated by adding some polymers in the isophase pitch during heating. 

Machnikowski et al.133 studied the effect on the formation of mesophase pitch by adding various 

polymers, including PVC, PS, PET, and PEG, to the coal-tar pitch. They found that both types of 

polymer above can accelerate the growth of the mesophase unit in the early stage of 

transformation. They also concluded that this phenomenon is due to the dehydrogenative activity 

(Figure 1.23) of low molecular weight compounds as a result of polymer thermal degradation. Liu 

et al.134 reported similar findings when they modified and carbonized pitch with PS. The 

mechanism of the acceleration of mesophase formation on pitch by polymer addition was 

investigated by Cheng et al.76 by using a blend of PE and petroleum pitch, then heating it up to a 

temperature of approximately 450oC. By studying how the modification of conditions such as 

temperature and polymer content affect the formation rate of mesophase pitch and its 

carbonization behavior, the authors concluded that the formation of mesophase is accelerated by 

the polycondensation reaction between the free radicals on pitch molecules and the free radicals 

generated from the thermal cleavages of PE at high temperature. 
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Figure 1.23 Scheme of the condensation reaction of pitch initiated by the formation of free 

radicals.76 

However, none of these authors mentioned how the degradation of polymer components 

affect the polymeric properties of the product after heat treatment. The polymer backbones would 

break into small fragments at a high temperature, according to these authors, thus resulting in the 

pitch molecule still interacting with others by weak Van der Waals force instead of covalently 

connecting to linear polymer chains. 

1.6.3 Conclusion 

Inspired by these findings, in my thesis study, we focused primarily on designing a new 

type of PE copolymer with functional groups (-R) that would react with pitch molecules at a 

lower temperature than the decomposition temperature of this copolymer, to produce a copolymer 

with a linear PE backbone and pendant groups with polycyclic aromatic structure (Figure 1.24), 

shortened as ‘PE-g-Pitch’. 
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Figure 1.24 The proposed preparation route of PE-g-Pitch. 

 

Several hypotheses were considered to make this copolymer a good candidate for a CF precursor, 

including: 

1. The incorporation of pitch molecules with polyaromatic structure will increase the C/H 

ratio of the copolymer, therefore increase the carbon yield. 

2. The resultant polymer is melt/solution spinnable to produce precursor fibers that can be 

easily handled. 

3. The polycyclic aromatic pendant groups will initiate a stabilization mechanism that 

converts the saturated alkane structure to an unsaturated alkene structure at a certain 

temperature.  

4. The formed PE copolymer with polycyclic aromatic pendant groups will form a cross-

linked network with or without the involvement of an oxidative agent at a temperature 

lower than its softening point at a rapid rate. 
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Chapter 2 

A New Precursor System Based on Poly(phenylacetylene) Derivatives 

2.1 Introduction 

 In the early stage of our investigation, we first focused on how to design a synthetic 

hydrocarbon polymer as carbon fiber (CF) precursor that is soluble in common organic solvents 

for wet-spinning and graphitizable to form carbon material with a high carbon yield. For synthetic 

polymers, especially polypropylene and polyethylene, despite carbon is the dominant element in 

their compositions, they are completely decomposed to volatile fragments at the temperature 

higher than their degradation point even in an inert atmosphere, therefore leaving no 

carbonaceous residue. To become a successful CF precursor, a synthetic polymer should meet 

several structural criteria135,136 that firstly either have, or can form, polycyclic aromatic 

hydrocarbon (PAH) moieties during the stabilization step to achieve the carbon conversion. The 

first example is synthetic pitch that already contains PAH moieties. These PAH moieties can 

undergo a thermally induced polycondensation reaction and form a more -electrons conjugated 

structure during the stabilization step. The second example is polyacrylonitrile (PAN) with the 

reactive side groups that can effectively in situ form PAH moieties under a low temperature 

condition. PAN does not have any pre-existing PAH group; however, the nitrile side groups can 

undergo cyclization and dehydrogenation reactions to generate the PAH structure during the 

stabilization. In the subsequent carbonization of these two CF precursors at a higher temperature, 

ring fusion gradually takes place to remove heteroatoms and forms the graphitic structures.137,138 

In addition to the ability to form the graphitized carbon, a proper CF precursor must be solution- 

or melt- processible for fiber spinning in forming the corresponding precursor fibers, before any 

thermal conversion reactions.  
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In this chapter, I will discuss a new CF precursor design strategy by the systematic study of 

two poly(phenylacetylene) derivatives, including poly(PA-A) with 4-ethynyl side group, and 

poly(PA-PA) with 4-phenylethynyl side group, as illustrated in Figure 2.1. For their polymer 

backbones, the presence of -electrons conjugation increases the bond energy in the C-C bonds 

along the polymer chain, which increases polymer thermal stability and prevent premature 

polymer chain decomposition during the stabilization step. In addition, the combination of highly 

reactive ethynyl side groups and π-electrons conjugation throughout the entire polymer structure 

(both polymer backbone and aromatic side groups) also offers the favorable cycloaddition 

reaction that can in situ generate PAH moieties at low temperature. During this study, the parent 

poly(phenylacetylene), shortened as poly(PA), with an -electrons conjugated structure and more 

stable phenyl side groups, was investigated as a reference to understand the effects of reactive 

side groups during the stabilization mechanism and the subsequent carbonization.  

 

Figure 2.1 Schematic structures of poly(PA) and two derivatives poly(PA-A) and poly(PA-PA) 

polymers.  
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2.2 Experimental Section 

2.2.1 Materials & Instrumentation  

Inert reaction conditions were carried out inside an argon-filled atmosphere dry box or 

under N2 flow conditions through a vacuum line. The following chemical reagents, including 

tungsten (VI) chloride (WCl6), tetraphenyl tin (Ph4Sn), 4-bromophenylethynyl, 

(triisopropylsilyl)acetylene, trimethylsilyl acetylene, tetrahydrofuran, tetrabutylammonium 

fluoride trihydrate (TBAF) in THF (1M), triethylamine, and calcium hydride were purchased 

from Sigma Aldrich and used as received. Toluene (WileyOrganics) was distilled over sodium 

benzophenone under argon. All the 1H NMR spectra were recorded on a Bruker AM-300 

spectrometer, in which the samples were dissolved in 1,1,2,2- tetrachloroethane-d or 

dichloromethane-d. The 13C NMR spectra were acquired using a Bruker AV-III-HD 500 system 

operating at RT, in which ~1024 scans were obtained, and ~ 10-15 mg samples were dissolved in 

1 mL of d-1,1,2,2-tetrachloroethane. The FTIR spectra of the powered samples (128 scans) were 

obtained using a Bruker Vertex 70 FTIR spectrometer equipped with deuterated triglyceride 

sulphate (DTGS) detector. The GPC experiments were performed on an EcoSEC HLC-8320GPC 

(Tosoh Bioscience) equipped with a DAWN multiangle light scattering detector (Wyatt 

Technology). The thermal transition data were obtained with a TA Instruments Q2000 differential 

scanning calorimeter (DSC) at a heating rate of 10 °C/min. Thermogravimetric analysis- mass 

spectrometry (TGA-MS) was performed from a range of 100-1000 °C at a heating rate of 10 °C/ 

min, gas flow rate of 50 mL/min, using a TGA Q5500 instrument coupled with discovery MS 

under N2 atmosphere. FEI Nova NanoSEM 630 field emission scanning electron microscopy 

(FESEM), with a resolution of 1.7 nm, was used to study the morphology of the fibers. The GC-

MS measurements were conducted in a spectrometer using a Trace 1310 gas chromatograph 

coupled to a triple quadrupole mass spectrometer (TSQ; Thermo Scientific). After dissolving 100 
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ng/µl of a sample in hexane, 1 ml of the dissolved sample was injected through the GC inlet that 

was operated in splitless mode and held at 300oC. Separation was achieved on a TG-5 column (30 

m; Thermo Scientific) with initial hold at 40oC (4 min) followed by a ramp of 12.5oC/min to 

320oC and a final hold of 7 min. The TSQ was operated in electron ionization mode, with full 

scan of m/z 30-550. Transfer line and source temperatures were 320oC and 300oC, respectively, 

were coated with 5 nm iridium before studying their morphologies via SEM. XRD measurements 

were conducted on a Panalytical XPert Pro MPD theta-theta Diffractometer from Malvern at 40 

kV and 40 mA with Cu K(α) radiation λ = 0.15418 nm. Diffraction patterns were recorded on a 

0.8 collimator, with an oscillation of the samples between 10 and 80° and an imaging plate 

detector. The scan rate was 0.2°/min with an interval of 0.045°. The interlayer distance d002 was 

calculated using the position of the 002-reflection and Bragg’s equation. The crystallite thickness 

Lc was determined with the (002) reflection and Scherrer’s equation while the lateral size La was 

determined using the (10) reflection and Scherrer’s equation. Raman spectra were collected from 

Horiba LabRam HR Evolution. All of the calculations on XRD and Raman were finished by 

using Origin software. The SEM images were collected from the Apreo 2 (Thermo Fisher). 

2.2.2 Synthesis of Monomers and Polymers 

Synthesis of [4-(phenylacetylene]-1-[(trimethylsilyl)ethynyl]benzene 

In a 250 mL round bottom flask, 8.04 g (31.8 mmol) of 4-bromo(trimethylsilyl)acetylene 

was combined with 150 mg (1.7 mmol) of Pd(PPh3)2Cl2, and 129 mg (0.9 mmol) of CuI. The 

flask was placed under N2 atmosphere before the addition of triethylamine/THF (150 mL) via a 

syringe. The solution was stirred for 5 min to allow the reagents to dissolve and 5.12 mL (54 

mmol) of phenylacetylene was added to the reaction flask. The solution turned dark brown upon 

the addition of phenylacetylene. The solution was stirred at room temperature for 4 days. After 4 
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days, the volatiles were removed in vacuo, and the crude product was purified by column 

chromatography on a silica gel, with a hexane/dichloromethane mixed solvent used as the eluant, 

to produce 7.4 g (85% yield) of [4-(phenylacetylene]-1-[(trimethylsilyl)ethynyl]benzene product 

as a yellow liquid. Data: 1H NMR δ 0.25 (s, 9 H), 1.12 (s, 21 H), and 7.39 (s, 4 H). 

Synthesis of the (4-phenylethynyl) phenylacetylene monomer  

In a 100 mL flask, 4.80 g (17.49 mmol) of [4-(phenylacetylene]-1-[(trimethylsilyl)ethynyl] 

benzene was dissolved in 45 mL of tetrahydrofuran (THF). Then, 1.6 mL of a 1M TBAF/THF 

solution was slowly added to the solution. The reaction mixture was stirred for 3 h at RT. The 

reaction was quenched with 30 mL of water and extracted with 3×25 mL portions of diether 

ether. The combined organic fractions were dried over anhydrous Na2SO4, and the solvents were 

removed in vacuo.  The crude product was purified by column chromatography on a silica gel, 

with dichloromethane used as the eluant. After drying overnight in air, 2.48 g (70% yield) of (4-

phenylethynyl)phenylacetylene monomer was obtained as a yellow powder. Data: 1H NMR δ 

3.15 (s, 1 H), and 7.45 (dod, 9 H). 13C NMR (100 MHz, 1,1,2,2-tetrachloroethane): δ 132.5, 

132.1, 131.9, 129.1, 128.9, 124.0, 123.1, 122.1, 91.8, 89.8, 83.7, and 81.8. GC-MS (parent peak, 

m/z =202) 

Synthesis of Poly(4-triisopropylsilylethynyl-phenylacetylene)/poly(PA-ASi) 

In a 50 mL round bottom flask, a WCl6 catalyst (95 mg, 20 mM) and Ph4Sn cocatalyst 

(102.5 mg, 20 mM) were dissolved in 6 mL of toluene under inert conditions (N2). The solution 

was mixed for 10-15 minutes at 0oC. At the same time, 4-triisopropylsilylethynyl-

phenylacetylene monomer (3.39 g, 12 mmol) was dissolved in 6 mL of toluene in a separate flask 

under N2 conditions. A syringe was used to slowly transfer the monomer solution into the mixed 
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catalyst solution. Upon addition, the viscosity of the solution increased, and the stirring rate had 

to be increased to enable continuous stirring. The solution color gradually changed from dark to 

red. After stirring the solution for 24 h at 0oC, the solution was extremely viscous and stopped 

stirring. The reaction was quenched by the addition of MeOH to the solution. The product was 

isolated and purified with a MeOH/HCl solution. The reaction yielded 3.226 g (95%) of poly(4-

triisopropylsilylethynyl-phenylacetylene) after drying under vacuum at 80oC. The resulting 

poly(PA-ASi) polymer is a fine dark red polymer with polymer molecular weight (Mn= 274 

kg/mol and dispersity= 1.90), based on GPC measurement with a light scattering detector. Data: 

IR (KBr) ν (cm-1): 2870-2964 (s, C-H), 2153 (s, C≡C-Si), 1469-1505 (s, C=C-H)). 1H NMR 

(400 MHz, 1,1,2,2- tetrachloroethane-d): δ 1.10 (s, 21H), 6-7.5 (C6H4) and (H-C=C) (broad, 5H).  

Synthesis of poly(4-ethynyl-phenylacetylene)/poly(PA-A) 

In a 100 mL round bottom flask under an N2 atmosphere, 24 mL of tetrahydrofuran (THF) 

was added to poly(4-triisopropylsilylethynyl-phenylacetylene)(0.980 g, 3.47 mmol) powder. The 

solution was stirred for 30 min to ensure the formation of a homogeneous dark red solution. 

Tetrabutylammonium fluoride trihydrate (TBAF) in THF (0.861 mL, 0.861 mmol) was then 

added dropwise to the solution. The solution color turned dark black after the addition of a few 

drops of TBAF solution. Upon completion of the addition of TBAF, solid particles started to form 

at the bottom and on the walls of the flask. The mixture was stirred at room temperature for 1 h. 

The reaction mixture was precipitated by the addition of 9 mL of methanol to the solution. A 

huge black lump of polymer was isolated, which was purified with THF several times. The 

compound was dried under vacuum at 80oC overnight to yield 0.283 g (65%) of the poly(PA-A) 

polymer. Data: FTIR (KBr) ν (cm-1): 2105 (s, C≡C-H) and overtone 3289 (s, C≡C-H), 1505 (s, 

C=C-H). 
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Synthesis of Poly(4-phenylethynyl-phenylacetylene)/poly(PA-PA) 

In a 50 mL round bottom flask, a WCl6 catalyst (23.7 mg, 10 mM) and Ph4Sn cocatalyst 

(25.6 mg, 10mM) were dissolved in 3 mL of toluene under N2 atmosphere. The solution was aged 

for 10-15 minutes at 0oC. In another flask, 1.2 g (5.9 mmol) of (4-phenylethynyl) phenylacetylene 

monomer was dissolved in 3 mL of toluene under N2. A syringe was used to add the mixture 

slowly to the aged catalyst. Upon adding the monomer, the viscosity of the solution increased, 

and the color of the aged solution gradually changed from dark to dark-red. The solution was left 

to stir for 24 h at 0oC. After 24 h, the solution was extremely viscous and could not be stirred. 

The reaction was quenched by the addition of MeOH to the solution. The product was isolated 

and purified with an MeOH/HCl solution. After drying under vacuum at 80oC, the reaction 

yielded 0.98 g (82%) of poly(PA-PA) as a dark red polymer solid with molecular weight (Mn= 

141 kg/mol and dispersity= 1.25), based on GPC measurement with a light scattering detector. 

Data: 1H NMR (400 MHz, 1,1,2,2-tetrachloroethane): δ 6-7.5 (C6H4), (C6H5), and (H-C=C) 

(broad, 10H), 13C NMR (400 MHz, 1,1,2,2-tetrachloroethane): δ 89.8, 123.1, 128.4, 131.6. 

2.3 Results & discussion 

As illustrated in Figure 2.2, the preparation of poly(4-ethynyl-phenylacetylene), i.e., the 

poly(PA-A) polymer precursor, involves the Ziegler-Natta catalyst (WCl6/Ph4Sn)-mediated 

polymerization of a silane-protected 4-triisopropylsilylethynyl-phenylacetylene (PA-ASi) 

monomer and the subsequent de-protection reaction of the resulting poly(PA-ASi) polymer, i.e., 

poly(4-triisopropylsilylethynyl-phenylacetylene).  
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Figure 2.2 The reaction route to prepare poly(PA-ASi) and poly(PA-A) homopolymers from 4-

triisopropylsilylethynyl-phenylacetylene (PA-ASi) monomer. 

 

The polymerization of the silane-protected monomer was carried out by using the 

WCl6/Ph4Sn Ziegler-Natta catalyst in toluene at 0oC for 24 hours. This coordination-insertion 

mechanism was highly effective in the polymerization of phenylacetylene derivatives, as shown 

in previous papers.139–141 The resulting poly(PA-ASi) polymer was isolated with a 90% yield as a 

dark red solid that is soluble in common aromatic solvents, such as toluene. Figure 2.3 compares 

the 1H NMR spectra of the PA-ASi monomer and the resulting poly(PA-ASi) polymer. The sharp 

chemical shift at 3.23 ppm, corresponding to the acetylene proton in the monomer, completely 

disappears in the poly(PA-ASi) polymer spectrum, but the same two proton peaks at 1.12 and 

1.65 ppm, corresponding to the methyl and tertiary protons in the triisopropylsilyl protecting 

group, respectively, are present in both spectra. As expected, this Ziegler-Natta polymerization 

reaction only involves a terminal acetylene group (not the internal silane-protected acetylene). 

Note the new and very broad aromatic/olefinic peak at approximately 7 ppm, indicating that a 

fully π-electron conjugated sp2 carbon structures are presented along the poly(PA-ASi) polymer 

chain. Overall, the reaction scheme offers an effective and efficient reaction process for preparing 

the poly(PA-ASi) polymer.  
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Figure 2.3 1H NMR spectra of (a) 4-triisopropylsilylethynyl-phenylacetylene (PA-ASi) monomer 

and (b) the corresponding poly(PA-ASi) polymer. 
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Figure 2.4 FTIR spectra of (a) poly(PA-ASi) and (b) poly(PA-A) polymers. 

As illustrated in Figure 2.2, the resulting poly(PA-ASi) polymer was further converted to 

the poly(4-ethynyl-phenylacetylene) (poly(PA-A)) polymer precursor by removing the 

triisopropylsilane protecting group. This de-protection reaction involves the strong base 

tetrabutylammonium fluoride trihydrate (TBAF) in THF at room temperature. The resulting 

poly(PA-A) polymer is a dark orange solid, with limited solubility in organic solvents, such as 

aromatic hydrocarbons, THF, and CHCl3. The combination of reactive terminal acetylene side 

groups (without a protecting group) and a relatively rigid polymer backbone (with a fully p-

electron conjugated structure) may result in some cross-linked units (by light or heat) or/and 

crystalline domains that reduce the overall polymer solubility at ambient temperature conditions. 

Figure 2.4 compares the FTIR spectra of poly(PA-ASi) and poly(PA-A) polymers, before and 

after the silane de-protection reaction. The presence of the ν(≡C-H) band at 3293 cm-1, 

corresponding to the terminal acetylene group, and the absence of the ν(C≡CSi) band at 2153 cm-
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1 are evidence of the effective desilylation of the protected acetylene group in the side chains. The 

result is further supported by the large reduction in the absorption band intensity in the region 

from 2800 to 3000 cm-1, which is mostly associated with the ν(C−H) vibrational bands of 

isopropyl groups.  

  

Figure 2.5 Reaction route to prepare 4-phenylethynyl-phenylacetylene monomer (III) and the 

corresponding poly(PA-PA) polymer. 

 

The combination of multiple reaction steps and the limited solubility of the poly(PA-A) 

polymer prompts us to search further for a poly(phenylacetylene) derivative that is soluble and 

does not require silane protection during polymerization. Ideally, the new acetylene-protecting 

group can also be incorporated into the graphitic structure during thermal conversion. Thus, we 

decided to investigate a poly(PA-PA) polymer that has a phenylacetyelenyl side group in each 

monomer unit along the poly(phenylacetylene) chain. The internal alkyne groups are more stable 

during and after polymerization, and the bulkier side groups create more free volume to improve 

the polymer’s solubility in common organic solvents. As illustrated in Figure 2.5, the preparation 

of the 4-phenylethynyl-phenylacetylene monomer (III) involved two reaction steps. The first step 

was a similar palladium-catalyzed Sonogashira cross-coupling reaction between 4-

bromophenylethynyl-trimethylsilane (I) and phenylacetylene to form the intermediate of 1-

trimethylsilylethynyl-4-phenylethynyl benzene (II). This aryl-acetyl coupling reaction was highly 

selective and also resulted in a quantitative yield.  
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Figure 2.6 1H NMR spectra of (a) 1-trimethylsilylethynyl-4-phenylethynyl benzene intermediate 

(II) and (b) the corresponding 4-phenylethynyl-phenylacetylene monomer (III). 

Figure 2.6(a) shows the 1H NMR spectrum of the resulting 1-trimethylsilylethynyl-4-

phenylethynyl benzene (II) compound, exhibiting the chemical shifts expected for aromatic 

protons and methyl protons in the silane group and a near 1:1 peak intensity ratio. The second 

reaction step was a de-protection reaction that removed the trimethyl silane group by TBAF 
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(tetrabutylammonium fluoride trihydrate) in THF at room temperature. Figure 2.6(b) shows the 

1H NMR spectrum of the resulting 4-phenylethynyl-phenylacetylene monomer (III), including 

both the expected peaks for aromatic protons at 7.3-7.7 ppm and acetyl protons at 3.23 ppm and a 

minor silane peak at 0.25 ppm (indicating some incomplete de-protection reactions). Since the 

minor silane-protected reagent does not interfere with polymerization, we decided to apply the 

same WCl6/Ph4Sn-mediated Ziegler-Natta polymerization of 4-phenylethyntheyl-

phenylacetylene monomer in toluene at 0oC for 24 hours to form the corresponding poly(PA-PA) 

polymer precursor (red solid) with a high yield (>75%). This poly(PA-PA) polymer showed a 

very good solubility in common organic solvents, including THF, toluene, and xylene, at ambient 

temperature. Figure 2.7 shows the solution 1H and 13C NMR spectra of the resulting poly(PA-PA) 

polymer. In the 1H NMR spectrum, there is only a major (broad) proton band in the range of 6.5-

7.8 ppm, corresponding to all of the aromatic protons in the side groups and alkenyl protons in 

the polymer backbone with a fully π-electron conjugated structure. The carbon peaks in the 13C 

NMR spectrum provide more detailed information; they show that the chemical shift at 90 ppm 

corresponds to the acetylene carbons and the chemical shifts between 120 and 140 ppm 

correspond to the aromatic and alkenyl carbons. The shifts between 120 and 130 ppm can be 

attributed to the carbons along the backbone, while the carbons on the benzene rings correspond 

to the peaks between 130 and 140 ppm. There are no peaks appearing below 90 ppm, indicating 

the absence of alkyl carbons.  
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Figure 2.7 (a) 1H NMR and (b) 13C NMR spectra of poly(PA-PA) polymer. 
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The combination of TGA-MS and DSC was used to compare and understand the thermal 

conversion process and carbonization efficiency of the various poly(phenylacetylene) derivatives. 

The derivatives were heated in a one-step process under N2 atmosphere from ambient temperature 

to high temperatures (1000oC) with a heating rate of 10oC/min. Figure 2.8 shows the TGA-MS 

spectra of the poly(PA), which is the control sample. This polymer started its thermal 

decomposition at ~300oC, producing benzene (78 AMU) and toluene (92 AMU) as the major 

evolved gases, and lost most of its weight in a range between 300o and 500oC. The evolved H2 

gas was observed only at ~500oC, implying some ring fusion activities, after losing 87% of its 

weight. This poly(PA) polymer has only phenyl side groups that are not sufficiently reactive to 

engage in any meaningful low-temperature stabilization reactions. 

  

Figure 2.8 TGA-MS spectrum of poly(phenylacetylene) polymer, with a heating rate of 10oC/min 

under N2 atmosphere. 
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Figure 2.9 TGA-MS spectrum of (a) poly(PA-A) and (b) poly(PA-PA) polymers, with a heating 

rate of 10oC/min under N2 atmosphere. 
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Figure 2.9 shows the TGA-MS spectra of the two poly(PA-A) and poly(PA-PA) 

derivatives under the same heating rate, 10oC/min, in an N2 atmosphere. Both the poly(PA) 

derivatives with reactive -electrons conjugated side groups (acetylenyl or phenylacetylenyl 

substitutes) show very high carbon yields, much higher than the 10% carbon yield obtained for 

the parent poly(PA) polymer. In the poly(PA-A) case, the carbon yield reaches ~90% with only a 

trace amount of benzene and toluene evolved gases observed at ~450oC. At the same temperature, 

the H2 (2AMU) gas is also evolved and becomes a dominant evolved gas, which indicates active 

ring fusion reactions to transform the linear polymer chain to a carbon material with 2D 

hexagonal graphene sheets (as discussed later). Furthermore, there is nearly no weight loss at 

<450oC in the poly(PA-A) polymer, and this temperature is much higher than the poly(PA) chain 

degradation temperature, which started at 300oC. Most of the 10% weight loss (namely 

dehydrogenation) in poly(PA-A) occurs in the range of 500-800oC.  

Poly(PA-PA) also exhibits a similar TGA-MS spectroscopy pattern with a slightly reduced 

carbon yield. The weight loss also occurs after 450oC, resulting in a weight loss of approximately 

15% between 500-700oC and a carbon yield of ~75% at 1000oC. Both TGA-MS profiles of 

poly(PA-A) and poly(PA-PA) seem to indicate that a similar smooth stabilization process 

(namely, [4+2] cycloaddition and cross-linking) also occurs in the poly(PA-PA) precursor to form 

inter- and intra-chain polyaromatic moieties in the precursor structure without weight loss. 

Evidently, the additional -electrons conjugated acetylene or phenylacetylene moiety along the 

poly(PA) chain dramatically increased the stabilization activities in the low temperature range 

(<450oC), which must involve inter- and intra-chain [4+2] cycloaddition reactions occurring 

between the triple bond and aromatic moieties without weight loss. These cycloaddition reactions 

increase the poly-aromaticity of the polymer and form a cross-linking structure, which is essential 

to the subsequent carbon conversion process. Without the presence of oxygen and nitrogen 

heteroatoms in the precursor, the carbonization process involves only ring fusion and the 
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elimination of hydrogen atoms, which is much more efficient in forming 2D graphene structures 

than with the presence of oxygen and nitrogen heteroatoms. The higher carbonization temperature 

(>800oC) further promotes ring fusion and chain diffusion to form larger graphene sheets in the 

resulting carbon material (discussed later). 

It is useful to understand the stabilization details, especially the temperature in which the 

reactions start to occur and the kinetics of the reactions. The [4+2] cycloaddition reaction can 

happen without weight loss at quite low temperatures <200oC.142 The reaction temperatures were 

revealed by DSC measurements that were conducted under similar heating conditions at 

10oC/min under an N2 atmosphere. Figure 2.10 shows DSC curves with two consecutive 

heating/cooling cycles for poly(PA-A) and poly(PA-PA). For the poly(PA-A) in Figure 2.10(a), a 

sharp exothermic peak is present in the first heating cycle, starting at <150oC and completing at 

<300oC. There was no peak observed in the subsequent cooling cycle and second heating-cooling 

cycle, indicating no further reaction happened in these cycles. Because the TGA curve of the 

poly(PA-A) sample in Figure 2.9(a) exhibits no weight loss in this temperature range, these DSC 

results clearly imply that a facile [4+2] inter- and intra-chain cycloaddition reaction happened and 

was completed within 15 minutes during the heating between 150o and 300oC under a steady-state 

condition (without any agitation). In Figure 2.10(b), similar exothermic results were also 

observed in the poly(PA-PA) sample during the first heating cycle, with a broad exothermal band 

that implies that several stabilization reactions happened at different temperatures. The 

stabilization reaction starts at 200oC, which is approximately 50oC higher than that of poly(PA-

A), and continues up to 400oC and beyond. The somewhat subdued stabilization process in 

poly(PA-PA) may also be associated with its bulky side groups, which hinder the regio-selective 

cycloaddition reaction and ring fusion; this is consistent with the corresponding TGA observation 

shown in Figure 2.9(b). However, the early stabilization reaction is sufficient to prevent any 

polymer chain degradation (<450oC) and allow the completion of the stabilization reactions. 
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Figure 2.10 DSC curves of (a) poly(PA-A) and (b) poly(PA-PA) hydrocarbon polymer 

precursors.  
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One major requirement of a CF precursor is its processability, i.e., its ability to form the 

corresponding precursor fibers, using either melt- or wet-spinning processes. Due to the small-

scale experimental samples, an electrospinning technique was applied to produce microfibers 

from a polymer solution. Although this electrospinning technique is different from commercial 

wet-spinning processes, this relatively accessible experimental setup offers valuable information 

due to its fiber-forming ability.143,144 As discussed, the poly(PA-A) polymer exhibits limited 

solubility in common organic solvents, due to the combination of reactive acetylene side groups 

and some crystallinity. Thus, the electrospinning study was carried out using several poly(PA-

PA) solutions in THF (or toluene), and in various concentrations and spinning conditions. All of 

the spinning conditions produce a fine jet from the Taylor cone, which travels through the electric 

field (elongated and solidified) to a collector. Figure 2.11 shows SEM images of the as-spun 

poly(PA-PA) fiber with an approximately 5m diameter, which was prepared from a 30 wt.% 

poly(PA-PA)/THF solution. The relatively uniform fibers (with a few larger fiber diameters) 

imply a high molecular weight polymer with good solubility in common organic solvents.   

 

  

Figure 2.11 SEM image of the electro-spun poly(PA-PA) fibers from a 30 wt.% polymer/THF 

solution, with voltage of 15 kV, flow rate of 7.5 mL/hr., and distance of 20 cm. 
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The resulting poly(PA-PA) precursor fibers were carbonized by heating the samples up to 

2100oC under N2 atmosphere, without applying any external tension. The resulting CFs were then 

characterized by Raman spectroscopy and XRD to determine their graphitic structure. Raman 

spectroscopy is the easiest and most common method to probe the inelastic scattering of light 

from a sample surface under ambient conditions. Figure 2.12(a) shows the Raman spectra for 

several resulting CFs, obtained using a laser excitation wavelength at 514.5 nm. These CFs were 

prepared by thermal treatment of the same poly(PA-PA) precursor fiber at 1000o, 1200o, 1500o, 

1900o, and 2100oC for one hour under an N2 atmosphere. Both an order G band at 1582 cm-1 and 

a disorder-induced D band at 1350 cm-1 of carbon structures are clearly observed, indicating a 

polymorphous morphology. Figure 2.12(b) shows the integrated intensity ratio I(D)/I(G) of the D 

and G bands to determine the order/disorder ratios, which are inversely proportional to the 

carbonization temperature and reach 1.33 for the CFs after heating to a temperature of 2100oC. 

Overall, the trend of this I(D)/I(G) intensity ratio is similar to that of typical PAN-based CFs, in 

which the I(D)/I(G) ratio continuously reduces, and the crystalline domains increase with 

increasing heat. This polymorphous structure contains some relatively ordered graphene layer 

structures that are embedded in a more disordered region. The order of the domain structure is 

slightly less than that of some PAN-based CFs, which may be associated with the lack of 

mechanical stretching that can facilitate chain motion and orientation. 
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Figure 2.12 (a) Raman spectra of carbon fibers after carbonization at various heating temperatures 

and (b) the peak intensity ratio between D and G bands vs. carbonization temperature. 

 

 

 

Figure 2.13 (a) XRD patterns of several carbon fibers and their (b) interlayer d-spacing and (c) 

stacking height (Lc). They are prepared by sequential heat treatment of the same poly(PA-PA) 

fiber at various temperatures (with 1 hour at each temperature) under an N2 atmosphere. 
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The observation of crystalline domains was further analyzed by XRD patterns. Since the 

wide-angle diffraction patterns have coherence zones with minimum lengths between 1 and 2 nm, 

the XRD pattern reflects only the sizes and layer distances of the best-ordered domains. Figure 

2.13 (a) shows XRD patterns of the same set of CFs prepared by the one-step thermal treatment 

of the poly(PA-PA) precursor fiber at 1000o, 1200o, 1500o, 1900o, and 2100oC under an N2 

atmosphere. Figure 2.13 (b) and (c) compare the interlayer d-spacing (d002) and the stacking 

height (Lc) in crystalline domains of CFs. The two distinctive X-ray peaks at 2~24o and ~43o, 

corresponding to (002) and (100) planes, are typical of carbon crystallites that start to appear at 

~1000oC and grow with an increase in temperature. The peak parameters were used to calculate 

the crystallite size. The CFs treated at 2100oC exhibits d002= 0.360 nm and Lc= 1.335 nm, which 

are very close to those (d002= 0.364 nm and Lc= 1.3 nm) of high strength PAN-based CFs.145 

2.4 Conclusion 

The primary goal of this research is to investigate a new CF precursor based on a high 

molecular weight hydrocarbon polymer with a specific molecular structure that can offer good 

solubility in common organic solvent, high carbon yield, and a simple one-step thermal 

conversion process under an inert atmosphere, without any external reagent. Two 

poly(phenylacetylene) derivatives, poly(PA-A) containing para-substituted acetylenyl groups and 

poly(PA-PA) with phenylacetylenyl groups, were synthesized and evaluated under a continuous 

heating process in an N2 atmosphere. The poly(PA-A) polymer shows 90% carbon yields, nearly 

reaching the theoretical value with only the removal of hydrogen atoms in its structure during the 

whole conversion process. Unfortunately, this polymer has a limited solubility for wet-spinning 

processes. On the other hand, poly(PA-PA) offers not only a good carbon yield (~75%) but also 

good solubility in common organic solvents. The additional phenylacetylene moiety in each 

phenylacetylene monomer unit creates bulky side groups to increase its solubility while 
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maintaining a high reactivity. The facile thermal-induced cycloaddition and cross-linking 

reactions (stabilization mechanism) start at 200oC without oxygen. During carbonization, the 

combination of the pure hydrocarbon precursor structure (without nitrogen and oxygen 

heteroatoms) and thermal conversion under an inert atmosphere dramatically reduces the ejection 

of volatile gases, which are essential for achieving high carbon yield and reducing structural 

defects. The combination of the Raman and XRD results of the resulting poly(PA-PA)-based CFs 

clearly indicates the formation of a polymorphous carbon structure and carbon crystallites similar 

to those in high-strength PAN-based CFs. Evidently, this new poly(PA-PA) polymer is a potential 

new CF precursor that is worthy of further investigation. However, the preparation of poly(PA-

PA) is a three-step synthesis route with expensive monomers and palladium catalyst as reagents, 

which will further increase the cost of CF compared to current technology. Additionally, the 

precursor fibers prepared from poly(PA-PA) were found to be very brittle and weak. Their poor 

mechanical properties would pose difficulties in mass production.  

Although this study of poly(phenylacetylene) derivatives does not directly relate to the 

low-cost PE-g-Pitch precursor that is the main focus of my thesis work, it showed us the 

importance of side groups in the polymer precursor, which should be able to produce PAH 

moieties for the cross-linking (cycloaddition) reaction in order to form a network structure during 

the stabilization step. The side groups also greatly influence processability. Furthermore, the 

polymer with an -electrons conjugated system is more likely to achieve a high carbon yield. The 

overall information is very helpful to us in designing new, low-cost, PE-based precursors 

discussed in the next chapters.  
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Chapter 3 

Preparation and Evaluation of Polyethylene-graft-Pitch Precursors by 

Cycloaddition Reaction between Diphenylacetylenyl Side Groups-Contained 

PE copolymer and Pitch 

3.1 Introduction 

In Chapter 1, I have explained our motivations for designing a new type of polyethylene-

based precursor. In Chapter 2, our research activities focused on the understanding of structural 

design principles in the hydrocarbon polymer that can be thermally converted to graphitized 

carbon structure with high carbon yield. In addition, the polymer must not be cross-linked before 

the fiber-spinning. The experimental results show that poly(PA-PA) polymer, with a π-electrons 

conjugated polymer backbone and diphenylacetylenyl (DPA) side groups, can meet both key 

requirements. This polymer is soluble in toluene and THF for forming precursor fibers and offers 

a high carbon yield of more than 75%. Also, we learned that the incorporated DPA moieties 

engage in a facile cycloaddition reaction at low temperature under N2 atmosphere to form the 

polycyclic aromatic hydrocarbon (PAH) moieties with a network (cross-linked) structure during 

the stabilization step, which assures a high carbon conversion during high-temperature thermal 

transformation. Unfortunately, this -electrons conjugated polymer precursor requires expensive 

monomers and multiple-step synthesis routes, making it too expensive for practical applications.  

In this chapter, our basic research idea was to apply the same reactive DPA side group to 

the polyethylene (PE) polymer chain, in other words, to prepare PE-DPA copolymer containing 

DPA side groups. As illustrated in Figure 3.1, we further extended the chemistry to develop the 

objective PE-g-Pitch precursor that contains the highly graphitizable PAH side groups for the 

thermal conversion to a carbon structure by a grafting reaction. Based on the experimental results 

as shown in Chapter 2, combining with some previous studies about the estimated activation 
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energy between various PAH molecules and acetylene moiety that will be discussed in the next 

section, the DPA side groups of PE-DPA copolymer should be reactive with PAH molecules in 

the pitch via a Diels-Alder cycloaddition reaction under a mild reaction condition in N2 

atmosphere to accomplish the grafting. If successful, the combination of large availability and 

low cost of PE copolymer and Pitch material would offer PE-g-Pitch graft copolymer as a low-

cost CF precursor. 

 

Figure 3.1 Molecular structures of poly(PA-PA) with DPA side groups, PE-DPA copolymer, and 

the corresponding PE-g-Pitch precursor. 

There are many questions for this preparation route of PE-g-Pitch precursor. How many 

DPA side groups in the PE chain are required to prepare this precursor with an effective thermal 

transformation to carbon material with a high carbon yield? Will the reactive DPA side groups 

have cycloaddition reactions with themselves as well as the PAH molecules? If so, what is the 

most suitable preparation condition to minimize these self-reactions? Is it possible to conduct the 

melt-spinning instead of the solution-spinning process on the PE-g-Pitch precursor to form the 

low-cost precursor fibers? How does the saturated PE backbone engage in the stabilization and 

carbonization reactions?  In this chapter and the next, I will explain our research activities and 

key experimental observations toward answering these questions.  
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3.2 Cycloaddition Reaction Between PAH Molecules and Acetylene Derivatives 

Diels-Alder type cycloaddition is a well-known chemical reaction. It is the interaction 

between a conjugated diene and a dienophile, which can either be alkene or alkyne, to form a 

cyclic alkene structure. To be more specific, because it is activated by thermal energy and 

involves 4 π-electrons from a diene and 2 π-electrons from a dienophile, this reaction is 

commonly classified as a thermally allowed [4+2] cycloaddition reaction. Based on molecular 

orbital (MO) theory, the interaction can be considered as the overlap between the electron-rich 

diene’s highest occupied molecular orbital (HOMO) and the electron-deficient dienophile’s 

lowest unoccupied molecular orbital (LUMO).    

Numerous studies have shown that the acetylene ‘HC≡CH’ can act as a dienophile active 

site, hence initiating a Diels-Alder type thermal cycloaddition reaction with PAH molecule that 

contains dienes systems.146–148 The reaction follows Clar’s sextet rule that the Kekule resonance 

structure with the largest number of disjoint aromatic π-sextets is the most important for the 

characterization of properties of PAHs,149 namely that a PAH’s structure with a larger number of 

aromatic π-sextets is more stable than its isomers with fewer π-sextets. Additionally, in this PAH 

structure, the rings with π-sextets behave more as aromatic centers, and thus are less reactive than 

the other rings. The Clar’s sextet rule can be used to predict that the π bonds in the rings of a 

PAH without π-sextets are more favorable for serving as dienes in a [4+2] Diels-Alder 

cycloaddition.150 As illustrated in Figure 3.2a, Fort et al.147 synthesized 7,14-dimesitylbisanthene 

and heated it with diethyl acetylenedicarboxylate in toluene for 24 hours at 120oC. In this case, 

the bay regions located at the side of the center rings are more reactive, as a result of the lower 

aromaticity. The researchers discovered that adding two acetylene species transforms the bay 

regions at the rim into two new benzene rings via a dehydrogenation reaction. They conducted a 

similar experiment on diethyl acetylenedicarboxylate and perylene (Figure 3.2b) with fewer inner 

benzene rings at the same concentration and also found the same cycloaddition reaction via 
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dehydrogenation. However, only 50% conversion was achieved, despite a higher temperature of 

150oC and longer reaction time of 72 hours. Furthermore, this reaction was regio-selective, taking 

place in only one of the bay regions. The reactivity difference between these two reactions is a 

result of their different activation energy for the Diel-Alder cycloaddition reaction that happens 

between acetylene moieties and bay regions. Because both the acetylene and bay region of PAH 

are feeble dienophile and dienes,151,152 very high energy is usually required to initiate this 

reaction. However, as shown in Figure 3.3, the PAH with a higher number of inner benzene rings 

has a smaller HOMO-LUMO gap153, which reduces the amount of activation energy needed for 

cycloaddition. As a result, 7,14-dimesitylbisanthene can react with diethyl acetylenedicarboxylate 

at a lower temperature but with higher conversion.   

 

Figure 3.2 Diels-Alder cycloadditions of diethyl acetylenedicarboxylate to (a) 4,11-

dimesitylbisanthene and (b) perylene.147 
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Figure 3.3 Activation energies calculated for Diels-Alder cycloadditions of acetylene to aromatic 

hydrocarbon bay regions.147 

 Based on the same principle, the acetylene species on the side groups of PE copolymer 

would be an ideal feedstock for the preparation of PE-g-Pitch precursor, by incorporating pitch 

molecules (mostly a mixture of PAHs with different molecular weights also containing bay 

regions).154,155 However, from our previous study of poly(PA-A) polymer with terminal C≡C-H 

moieties, we have known that this polymer was cross-linked easily in light due to the inter-

reactions between the highly reactive triple bonds at the terminal position, which causes material 

handling/processing difficulties. Therefore, we applied a protection strategy of steric hindrance 

by adding a phenyl group at the terminal position of the phenylacetylenyl side group to form the 

less reactive DPA side group. Although this protection strategy works well based on our 

observation on poly(PA-PA)’s good solubility, we still have some concerns about the DPA side 

groups on PE polymer chains that may still react to each other via cycloaddition at elevated 

temperatures, especially during the cycloaddition reaction with PAH molecules. Even a small 

degree of self-cycloaddition would cross-link the polymer chains, thus generating a premature 

network structure that largely affects the processability of the PE-g-Pitch precursor. Therefore, 

the content of reactive side groups in the PE-DPA copolymer must be well-controlled. As will be 
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discussed, we have adopted a melt-blending procedure between the PE-DPA copolymer and pitch 

molecules. It is known that pitch material starts to liquefy when the temperature rises beyond its 

softening point. Therefore, during the melt-blending between the PE-DPA copolymer and an 

excess quantity of pitch molecules, the liquified pitch can act as a solvent to dissolve the polymer, 

meanwhile maintaining the homogeneity of the binary system throughout the entire mixing 

process. With the increasing temperature, the cycloaddition reactions between DPA and PAH 

molecules are more likely to occur, thus converting DPA side groups into the grafted PAH side 

groups and minimizing the DPA self-reactions. To achieve this, the most important aspect of this 

study is to understand how the content of DPA side groups in the PE-DPA copolymer and the 

reaction conditions of cycloaddition affect the thermal stability of the resulting PE-g-Pitch 

precursor, and maximize its carbon yield.  

3.3 Experimental Section 

3.3.1 Materials 

4-bromostyrene (TCI) was vacuum distilled after drying overnight by CaH2. MMAO-12 

7% toluene solution (Sigma Aldrich) was dried by vacuum at 50oC to become white powders. 

AIBN (Sigma-Aldrich), CuI (Sigma-Aldrich), Bis(triphenylphosphine) palladium(II) dichloride 

(Sigma-Aldrich) phenylacetylene (TCI), diisopropylamine (Sigma-Aldrich), and 

[(C5Me4)SiMe2N(t-Bu)]TiCl2 (Boulder Scientific) were used as received. THF and toluene 

(Wiley Organics) were purified via the Grubbs type solvent purification system. Petroleum pitch 

ZL 250M with a softening temperature of 250oC were kindly provided by Rutgers Basic 

Aromatics GmbH. 
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3.3.2 Characterization 

Liquid state 1H NMR and 13C NMR spectra were obtained by using Bruker AV 300 with a 

measurement temperature of 90oC. For a typical 1H NMR measurement, 10mg of sample was 

completely dissolved by 1ml of d-1,1,2,2-tetrachloroethane at 90oC in a thin wall NMR sample 

tube, while in the 13C NMR measurement, 30mg of sample was dissolved in 1 ml of the same 

type of deuterated solvent. A Ubbelohde viscometer (Cannon 9721) was used to measure the 

viscosity average molecular weight (Mv) of the polymer products with 1,2,4 trichlorobenzene 

(TCB) as the solvent and 135oC as measurement temperature. Mark-Houwink equation, [𝜂𝑖] =

𝑘𝑀𝑣−𝑎, was applied to convert intrinsic viscosity to Mv with parameters a and K of 0.706 and 

0.000517 dl/g that based on PE solution at the same condition.156 TGA measurements were 

conducted on an Sdt-600 (TA Instruments). Around 10 mg of sample was loaded into the sample 

pan and heated at a rate of 10oC/min. DSC was performed on a DSC Q2000 (TA Instruments) by 

using hermetic aluminum pans. Around 5 mg of sample was loaded into a pan and then sealed by 

a sample press. The heating rate was 10oC/min and N2 was selected as the measurement 

atmosphere for both TGA and DSC. Evolved gas analysis mass spectrometry (EGA-MS) 

measurements were conducted on a TA TGA5500 with a mass spectrometer in argon with a flow 

rate of 25ml/min and a heating rate of 10oC/min. The weight of the sample was fixed to be 15mg 

in every measurement. Rheology measurement was conducted on ARES-G2 (TA instruments) in 

the N2 atmosphere with a heating rate of 10oC/min. The angular frequency was 1 rad/s and strain 

was 10%. All samples were pre-molded with a diameter of 8mm and thickness of ~1.5mm by 

using a vacuum hot press. XRD measurements were conducted on a Panalytical XPert Pro MPD 

theta-theta Diffractometer from Malvern at 40 kV and 40 mA with Cu K(α) radiation λ = 0.15418 

nm. Diffraction patterns were recorded on a 0.8 collimator, with an oscillation of the samples 

between 10 and 80° and an imaging plate detector. The scan rate was 0.2°/min with an interval of 

0.045°. The interlayer distance d002 was calculated using the position of the 002-reflection and 
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Bragg’s equation. The crystallite thickness Lc and the lateral size La were determined using the 

(002) and (10) reflection, respectively, and Scherrer’s equation. Raman spectra were collected 

from Horiba LabRam HR Evolution with 532nm laser excitation. All of samples were grounded 

into form of fine powders for XRD and Raman measurements. All of the calculations on XRD 

and Raman were finished by using fitting curve function of Origin software. The SEM images 

were collected from the Apreo 2 (Thermo Fisher). 

3.3.3 Synthesis of Poly(4-bromostyrene)  

The synthesis of poly(4-bromostyrene) was conducted in a 50ml glass round bottom flask 

via bulk free radical polymerization with AIBN as initiator. Firstly, 0.05g AIBN was loaded into 

the flask with a stir bar, and the air was removed by vacuum and argon refill for three times. Then 

4.2g (3ml) of distilled 4-bromo styrene was injected into the flask by a 5ml needle syringe.  The 

mixture was heated to 80oC and allowed to be stirred for 30 min. After that, the viscous liquid 

was poured into 300ml of chill methanol then washed with 50 ml of methanol three times.  In the 

end, the white product was dried in a vacuum oven at 80oC overnight and then weighted to be 

3.8g. 

3.3.4 Synthesis of Poly (4-phenylacetylenyl styrene)  

Poly(4-bromostyrene) (1.73g) was firstly dissolved in 15ml THF with 0.265g 

bis(triphenylphosphine) palladium (II) chloride and 0.1g copper(I) iodide in a two-neck air-free 

50ml round bottom flask equipped with a condenser. Then 4.2 ml diisopropylamine and 3.3ml 

phenylacetylene were loaded in the drop column and added drop-wisely to the polymer solution. 

The reaction was heated at 60oC for 96 hours. After cooling, the dark solution was poured into 

100ml of distilled H2O saturated with ammonium chloride in a separatory funnel and applied with 



74 

vigorous shaking. Then the water solution was extracted by dichloromethane (100ml×3). The 

dark organic portion was rotovaped and concentrated to 10ml and poured in 300ml chill methanol 

to get the polymer product coagulated. The product was dissolved in 10ml toluene and 

precipitated in 50 ml methanol 3 times. After filtered by a funnel, the product in a form of brown 

powders was vacuum dried at room temperature and weighted to be 1.35g.  

3.3.5 Copolymerization of Ethylene and 4-Bromostyrene  

The copolymerization reaction was conducted in a Parr 500ml stainless autoclave equipped 

with a mechanical stirrer as shown in Figure 3.4. The reactor was firstly charged with 220ml of 

toluene, a certain amount of 4-bromostyrene (run 1: 2ml, run 2: 3ml, run 3: 6.5ml) and 10ml of 

20wt.% of methylaluminoxane (MAO) solution in toluene, with argon protection and stirring. 

Then the solution was saturated with 50 psi ethylene at 40oC. To the mixture, 1.1 ml of [(C5Me4) 

SiMe2N(t-Bu)] TiCl2 (constrained geometry catalyst/CGC) solution in toluene (20umol/ml) was 

injected into the reactor to initiate the reaction. After 1 hour, ethylene was replaced by argon and 

the reaction was terminated by adding 30ml of isopropanol. The solution mixture was then 

poured into 600ml of diluted HCl solution of methanol. The resulting PE-BrSt copolymer was 

isolated by filtration and was washed with 200ml×3 of methanol before drying in a vacuum oven 

overnight at 60oC. 
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Figure 3.4 Schematic diagram of high-pressure reactor with (1) gas cylinder, (2) heating mantle, 

(3) reaction vessel and (4) temperature/pressure monitor. 

3.3.6 Synthesis of Poly(ethylene-co-4-phenylacetylenyl Styrene)  

In a typical reaction, 5 g of PE-BrSt copolymer was initially dissolved in 230ml of toluene 

in a 500ml three-neck round bottom flask with a condenser under 90oC in a N2 atmosphere. Then 

0.1g of CuI, 0.2g of Bis(triphenylphosphine) palladium (II) dichloride, and phenylacetylene (3 × 

mol% of BrSt) were added into the flask. The reaction was initiated by adding 25ml of 

diisopropylamine drop-wisely by using a dropping funnel. After 96 hours, the solution mixture 

was poured into 600ml of saturated ammonium chloride/methanol solution with vigorous stirring. 

The product PE-DPA copolymer was dissolved in toluene and precipitated in methanol until the 

liquid portion became colorless, then was dried at 30oC in a vacuum oven overnight. All products 

were in light brown while the color became darker with higher comonomer%. 

3.3.7 Preparation of Melt-Spinnable PE-g-Pitch/Pitch Blend Precursors  

PE-DPA copolymer and petroleum pitch were first dissolved in toluene with 5 wt.% 

concentration at 90oC in a round bottom flask. Then, at the same temperature, the prepared 

homogeneous solution was dried with vigorous stirring under an airflow until it became a slime-
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like product with 90% toluene removed. The mechanical blending of the slime-like product was 

conducted in a twin-screw blender with nitrogen flowing through the system all the time with a 

flow rate of 100ml/min. This system has three thermocouples located at the outer cover, sample 

chamber, and inner wall to have a close monitor on temperature control. The heating rate was set 

to 10oC/min for all experiments.  Argon was purged in the blending chamber through a rubber 

tube to create an air-free environment during mixing. When finished heating, the sample chamber 

was cooled down with a cooling rate of 10oC/min. After blending, all collected samples were 

grounded into a form of powders by a mortar. 

3.3.8 Gel Content Measurement 

At room temperature, 0.5g of sample and 10ml of THF were loaded into a vail. Then, the 

vail was kept idle for 24 hours. Then, the insoluble portion was separated and dried in a vacuum 

oven at 60oC overnight. The gel content is determined by dividing the insoluble fraction over the 

original weight of precursor fibers. 
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3.4 Results and Discussion 

As illustrated in Figure 3.5, there are several experimental steps in this study to convert 

the designed PE-DPA copolymer containing DPA side groups into the stabilized PE-g-Pitch 

fibers. The experimental results in each step will be discussed in detail. 

 

Figure 3.5 Illustration of structural transformation from PE-DPA copolymer to PE-g-Pitch 

precursor, to precursor fiber, and to stabilized fiber. (*one of the many PAH structures in 

petroleum pitch)  
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3.4.1 Preparation of Diphenylacetylenyl Side Group-Contained Polymers and Reactivity of 

Diphenylacetylenyl Side Group 

 

Figure 3.6 Synthesis equations of (top) poly(4-phenylacetylenyl styrene) and (bottom) PE-DPA 

copolymer. 

First, we needed to develop an effective chemical route to prepare PE-DPA copolymers 

with good control of DPA concentration, then examine their chemical reactivities under elevated 

temperatures, especially the thermal-induced Diels-Alder cycloaddition between the DPA side 

group and PAH molecules in pitch. As discussed, it was essential to avoid any DPA side groups’ 

self-cycloaddition reaction in forming the cross-linked polymer structure. To understand this 

reaction, we also prepared a poly(4-phenylacetylenyl styrene) homopolymer (control 

experiment), which has a DPA side group in every monomer unit. Figure 3.6 shows the chemical 

routes for preparing poly(4-phenylacetylenyl styrene) homopolymer and PE-DPA copolymer, 

respectively. In both cases, the DPA side groups were quantitatively derived from 4-

bromostyrene comonomer units in the corresponding intermediate polymers, i.e., poly(4-
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bromostyrene) and PE-BrSt copolymer. They were prepared by two different polymerization 

mechanisms. Poly(4-bromostyrene) homopolymer was synthesized by free radical-mediated 

polymerization, and PE-BrSt copolymer was initiated by CGC metallocene mediated 

coordination polymerization (Table 3.1).  

Table 3.1 Summary of PE-BrSt copolymers synthesized by CGC metallocene catalyst.  

Run 
[BrSt]a 

(mol%) 

Activityb 

(kg/mol*hr) 

Mvc  

(103g/mol) 
Tm (oC)d Tc (oC)d 

1 7.2 310 310.7 121.89 108.2 

2 3.2 280 191.5 125.04 110.7 

3 2.1 256 180.3 127.29 107.56 
a [BrSt] indicates the 4-bromostyrene content (mol%) in copolymers determined by 1H NMR. b Activity is defined as 

kilograms of polymer by 1mol of CGC catalyst per hour. c Mv was estimated by intrinsic viscosity of polymer/TCB 

diluted solution at 135oC with a of 0.706 and K of 0.000517 dl/g. d Tm and Tc were determined by DSC in N2 at 

10oC/min, with thermal history removed. 

 

Figure 3.7 shows 1H NMR and 13C NMR spectra of poly (4-phenylacetylenyl styrene) 

homopolymer, both of which match the spectra reported in the literature.157 Figure 3.8 compares 

1H NMR spectra between a typical PE-BrSt copolymer (with 7.2 mol% of BrSt comonomer 

content) and the corresponding PE-DPA copolymer. For PE-BrSt in Figure 3.8 (a), two peaks 

were found with chemical shifts centered at 7.39 and 6.95 ppm, corresponding to four aromatic 

protons. Due to the existence of bromo group with high electronegativity, the two protons with 

positions closer to the bromide shifted to a lower field, resulting in the split into two peaks with 

identical intensity. There was a main peak at 1.35 ppm, corresponding to CH2 in the PE 

backbone, while its small shoulder at 1.55 ppm and the minor peak at 2.41 ppm correspond to the 

CH2 and CH in the comonomer units. After the conversion, as shown in Figure 3.8 (b), the two 

aromatic peaks merged to a multi-let peak centered at 7.30ppm due to the removal of electron-

withdrawing -Br groups and replaced by the less polar phenylacetylenyl groups. Theoretically, 

after the reaction, the number of aromatic protons should have increased from 4 to 9, while the 

number of aliphatic protons remained constant. By integrating the intensity of the aromatic region 

and aliphatic region, it was found that Iali/Iaro decreased from 13.97 to 6.16 after the coupling 
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reaction, which matches the intensity change due to the increase in aromatic protons. This result 

indicates the complete conversion from 4-bromophenyl groups to DPA groups after the coupling 

reaction. This can be further supported by the 13C NMR spectrum of PE-DPA copolymer at where 

exhibit signal intensity at ~89ppm, which is corresponding to the acetylene carbons ‘C≡C’ based 

on the results on poly (4-phenylacetylenyl styrene) homopolymer. 

 

 

 

Figure 3.7 (top) 1H NMR and (bottom) 13C NMR spectra of poly(4-phenylacetylenyl styrene).  
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Figure 3.8 1H NMR spectra of (a) PE-BrSt copolymer and (b) the corresponding PE-DPA 

copolymer with 7.2% functional group content and (c) 13C NMR spectrum of PE-DPA copolymer 

with 7.2% functional group content. 
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Because of the high DPA concentration in poly(4-phenylacetylenylstyrene) homopolymer, 

this polymer was selected to examine the DPA self-cycloaddition reaction. Due to the exothermic 

nature of a cycloaddition reaction toward a more negative free energy, a calorimetric 

investigation was performed on poly(4-phenylacetylenyl styrene) polymer. Figure 3.9(a) shows 

DSC curves in two consecutive heating and cooling cycles in N2 atmosphere. The first cycle 

shows a glass transition at ~152oC, followed by a broad exothermic peak ranging from 170oC to 

320oC arising from the cycloaddition reaction between DPA side groups. As the temperature 

further increased to 325oC, another exothermic reaction was observed, attributable to the 

decomposition of the polymer backbone. In the thermogram of the second cycle, neither the glass 

transition behavior nor the exothermic reaction below 325oC can be observed, indicating that the 

polymer has become fully cross-linked by the thorough reaction in the first heating cycle. To 

validate the exothermic peak determined by DSC results is due to the cycloaddition reaction, a gel 

content test was also conducted, comparing the dissolution behaviors of a pristine poly(4-

phenylacetylenyl styrene) sample before and after heat-treatment at 220oC in N2 for 1 hour, using 

THF as the solvent. As shown in Figure 3.9(b), the poly(4-phenylacetylenyl styrene) with 0% gel 

content became completely insoluble with 100% gel content as a result of this heat treatment. 

Additionally, no swelling was found for the heat-treated sample after soaking in THF for 24 

hours, indicating the formation of a thoroughly cross-linked network at 220oC.       
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Figure 3.9 (a) DSC curve of poly(4-phenylacetylenyl styrene) in N2 with two heating/cooling 

cycles and (b) images illustrating solubility of poly(4-phenylacetylenyl styrene) without (left) and 

with (right) heat treatment at 220oC in N2 for 1 hour.                                 
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Figure 3.10 H2 gas evolution in EGA-MS Spectra of PE-DPA (7.2%) copolymer, pitch (250M), 

and their mixture with 1 to 3 weight ratio. 

The next experiment was to understand the cycloaddition reaction between DPA moieties 

in the polymer and PAH molecules in pitch. From previous studies as discussed in Section 3.2, 

we have known that the Diels-Alder cycloaddition reaction between the acetylene and bay-region 

of PAH molecule would be followed by the release hydrogen. This consecutive dehydrogenation 

reaction converts the newly formed cyclic ring into a more conjugated aromatic structure. 

Therefore, the released hydrogen is a promising indicator, showing at what temperature the 

reaction between diphenylacetylene moieties and pitch molecules starts to happen. Figure 3.10 

compares three EGA-MS curves, detecting H2 release, between PE-DPA copolymer with 7.2 

mol% comonomer percentage, pitch (250M), and the mixture of these two components with 1:3 

weight ratio. The mixture was prepared by simply dissolved the two substances in toluene at 90oC 

and then dried at 60oC in vacuum oven. There was no obvious evolved H2 gas observed from two 

raw materials in the temperature range of measurement. For the mixture, the H2 release started at 
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about 250oC and increased exponentially as the temperature rose. Since the dehydrogenation 

happened after the cycloaddition reaction to form aromatic rings, the EGA-MS results imply that 

the starting temperature of the cycloaddition reaction between PE-DPA and pitch (250M) is 

below 250oC. Overall, the experimental results indicate that the DPA moieties located along the 

polymer chain are quite reactive under elevated temperature conditions of more than 200oC. They 

can simultaneously engage in Diels-Alder cycloaddition reactions with themselves and with PAH 

molecules in pitch.   

3.4.2 Preparation and Thermal Conversion of PE-g-Pitch/Pitch Blend Precursors 

As discussed, it is essential to prepare CF precursors with good processibility, without any 

premature cross-linking structure. Thus, during the preparation of PE-g-Pitch precursor by the 

thermal-induced cycloaddition reaction between PE-DPA copolymer and PAH molecules, we 

needed to be very diligent in finding the suitable reaction conditions to avoid the potential self-

cycloaddition reaction between DPA side groups in the PE-DPA copolymer. Table 3.2 

summarizes the preparation conditions of a series of samples, to identify the optimal reaction 

conditions, including the DPA content in the copolymer in mol% and the PE-DPA/pitch weight 

ratios for blending, as well as the specific blending temperature. 
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Table 3.2 A summary of cycloaddition reaction between PE-DPA copolymers and Pitch(250M) 

under various experimental conditions. 

Run Sample 

DPA content in                  

PE copolymer 

(mol %) 

Polymer:Pitch  Mixing  

Temp/Time 

(oC/hr) 
Weight Ratio 

control PE-1/5 0 1:5 310/1 

1 PE-DPA(2.1%)-1/5 2.1 1:5 310/1 

2 PE-DPA (3.2%)-1/5 3.2 1:5 310/1 

3 PE-DPA (7.2%)-1/3 7.2 1:3 310/1 

5 PE-DPA (7.2%)-1/5 7.2 1:5 310/1 

6 PE-DPA (7.2%)-1/10 7.2 1:10 310/1 

7 PE-DPA (7.2%)-1/10-2 7.2 1:10 280/1 

8 PE-DPA (7.2%)-1/10-3 7.2 1:10 250/1 

Based on previous experimental results, showing that Diel-Alders cycloaddition between 

DPA moieties and PAH molecules occur at temperatures above 200oC, and the polycondensation 

reaction between pitch molecules at temperatures above 350oC as discussed in Chapter 1, the 

cycloaddition (grafting) reaction was conducted at 310oC between the PE-DPA copolymer and 

pitch (250M) by heating the mixture in a Brabender with blending for one hour under an N2 

atmosphere with a flow rate of 100 ml/min. To minimize the potential cross-linking reaction 

within the PE-DPA copolymer, the DPA concentration was limited to a small percentage (i.e., 

2.1, 3.2, and 7.2%), and largely excess pitch (PAH) molecules were used in the mixture, as shown 

in Table 3.2. This grafting reaction produces PE-g-Pitch graft copolymer, having a semi-

crystalline PE backbone and some PAH side groups, as well as some excess (ungrafted) pitch 

molecules. It is highly beneficial to have some free ungrafted pitch molecules presented with the 

PE-g-Pitch; they serve as the plasticizer to reduce the overall melt viscosity of PE-g-Pitch/pitch 

blend during the melt-spinning process to form the corresponding fiber. Additionally, pitch is a 

low-cost precursor that is melt-spinnable after reaching its softening temperature. The presence of 

ungrafted pitch in the blend can reduce the precursor cost. As will be discussed later, it is quite 

unexpected to observe this PE-g-Pitch/pitch blend exhibiting higher carbon yield (>70%) than the 
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corresponding starting materials PE-DPA copolymer and pitch, which were also heat-treated at 

310oC for one hour under N2 atmosphere. Figure 3.11 shows several comparative TGA results 

between PE-g-Pitch/pitch blends and their corresponding PE-DPA copolymer and pitch (250M). 

The experiment was focused on the understanding of the most suitable blending condition 

between PE-DPA copolymer and pitch (250M), which can offer the resulting PE-g-Pitch/pitch 

blend with a high carbon yield at 1000oC. 

 

Figure 3.11 TGA curve comparisons of (a) PE-DPA (7.2 mol% DPA content)/pitch (250M) blend 

with 1/5 weight ratio, (b) pitch (250M), (c) PE/pitch blend with 1/5 weight ratio, and (d) PE-DPA 

copolymer (7.2 mol% DPA content). 

Figure 3.11 compares TGA curves of the PE-DPA (7.2 mol% DPA content)/pitch (250M) 

blend with 1/5 weight ratio and its two starting materials, as well as a blend between PE 

homopolymer and pitch (250M) with the same 1/5 weight ratio. All samples were thermally 

treated under the N2 atmosphere at 310oC for one hour before TGA measurements. Both the PE-

DPA copolymer and pitch showed a one-step weight loss curve in the range from ~350˚ to 

~500oC. In contrast, the weight loss of both blend samples exhibited a two-step pattern, with the 

first step at ~350-430oC and the second step at ~430-500oC. This suggests two distinctive weight 
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loss mechanisms that are attributable to the evaporation of pitch molecules with a low molecular 

weight at the lower temperature range and PE backbone decomposition at the higher temperature 

range, respectively. It was a pleasant surprise to observe the significantly higher carbon yield of 

68% for this PE-DPA copolymer/pitch blend than the carbon yield of 42% for a similar PE/pitch 

blend (with the same 1/5 weight ratio but without the reactive DPA moieties located along the 

polymer chain). The carbon yield of the PE-DPA copolymer/pitch blend was also significantly 

higher than those of individual starting materials, pitch (250M) with 52% and PE-DPA 

copolymer with only 12%. Since the PE homopolymer was completely decomposed during the 

pyrolysis at >500oC, the carbon yield of a simple PE/pitch blend was mostly dominant with the 

pitch content in the blend. In other words, two components in this PE/pitch blend independently 

responded to the thermal treatment, without any reaction between them. On the other hand, the 

cycloaddition reactions happened between the PE-DPA copolymer and pitch molecules at <310oC 

(from the result in section 3.4.1) to form a PE-g-Pitch graft copolymer with PAH side groups, 

prior to the first weight loss in the heating range of 350-430oC. Evidently, the grafting reaction 

did happen to reduce the amount of free (ungrafted) small pitch molecules and reduce the weight 

loss to only ~13 wt.% in this heating range. After the temperature reached 430oC, the polymer 

backbone started to engage the thermal transformation accompanied by the further evaporation of 

some ungrafted pitch molecules. The TGA curve shows only about ~10% weight loss in the 

second thermal step (~430-500oC). As will be discussed in the next chapter, when we examine the 

detailed reaction mechanism, the resulting PE-g-Pitch graft copolymer engaged in a 

dehydrogenation reaction along the polymer chain to form a more thermally stable polymer 

structure with extensive π-electrons conjugation. In this temperature range, the isotropic pitch 

molecules also engaged in a polycondensation reaction to form a mesophase pitch structure.13 

Overall, the comparative TGA results indicate the importance of reactive DPA moieties in the 

PE-DPA copolymer, which react with PAH molecules in pitch to transform the copolymer to the 

desirable PE-g-Pitch graft copolymer.   
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Figure 3.12 TGA curve comparisons (top) between three PE-DPA (7.2 mol% DPA content)/pitch 

(250M) blends with (a) 1/10, (b) 1/5, and (c) 1/3 weight ratios and (d) pitch (250M), (bottom) PE-

DPA (7.2 mol% DPA content)/pitch (250M) with 1/10 weight ratio blend prepared at different 

temperature (a) 310oC, (b) 280oC, and (c) 250oC for 1 hour before the TGA measurement. 

The next question is how the blending ratios between the PE-DPA copolymer and pitch 

affect the carbon yield of the blend? As expected, the higher percentage of the low-cost and melt-
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processable pitch in the blend will be the preferred composition. Figure 3.12 (top) compares the 

TGA curves of three PE-DPA (7.2 mol%) copolymer/pitch (250M) blends with 1/10, 1/5, and 1/3 

weight ratios, as well as pitch (250M) reference. All samples were thermally treated with 

blending under an N2 atmosphere at 310oC for one hour to form the PE-g-Pitch structure before 

TGA measurements. In the first weight loss thermal range of 350-430oC, all three blends showed 

very similar weight loss ~13 wt.%, which was significantly lower than that of pitch (250M) 

reference. In the second weight loss thermal range of 430-500oC, the blend with the lowest 

polymer content exhibited the highest weight remaining. Based on the previous result showing 

the PE-DPA copolymer with only 13% carbon yield, it may be logical to think that the higher 

carbon yield of PE-DPA(7%)-1/10 may be due to the lower polymer content. However, 

considering both of the blend samples showed higher carbon yields than pitch 250M, it is clear 

that the stabilization reaction that happened in this temperature range effectively prevented the PE 

backbones from being decomposed.  

Figure 3.12 (bottom) compares the TGA curves of three PE-DPA (7.2 mol%)/pitch (250M) 

blends with 1/10 weight ratio, with blending temperatures of 250o, 280o, and 310oC, respectively. 

It is notable that increasing blending treatment temperature (before the TGA measurement) also 

improved the carbon yield. The results indicate that the reaction temperature between DPA side 

groups and PAH molecules in pitch is more favorable at 310oC in forming the desirable PE-g-

Pitch graft copolymer structure that is essential to this new precursor technology.  

Figure 3.13 shows the TGA comparison of four PE-DPA/pitch (1/5 weight ratio) blends with 

DPA group content of 0, 2.1, 3.2, and 7.2 mol%. The carbon yield keeps increasing with 

functional group content from 0 to 3.2%. However, the difference between 3.2% and 7.2% is very 

small, even with the content of DPA increased to more than double, which may indicate there is 

an upper limit of PAH side groups that are effective in the stabilization/carbonization process of 

PE-g-Pitch.  
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Figure 3.13 TGA comparisons of three PE-DPA/pitch (250M) blends with (a) 7.2 mol%, (b) 3.2 

mol%, and (c) 2.1 mol% of DPA content in the copolymer and (d) PE/pitch (1/5) blend as the 

reference. 

It is interesting to note an important benefit of this PE-g-Pitch precursor technology: It 

does not require the O2 atmosphere for stabilization. The whole stabilization and carbonization 

thermal treatment procedure (Figure.3.5) can be carried out in a one-step continuous manner 

under an inert atmosphere to form the carbon structure. As discussed in Chapter 1, both PAN and 

pitch precursor fibers must be carefully heated at the stabilization temperature <300oC in an air 

(oxygen) environment for facilitating the formation of a network (infusible) structure, before 

high-temperature thermal conversion to the carbon material. In addition to the long stabilization 

time, there are several serious concerns with this O2-treatment procedure. Due to the rapid and 

highly exothermal oxidation reactions, the large amount of heat generated creates difficulty in 

controlling the heating uniformly, and the localized high temperature accelerates more reactions 

and releases more heat. The other major problem is the inhomogeneity of oxygen diffusion from 



92 

the surface to the inner core of the fibers. Even for a PAN fiber with a small diameter of ~5um, 

the outer part of the fiber engages more oxidative stabilization reactions. As a result, hollow CF 

structures can easily form, and only the outer skin has an ultimate mechanical strength. Therefore, 

this new PE-g-Pitch precursor may ease concerns about excess heat generation and oxygen 

diffusion, and a homogeneous CF morphology may be achieved by simply one-step heating under 

an inert atmosphere.  

3.4.3 Melt Rheology of PE-g-Pitch//Pitch Blend Precursors 

As discussed in Chapter 1, processibility is an essential consideration in designing a CF 

precursor. It is highly preferred to have a precursor polymer that is melt-spinnable into precursor 

fiber. The melt-processability and the suitable processing condition can be determined by 

rheological measurement, with loss modulus (G’’), storage modulus (G’), and complex viscosity 

(η*). The comparison of the values G’ and G’’ is one way to characterize the solidification 

behavior of the precursor. The complex viscosity reflects the ability of the precursor to be 

extruded and drawn into fibers. As shown in Figure 3.14, both temperature- and time-sweep 

rheology measurements were conducted to understand the most suitable precursor and conditions 

during the fiber spinning process.  
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Figure 3.14 (a) oscillatory rheology by temperature-sweep measurement of three PE-g-Pitch/pitch 

blends prepared from PE-DPA(7.2mol%)/pitch (250M) blends with 1/10, 1/5, and 1/3 weight 

ratios, (b) time-sweep rheology measurement of the precursor from the PE-DPA(7.2%)/pitch 

(1/10) sample at different temperatures of 320, 340 and 350oC. 
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Figure 3.14 (a) shows the temperature-sweep rheology behaviors for three PE-g-Pitch/pitch 

blends. They were prepared by heating PE-DPA (7.2 mol%)/pitch (250M) blends with 1/10, 1/5, 

and 1/3 weight ratios, respectively, at 310oC for one hour under the N2 atmosphere. The melt 

viscosity of the blend is highly sensitive to the pitch content. At 400oC, the viscosity of the PE-

DPA(7.2%)-1/10 blend was 222.8 Pa.s while the viscosity values of PE-DPA(7.2%)-1/5 and PE-

DPA(7.2%)-1/3 were 6262.8 Pa.s and 29425.8 Pa.s, respectively. Interestingly, the merging of G’ 

and G’’ happened at a low temperature for PE-DPA (7.2%)-1/3 sample with the highest PE-DPA 

copolymer content. From the previous DSC result on poly (4-phenylacetylenyl styrene), it is 

known that the cycloaddition between DPA groups begins at ~170oC. The result here suggests 

that due to the limited dilution by pitch (250M) during the reactive blending process at 310oC, 

some of the DPA groups on polymer chains have experienced self-cycloaddition reaction and 

formed some cross-linked structures in the contest with the grafting reaction between DPA and 

pitch. Though the majority part of the material was still pitch that can be liquefied, the formation 

of the polymer network caused the material to show solid-like behavior, differing from the 

sample with DPA functional groups diluted by a larger quantity of petroleum pitch. For PE-

DPA(7.2%)-1/10 blend, the sample reached its gel point at about 360oC, which is very close to 

the temperature of thermal polycondensation among PAH molecules in pitch. This experimental 

result indicates that PAH side groups in the polymer chain reacted to each other, and generating a 

cross-linking network structure. More details about the cross-linking reaction will be discussed in 

the following time-sweep measurements of this sample. The comparison on the rheological 

behaviors of the blend samples prepared with different weight ratios of starting materials shows 

the importance of mixing PE-DPA copolymer with an adequate amount of pitch (250M) to 

effectively prevent the premature network formation in the produced PE-g-pitch/pitch precursor. 

Meanwhile, the free ungrafted pitch can be used as a plasticizer to control the viscosity of the 

blended mixture during fiber melt-spinning.    
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To further investigate the thermal stability of the PE-g-Pitch/pitch blend, we conducted time-

sweep experiments for the PE-DPA (7.2%)-1/10 sample at three different measurement 

temperatures: 320oC, 340oC, and 350oC as illustrated in Figure 3.14(b). All experiments were 

allowed a waiting time of 1500 seconds before the measurement started to reach homogeneous 

thermal distribution within the whole sample. When it was measured at 320oC, the PE-DPA 

(7.2%)-1/10 sample showed a complex viscosity increment from ~4004 to 7624 Pa.s within 30 

minutes. This increment may be due to the loss of volatile pitch molecules with small molecular 

weight by nitrogen flow at this temperature. But the rheology behavior was different when the 

measurement temperature was changed to 340oC, only 20oC higher than the previous experiment. 

In this case, the complex viscosity showed a larger increment, from 1473 to 32473 Pa.s in 30 

minutes. We also found that a higher temperature could further promote the viscosity increment 

when we repeated the same procedure at 350oC, at which the complex viscosity increased from 

10421 to 223439Pa.s. This suggests that a heat treatment higher than 340oC encourages more 

pitch molecules to react with the polymer side groups, therefore increasing the average molecular 

weight of the polymer portion and reducing the amount of plasticizer within the material, both of 

which can increase the viscosity. As discussed earlier, the cycloaddition between unsaturated 

functional groups and aromatic clusters in pitch has a hindrance restriction that prevents the 

clusters with high molecular weight from becoming reactive, due to their low mobility at 310oC. 

However, when the temperature is increased beyond 340oC, those large free clusters become 

more mobilized and reactive. It also explains why the degree of complex viscosity increment 

starts to increase exponentially as a function of time. Additionally, on the rheology curve of 

heating at 350oC, a clear merging between G’ and G’’ can be found, indicating that the pitch 

molecules bonded to the polymer backbones start to react to each other and form a cross-linking 

network. Overall, the rheology results suggest that the suitable melt-spinning temperature for a 

PE-g-Pitch/pitch precursor prepared from the PE-DPA (7.2%)-1/10 blend sample is in the 320-
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340oC range. The as-spun precursor fiber can be heated at >350oC to form the infusible fiber 

structure (stabilization step) under N2 atmosphere, without the involvement of oxygen. 

3.4.4 Melt-spinning of PE-g-Pitch//Pitch Blend Precursor Fibers 

The PE-DPA (7.2%)-1/10 blend sample, prepared by mixing PE-DPA copolymer with 

7.2 mol% comonomer percentage and pitch (250M) with a 1/10 weight ratio and pre-treated at 

310oC for one hour in N2 atmosphere, was subjected to a melt-spinning process at Oak Ridge 

National Laboratory using a piston fiber extruder through a die with a diameter of 100 um. This 

blend precursor was continuously spun at 320oC. As seen in Figure 3.15 (a), this precursor can be 

wound up by a spin winder at a constant speed. The SEM images in Figure 3.15 (b) show the 

morphology of the as-spun precursor fiber made from PE-DPA (7.2%)-1/10. After spinning, the 

precursor fiber was slightly stretched to a reduced diameter of around 60 μm. The as-spun fibers 

revealed an uneven striated surface with longitudinal ridges oriented along the filament axis, 

indicating some cross-linking reactions might happen during the melt-spinning although the 

network structure had not been formed yet. Additionally, due to a large quantity of pitch in the 

precursor material, the formed precursor fibers are very brittle, and thus could be continuously 

spun for only a short period of 5 minutes on average. 
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Figure 3.15 (a) optical picture and (b) SEM micrograph of as-spun precursor fibers by melt-

spinning of PE-DPA (7.2%)-1/10 blend.  

The as-spun precursor fibers were preliminarily carbonized to 1000oC in an inert atmosphere 

without any mechanical stretching after stabilized at 360oC for 2hours. Figure 3.16 shows the 

SEM micrograph of the resulting carbon fiber. Without mechanical tension, the fiber diameter 

almost remained the same before and after carbonization, and the pores created by the involuting 

gases could not be healed. Many pores are obviously present on and beneath the fiber surface. 
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Figure 3.16 SEM micrograph of carbon fiber by melt-spinning of PE-DPA (7.2%)-1/10 blend. 

3.4.5 Carbon Structures Resulted from PE-g-Pitch//Pitch Precursors 

The resulting CFs were characterized by XRD and Raman spectroscopy to determine 

their graphitic structure. Figure 3.17 (top) compares XRD patterns for several carbon materials 

obtained from PE-DPA (7.2%)-1/10 by conducting carbonization at five different temperatures, 

including 800oC, 1100oC,1400oC, 1700oC, and 1900oC, respectively, under N2 atmosphere. Figure 

3.17(bottom) shows Raman spectra of the same set of carbon materials, using visible light with a 

wavelength of 532 nm. Figure 3.18 summarizes the values of carbon interlayer d-spacing (002), 

the stacking height (La), and lateral size (Lc) of the crystallite, calculated according to Bragg’s 

Law and the Scherrer formula, and the Raman peak intensity ratio between D and G bands versus 

carbonization temperature. 
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Figure 3.17 (top) XRD and (bottom) Raman spectra of carbon products prepared from PE-DPA 

(7.2%)/pitch (250M) 1/10 blend at carbonization temperature of 800oC, 1100oC,1400oC, 1700oC, 

and 1900oC, respectively.  
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Figure 3.18 Plots of (a) d-spacing (002), (b) lateral size (Lc), (c) stacking height (La) of the 

crystallite, and (d) the peak intensity ratio between D and G bands in Raman spectra vs 

carbonization temperature. 

The PE-DPA (7.2%)-1/10 blend was subjected to heat treatment under temperatures reaching 

1900oC. As shown in Figure 3.16, when the carbonization temperature was increased from 800oC 

to 1400oC, the d (002) value first increased slightly from 0.3675 nm to a larger spacing of 

0.3691nm, then decreased back to 0.3673 nm. The d-spacing increment between 800oC and 

1100oC is due to the release of hydrogen still occurring at this temperature range, therefore 

interrupting the stacking of graphite layers. As the temperature increased to 1700oC and 1900oC, 

the d spacing reduced dramatically to 0.35 nm and 0.3479 nm, respectively, indicating that the 

carbon layers transformed from a disordered turbostratic structure to a more ordered graphite-like 

structure. Both the lateral size La and stacking height Lc of PE-DPA (7.2%)-1/10 showed 
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exponential growth between 800oC and 1900oC. The sample carbonized at 1100oC showed Lc of 

1.3080 nm, which is similar to the stacking height of a carbonized PAN precursor fiber of 1.3 nm 

at this temperature, while its La of 4.2717 nm is higher than the 2.3 nm in PAN.158,159 This could 

be a result of the high content of aromatic structure in PE-g-Pitch/pitch blend promoting the 

growth of carbon layers in the layer plane direction, while the small content of polymer chains 

disturbs the packing of these layers in the normal direction.  

All Raman curves had two peaks located at 1356 cm-1 as D band and 1600 cm-1 as G band, 

which reveals these carbonized samples have a graphite-like structure. The peak intensity ratio 

between D and G bands (I(D)/I(G)) showed a significant reduction from 800-1900oC. These results 

indicate that the regularity of carbon layer structure improves and defects within the structure 

reduce with higher heat treatment in this temperature range. 

3.5 Conclusion  

The primary objective of this study was to develop a new type of CF precursor to replace 

the conventional PAN precursor, which forms CFs with a high cost and low carbon yield. We 

designed a new PE-g-Pitch precursor that was prepared from a mixture of PE-copolymer with 

some reactive side groups (i.e., PE-DPA copolymer) and petroleum pitch (i.e., pitch 250M). We 

systematically studied the preparation, processibility, and thermal transformation behaviors of a 

series of precursor compositions. We identified a PE-g-Pitch/pitch blend precursor, prepared by 

heating a PE-DPA (7.2 mol% DPA content)/pitch (250M) mixture with 1/10 weight ratio at 

310oC for one hour under N2 atmosphere; this showed the highest carbon yield of ~73% among 

all of the prepared samples in different mixture ratios. It is ~21% higher than petroleum pitch 

250M and ~60% higher than PE-DPA (7.2mol%) copolymer, both of which were the starting 

materials to prepare this precursor. In oscillatory rheology measurements of several PE-g-
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Pitch/pitch blends, we found that the mixing ratio had a considerable effect on the viscosity and 

solidification temperature. When mixing PE-DPA (7.2%) copolymer with a greater amount of 

petroleum pitch, the as-prepared PE-g-Pitch/pitch blend precursor showed a higher solidification 

temperature and lower viscosity, which makes it more favorable for the fiber spinning process. 

We also observed that the viscosity of this precursor showed a rapid increase with liquid-like 

behavior maintained before reaching the solidification point. These results indicate that the 

molecular weight of the polymer portion increases due to the continuous incorporation of free 

pitch molecules into pitch-like side groups. The PE-DPA (7.2%)-1/10 precursor was carbonized 

at different temperatures up to 1900oC. From XRD and Raman spectroscopy, we observed that 

both the carbon crystal layers’ size and the amount of stacking increased and the structure had 

fewer defects with a higher carbonization temperature. Even with pitch as a major component 

when carbonized at 1100oC, the carbon structure had d002 and Lc values close to those of a PAN-

based CF treated at the same temperature, but with a much higher La. This comparison also 

indicates that the incorporated pitch molecules in the polymer chain continue the 

polycondensation reaction during the entire heating process. However, the existence of the PE 

portion prevents these condensed pitch molecules from stacking regularly like pure PAH. By 

using a piston extruder, PE-DPA (7.2%)-1/10 was successfully spun to precursor fibers that can 

be wound up using a spin winder at a constant speed. However, the as-spun fibers revealed an 

uneven striated surface with longitudinal ridges oriented along the filament axis due to the 

inevitable premature cross-linking reaction that happened during the sample preparation although 

the DPA content had been diluted by the ungrafted pitch. Additionally, the large quantity of pitch 

in the precursor material resulted in the precursor fibers that were very weak and brittle and could 

be continuously spun for only a short period. 

 

 



103 

Chapter 4 

Mechanistic Study of Thermal Transformation from Polyethylene-graft-Pitch 

to Carbon Materials 

4.1 Introduction 

In Chapter 3, I have discussed a new class of PE-g-Pitch/pitch blend precursors that not 

only offer high carbon yield (>70%) in a one-step heating process under N2 atmosphere but also 

are melt-processable to form the precursor fibers. The combination provides a potential new 

approach for preparing low-cost carbon fibers (CFs). Evidently, the graft copolymer PE-g-Pitch 

plays a key role in the whole carbon conversion mechanism. We have postulated several likely 

thermally induced chemical reactions during the transformation process. However, the reaction 

mechanism details for the stabilization are still not clear, and we especially need to better 

understand the main functions of PE-g-Pitch graft copolymer with the structural characteristics 

that are essential in designing polymer blend precursors. In this chapter, I will focus on the 

thermal transformation reactions in the pure PE-g-Pitch graft copolymer with all the un-grafted 

pitch molecules removed from the corresponding polymer blend. The experiments will involve 

the preparation of a series of pure PE-g-Pitch graft copolymers and an analysis of their thermal 

conversion reactions, especially the reactions during the stabilization step.  

To investigate the stabilization mechanism, we used numerous scientific approaches, 

including TGA, DSC, XRD, solid-state cross-polarization magic angle spinning Carbon-13 

nuclear magnetic resonance (CP-MAS 13C NMR), and EGA-MS—to characterize and analyze the 

thermal degradation behavior and transformation of the chemical and bulk structure during heat 

treatment at different temperatures.   
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4.2 Experimental Section 

4.2.1 Characterization 

Liquid state 1H NMR spectra were obtained by using Bruker AV 300 at 90oC. CP-MAS 13C 

NMR spectra were obtained by using a Bruker Avance-III-HD ss500 at room temperature with 

magic angle spinning (MAS). The sample was first grounded into a fine powder using a mortar 

and then loaded into a ZrO2 rotor. The spinning frequency applied was 10000 Hz and the number 

of scanning was 12000. Matrix-assisted Laser Desorption/Ionization Time of Flight Mass 

Spectrometry (MALDI-TOF-MS), were performed on a Bruker UltrafleXtreme instrument. TGA 

measurements were conducted on an Sdt-600 (TA Instruments). Around 10 mg of sample was 

loaded into the sample pan and heated at a rate of 10oC/min in the N2 atmosphere with a gas flow 

rate of 50ml/min. EGA-MS measurement was conducted on a TA TGA5500 with a mass 

spectrometer in argon with a heating rate of 10oC/min and a flow rate of 25ml/min. The weight of 

the sample was fixed to be 15mg on each measurement. XRD measurements were applied on 

samples in powder form and conducted on a Panalytical XPert Pro MPD theta-theta 

Diffractometer from Malvern at 40 kV and 40 mA with Cu K(α) radiation λ = 0.15418 nm. 

Diffraction patterns were recorded on a 0.8 collimator, with an oscillation of the samples between 

10 and 80° and an imaging plate detector. The scan rate was 0.2°/min with an interval of 0.045°. 

4.2.2 Materials 

4-Bromostyrene (TCI) was vacuum distilled after drying overnight by CaH2. MMAO-12 

7% toluene solution (Sigma Aldrich) was dried by vacuum at 50oC to become white powders. 

AIBN (Sigma-Aldrich), CuI (Sigma-Aldrich), Bis(triphenylphosphine) palladium (II) dichloride 

(Sigma-Aldrich) phenylacetylene (TCI), diisopropylamine (Sigma Aldrich), and 
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[(C5Me4)SiMe2N(t-Bu)]TiCl2 (Boulder Scientific) were used as received. Toluene (Wiley 

Organics) was purified via the Grubbs type solvent purification system. Petroleum pitch (250M) 

with a softening temperature of 250oC were kindly provided by Rutgers Basic Aromatics GmbH. 

4.2.3 Copolymerization of Ethylene and 4-Bromostyrene  

A typical copolymerization reaction was conducted in a Parr 500ml stainless autoclave 

equipped with a mechanical stirrer. The reactor was firstly charged with 220ml of toluene, a 

certain amount of 4-bromostyrene (run 1: 5.5ml, run 2: 3ml, run 3: 1ml), and 10ml of 20wt.% of 

methylaluminoxane (MAO) solution in toluene, with argon protection and stirring. Then, the 

solution was saturated with 50 psi ethylene at 40oC. To the mixture, 1.1 ml of [(C5Me4) 

SiMe2N(t-Bu)] TiCl2 solution in toluene (20umol/ml) was injected into the reactor to initiate the 

reaction. After 1 hour, ethylene was replaced by argon and the reaction was terminated by adding 

30ml of isopropanol. The solution mixture was then poured into 600ml of diluted HCl solution of 

methanol. The resulting poly(ethylene-co-4-bromostyrene) (PE-BrSt copolymer) was isolated by 

filtration and was washed with 200ml of methanol 3 times before drying in a vacuum oven 

overnight at 60oC. The comonomer percentage (BrSt mol%) of product from each run was 

determined by 1H NMR (run 1: 6.2%, run 2: 3.2%, run 3: 1.4%) 

4.2.4 Synthesis Poly(ethylene-co-4-phenylacetylenyl Styrene) 

In a typical reaction, 5 g of PE-BrSt copolymer from the previous reaction was initially 

dissolved in 230ml of toluene in a 500ml three-neck round bottom flask with a condenser under 

90oC in a nitrogen atmosphere. Then 0.1g of CuI, 0.2g of Bis(triphenylphosphine) palladium (II) 

dichloride, and phenylacetylene (3 × BrSt mol%) were added into the flask. The reaction was 

initiated by adding 25ml of diisopropylamine drop-wisely by using a dropping funnel. After 96 
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hours, the solution mixture was poured into 600ml of saturated ammonium chloride/methanol 

solution with vigorous stirring. The polymer product (PE-DPA copolymer) was dissolved in 

toluene and precipitated in methanol until the liquid portion became colorless. 

4.2.5 Preparation of Toluene-soluble Pitch  

A Soxhlet extraction apparatus was applied to extract the toluene-soluble portion from 

petroleum pitch 250M. It consists of a still pot containing solvent and a stir bar, a distillation path, 

a Siphon top and exit, a cone-shape filter paper with 8um hole size as sample holder, and a 

condenser with cool water flowing through. The solvent in the still pot used in this study was 

toluene and it was heated by an oil bath at 140oC. The temperature of the distilled solvent 

surrounding the sample holder was measured by a thermocouple and the value was 65oC. The 

collected solution was firstly dried with air-flow at 100oC and then dried in a vacuum oven at 

100oC overnight. The product 250M(S) has an average molecular weight of 567.86 g/mol and a 

carbon yield of about 44% in N2 at 900oC, determined by MALDI-TOF-MS and TGA, 

respectively.    

4.2.6 Preparation of PE-g-Pitch//Pitch Blend  

PE-DPA copolymer and 250M(S) were first dissolved in toluene with 5 wt.% 

concentration at 90oC in a 600ml beaker. Then, at the same temperature, the prepared 

homogeneous solution was dried with vigorous stirring under an airflow until it became a slime-

like product that contained 20% toluene. The mechanical blending of the slime-like product was 

conducted in a twin-screw blender with nitrogen flowing through the system all the time with a 

flow rate of 100ml/min. This system has three thermocouples located at the outer cover, sample 

chamber, and inner wall to have a close monitor on temperature control. The heating rate was set 
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to 10oC/min for all experiments.  Argon flows in the system through a rubber tube that is inert to 

a high temperature to create an air-free environment during mixing. When finished heating, the 

sample chamber was cooled down at a cooling rate of 10oC/min. After blending, all collected PE-

g-Pitch/pitch blend samples were grounded into a form of powders by mortar.  

4.2.7 Free Pitch Removal from PE-g-Pitch/Pitch Blend 

To remove the unreacted pitch from the PE-g-Pitch/pitch blend mixture, the same Soxhlet 

extraction set-up was utilized as the one we used to prepare the toluene-soluble pitch 250M(S). 

The as-prepared product was washed with hot toluene for 24 hours until the liquid in the sample 

chamber (after washing) became colorless. The remaining product was then washed by stirring in 

toluene at 65oC and centrifuged to ensure no unreacted pitch remained in the product. 

Subsequently, the solid product was washed with hexane and dried at 100oC in a vacuum oven for 

12 hours to obtain pure PE-g-Pitch graft copolymer.  

4.2.8 Heat Treatment of Pure PE-g-Pitch Graft Copolymer 

The heat treatment of PE-g-Pitch was conducted in a Lindberg/Blue M single-zone tube 

furnace. In the beginning, the sample was loaded on a boat-shaped ceramic crucible before 

putting into the glass tube in the furnace. Then, one of the tube ends was sealed by a glass 

stopper, while the other end was connected to a vacuum line. The tube was vacuumed and refilled 

with argon by three times before applying heating to the target temperature at the rate of 

10oC/min. 
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4.3 Results and Discussion 

4.3.1 Proposed Stabilization Mechanism 

As discussed in Chapter 1, prior studies have revealed the importance of the stabilization 

process for a CF precursor; this process directly affects the subsequent carbonization behavior. 

For PAN precursor fibers, their stabilization under an O2 atmosphere involves a series of 

reactions, including cyclization and dehydrogenation, which transform a linear polymeric 

structure to a π-electron conjugated ‘ladder’ structure. In the sulfonated PE fiber case, the 

treatment of PE fibers with excess sulfonation agents can generate a partially conjugated alkene 

structure along the PE backbones. Additionally, the saturated portion on sulfonated PE’s 

backbones can be continually converted to more alkenes by the sulfonic groups during the 

heating. From the study in Chapter 2, we also found that the polyacetylene derivatives poly (PA-

PA) with a complete π-electron conjugated structure can achieve a high carbon yield of ~75%. 

All of these studies imply that the formation of a highly conjugated structure during the 

stabilization step is essential for effectively converting the precursor to carbon materials. 

The prior studies also give us an insight into the stabilization mechanism of PE-g-Pitch 

graft copolymers that are composed of a PE backbone and many pitch-like pendant groups with 

the structure of a polycyclic aromatic hydrocarbon (PAH). As discussed, the PAH side groups can 

easily be converted to carbon via a thermodynamically driven polycondensation reaction at high 

temperature. By contrast, the PE backbone with -CH2-CH2- repeat units must transform to a more 

stable π-electron conjugated structure for a successful carbon conversion. Otherwise, they would 

be broken into small and volatile fragments via thermal cleavage starting at ~450oC, even in an 

inert atmosphere. 
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Figure 4.1 General equation of elimination reaction. 

The transformation mechanism from alkanes to alkenes is well known. The most common 

alkene-forming chemistry is the elimination reaction (Figure 4.1) with the bond breakages of C-A 

and C-B and the formation of a double bond between the two carbons. In most cases, either A or 

B is a hydrogen atom, and the other is a leaving group. In the case of the elimination of 

haloalkane, for example, the electron pairs break between halogen (X) and carbon and form X- as 

a result. The X- can combine with the proton with a positive charge released from the adjacent 

carbon, while the double bond is formed between the two carbons via either the E1 or E2 

mechanism. However, for the PE-g-Pitch that is considered to be pure hydrocarbons, there are 

only hydrogens bonding to the carbons. Therefore, a more likely route for transforming alkane on 

PE-g-Pitch to alkene structure is via dehydrogenation. This is commonly used in the chemical 

industry as a value-added method for converting the abundant and inexpensive alkanes to more 

valuable alkenes. Dehydrogenation of alkanes is a highly endothermic process due to the high 

positive enthalpy of reaction. The dehydrogenation of isobutane and cyclohexane (Figure 4.2), for 

example, has a △Hr
o of 118KJmol-1.160 Additionally, the dissociation energy of the C-C bond 

(~246kJ/mol) is lower than C-H (~363kJ/mol); as a result, the dehydrogenation cannot be carried 

out thermally in most cases without cracking the hydrocarbons.161 Therefore, catalytic 

dehydrogenation is usually applied on the large-scale conversion by using Pt-based catalysts to 

activate C-H bonds, coupled with a deactivated effect for the breakage of C-C bonds.161–163    
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Figure 4.2 Nonoxidative dehydrogenation of (left) isobutane and (right) cyclohexane.160 

Compared to typical alkanes such as isobutane and cyclohexane, PE-g-Pitch has highly π-

electron conjugated side groups in the form of PAH connecting to its alkane portion. The energy 

of C-H bonds on α-carbons connecting to these side groups can be reduced dramatically, causing 

these C-H bonds to break more easily and generate free radicals at a high temperature. The 

formed free radicals on α-carbons can be stabilized by the resonance effect from the highly 

conjugated side groups, as well as by the hyperconjugation effect from the adjacent -CH2- repeat 

units. After the formation of a tertial free radical on α-carbon, due to the driven force to form a 

more stable structure thermodynamically, the C-H bonds on β-carbon are affected by the 

extended conjugation effect on α-carbon, and tend to break as a result, generating a double bond 

and hydrogen molecules. Because of the nature of the linear polymeric structure of PE-g-Pitch 

backbones, the conjugation system can be extended to the next carbon once the new double bond 

is formed, therefore promoting the formation of the other double bonds as a chain effect. This is 

shown in Figure 4.3.    

 

Figure 4.3 Proposed stabilization mechanism of PE-g-Pitch backbone via dehydrogenation.  
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4.3.2 Synthesis of Pure PE-g-Pitch Graft Copolymer 

 As discussed in the experimental section, to prepare pure PE-g-Pitch graft copolymer, we 

first blended functionalized PE-DPA copolymers containing diphenylacetylenyl (DPA) side 

groups with an excess amount of toluene-soluble pitch 250M(S) in an inert gas environment by 

heating. After the grafting reaction, the unreacted toluene-soluble pitch was completely removed 

by Soxhlet extraction. Table 4.1 summarizes the reaction condition for preparing the three pure 

PE-g-Pitch graft copolymers that were used in this study.  

Table 4.1 Blending conditions in the preparation of PE-g-Pitch graft copolymers. 

Graft 

Copolymer 

Blending Condition 
b Weight 

Remain after 

Extraction 

(%) 

PE-DPA/250M(S) 

(wt/wt) 

a DPA mol% in 

the copolymer 

Tblend  

(oC) 

tblend  

(hr) 

PE-g-Pitch-1 1/10 6.2 310 1 21.8±1.7 

PE-g-Pitch-2 1/10 3.2 310 1 19.6±1.1 

PE-g-Pitch-3 1/10 1.4 310 1 13.2±2.3 

a DPA mol% was determined by 1HNMR. b Weight remain% was calculated by the weight of collected PE-g-Pitch 

divided by the origin weight of PE-g-Pitch/pitch blend 

 

The yields for all PE-g-Pitch graft copolymers after purification are significantly larger than 

the starting PE-DPA copolymer (only about 9% in the mixture); this suggests that an effective 

grafting reaction happened at 310oC. The weight percentages of both the PE-g-Pitch-1 and PE-g-

Pitch-2 graft copolymers doubled from their original values, both with nearly 1/1 weight ratio 

between the PE backbone and grafted PAH pendant groups; even the starting PE copolymers have 

only 6.2 and 3.2 mol% DPA functional groups, respectively. As mentioned in Chapter 3, the 

acetylene species within DPA side groups can act as dienophile active sites, initiating a Diels-Alder 

type thermal cycloaddition reaction with bay-regions of petroleum pitch molecules that contain a 

large number of dienes systems. It appears that the DPA side groups in the copolymer react with 

PAH molecules in pitch to form the PE-g-Pitch structure with PAH molecules incorporated into 

the side groups. Based on Flory theory, the crystallization ability of the polymer chain of a 

copolymer is controlled by the branch density, instead of the size of the side groups.164 Thus, the 
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resulting PE-g-Pitch should maintain the same semi-crystalline morphology, and the PE 

crystallinity can act as a physical cross-linker during the purification. With the well-controlled 

temperature, PE-g-Pitch would not be removed by Soxhlet extraction, as pitch 250M(S) would be.  

4.3.3 Thermal Conversion of PE-g-Pitch Graft Copolymer 

The resulting pure PE-g-Pitch graft copolymers were then examined by a combination of 

TGA and DSC measurements. Figure 4.5 compares TGA curves between PE-g-Pitch-1 with its 

two starting materials, including PE-DPA copolymer with 6.2 mol% DPA comonomer content 

and toluene-soluble pitch 250M(S), under N2 atmosphere. Both PE-DPA copolymer and pitch 

250M(S) show weight loss beginning at about 350oC. On the other hand, the PE-g-Pitch-1 shows 

higher thermal stability with a single-step weight loss initiated at 420oC, indicating not only that 

the excess pitch has been completely removed but also that the PAH side groups transform the 

polymer backbone to a more stable form by increasing the bond energy during the stabilization 

step. Besides the higher initial weight-loss temperature, PE-g-Pitch-1 also offers a significantly 

higher carbon yield of 61.8% at 1000oC, which is much higher than pitch 250M(S) and PE-DPA 

copolymer, which show a carbon yield of 44.4% and 12.5%, respectively. 
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Figure 4.4 TGA curve comparisons of (a) PE-DPA copolymer (6.2 mol% DPA content) (b) pitch 

250M(S), and (c) PE-g-Pitch-1 prepared from 250M(S) and PE-DPA copolymer (6.2 mol% DPA 

content). 

As discussed, the pristine PE polymer is completely decomposed with 0% carbon yield at 

temperatures above 500oC in the noble gas environment.165,166 By contrast, the incorporation of 

PAH side groups to the PE backbone of PE-g-Pitch graft copolymer dramatically increase its 

carbon yield. This suggests that PE-g-Pitch can engage a specific stabilization reaction (discussed 

later) that increases the thermal degradation temperature. The stabilized structure allows the 

polycondensation reaction to occur between the pendant PAH groups, resulting in the enlarged 

and more stable PAH structure. Another potentially useful finding is that PE-DPA copolymer can 

also be converted to carbon, although the conversion yield is much lower. This result suggests 

that these DPA side groups can only partially stabilize this copolymer at high temperatures. But 

this stabilization effect is limited compared to the one in PE-g-Pitch, a result of the smaller PAH 

structure in the DPA group that is less π-electron conjugated than the PAH groups.   
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Figure 4.5 TGA curve comparisons of PE-g-Pitch samples prepared from 250M(S) and PE-DPA 

copolymer with comonomer percentage of (a) 1.4 (b) 3.2 (c) 6.2 mol%. 

Another important question is how the content of side groups affect the stabilization. 

Figure 4.6 shows the TGA curves for PE-g-Pitch graft copolymer with various content of pitch-

like side groups. As the side group content of starting PE-DPA copolymer increases from 1.4% to 

3.2%, the carbon yield of the resulting PE-g-Pitch sample increases dramatically from 27% to 

57%. However, a further increase in the side group content from 3.2% to 6.2% results in an 

additional increment in carbon yield of only about 9%, which indicates that the stabilization effect 

from pitch-like side groups is becoming smaller. Based on the proposed stabilization mechanism, 

one pitch-like side group can induce dehydrogenation of multiple adjacent -CH2-CH2- units and 

form a stable -electron conjugated sequence. It is reasonable to consider that a maximized 

stabilization effect can be achieved with a certain value of side group content. Therefore, the 

effect of stabilization would decrease as the side group content begins to exceed that value. 
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4.3.4 Stabilization Reaction of PE-g-Pitch Graft Copolymer 

The TGA results discussed in the previous section prompt us to further investigate the 

details of stabilization reactions. A combination of DSC, XRD, CP-MAS 13C NMR, and EGA-

MS measurements was used to analyze the thermal degradation behavior and transformation of 

the chemical structure and bulk structure during heat treatment at different temperatures.  

As mentioned in Chapter 2, one of the structural criteria for a precursor to be converted 

successfully to carbon is the formation of a π-electron conjugated network structure in the form of 

PAH during the stabilization step. For a semi-crystalline PE-g-Pitch graft copolymer, the 

formation of a network structure would prevent the polymer chains from effective packing by 

limiting the chain movement, hence reducing its degree of crystallinity. To investigate this 

process, DSC was applied on PE-g-Pitch-1 heated to different temperatures—300oC and 400oC—

with two measurement cycles, as shown in Figure 4.7. All samples were heated to 150oC with a 

heating/cooling rate of 10oC in N2 to remove thermal history before the measurements. For the 

sample heated to 300oC (Figure 4.7a), the curve slope remained constant and no obvious 

difference was observed between the first and second cycles, indicating that no chemical reaction 

occurred during this process. As the temperature was further increased toward 400oC (Figure 

4.7b), an exothermic reaction was found starting at approximately 310oC, attributed to the 

formation of a more stable structure in a lower energy state. The heating also reduced the melting 

and crystallization enthalpy in the second cycle compare to the first. There are several possible 

reasons for this phenomenon. The first is the cleavage of the PE backbone; however, this is most 

unlikely, as the thermal decomposition is very limited at this temperature range from the TGA 

result. The second possible reason is the cross-linking reaction between pitch-like side groups, 

which limits the mobility of the PE backbone. Because the polycondensation reaction between 

pitch molecules starts at about 350oC, it is reasonable to consider this as one of the factors. A 

third reason could be that the chemical structure of the PE backbone portion was changed during 
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heating before decomposition could occur, thus resulting in the less flexible polymer chain of the 

derivative of PE-g-Pitch structure.    

 

Figure 4.6 DSC curves of PE-g-Pitch-1 heated to (a) 300oC and (b) 400oC with the 

heating/cooling rate of 10oC/min in N2 atmosphere. 
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Figure 4.7 XRD comparisons of PE-g-Pitch-1 heat-treated at different temperature of (a) 310oC 

(b) 380oC (c) 400oC (d) 420oC and (e) 440oC for 1 hour. 

The thermal transformation of PE-g-Pitch morphology during the stabilization process was 

determined by XRD technique. Figure 4.8 compares the XRD reflection patterns of PE-g-Pitch-1 

graft copolymer heated at different temperatures for one hour, which reveals how the average 

bulk structure changes during the thermal stabilization. All samples except the one heated to 

440oC show two distinct peaks, one at 2θ = 21-22o and another at 2θ = 23.5-24o, corresponding to 

the (110) and (200) diffractions related to the orthorhombic crystal structure of the PE chain.167 

For the samples treated at 310oC and 380oC, there is no obvious difference in the peak intensity 

and location, except the appearance of a ramp ranging from 25o to 30o. For the sample treated at 

400oC, a broad peak can be found centered at 2θ = 24-25o, corresponding to (002) diffraction 

related to the presence of microcrystalline in a mostly amorphous carbon material. When the 

temperature was increased to 420oC, (110) and (220) PE peaks were reduced, then completely 

disappeared at 440oC. The comparison of XRD spectra suggests that there is a chemical 
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transformation within PE-g-Pitch from 380o to 440oC that diminishes the effective packing of PE 

chains to generate crystallinity. Besides supporting the result from the DSC measurement, the 

comparison also provides evidence that the polycondensation reactions start to happen between 

PAH side groups to generate a planar carbon-like structure at about 400oC, which is reflected as 

the broad peak centered at 2θ = 24-25o. 

 

Figure 4.8 Solid State CP-MAS 13C NMR spectrums of PE-g-Pitch-1 heat-treated at different 

temperatures of (a) 310oC (b) 380oC (c) 400 oC (d) 420oC and (e) 440oC for 1 hour. 

Although the DSC and XRD show the temperature range of stabilization reactions and the 

change in the bulk structure of PE-g-Pitch during thermal stabilization, the difference in the 

chemical structure before and after stabilization is still unclear. To understand the chemical 

structure transformation during the thermal stabilization process, the same set of PE-g-Pitch-1 

graft copolymer samples heated at different temperatures for one hour were also monitored by 

solid-state CP-MAS 13C NMR. Figure 4.9 compares their 13C NMR spectra. For the samples 

heated to 310, 380, and 400oC, they all show a sharp peak center at 29 ppm corresponding to the 

aliphatic region of saturated PE backbones, and a broad peak at 130ppm attributable to the side 
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groups with polyaromatic structure. As the heat treatment temperature increased to 420oC, there is 

an obvious reduction in PE peak as the unsaturated hydrocarbons dominate the structure. At 

440oC, there is only one major peak on the spectrum, with two sidebands located at 50ppm and 

200ppm. This suggests that all PE carbons have been turned to unsaturated hydrocarbons.  

Previous studies have shown that for pristine PE, only small char formation and alkene 

transformation happen at 450oC, while its cyclization and aromatization take place at around 

500oC.168,169 Therefore, most PE repeat units should remain at 440oC in the form of saturated 

hydrocarbons. However, there is no such peak found on the NMR spectrum corresponding to the 

saturated hydrocarbons in PE-g-Pitch heat-treated at 440oC, which suggests that the hydrocarbons 

were converted to the other structure at this temperature. As the chemical shifts of most of 

unsaturated carbons locate in the range of 120-140 ppm, this structural transformation could be 

mostly a result of the linear PE backbone changing to cis- and trans- (CH)x polyacetylene-like 

structures that have a chemical shift at 129 and 139ppm respectively.170 

The byproduct analysis can further illuminate the key transformation from alkane to alkene 

structure in PE-g-Pitch, with hydrogen gas evolution during the proposed stabilization step. 

Therefore, the chemical species released during the heating were determined by EGA-MS. Figure 

4.10 compares the EGA-MS results, targeting the released H2 (2 AMU), between the PE-g-Pitch-

1 copolymer and its starting PE-DPA copolymer with 6.2mol% comonomer percentage and pitch 

250M(S). They were heated from 320 to 420oC and kept at 420oC for one hour. From the EGA-

MS results, pitch 250M(S) shows a much lower H2 evolution compared to the PE-g-Pitch sample, 

indicating the majority of dehydrogenation reactions happened on the PE backbone. The massive 

amount of H2 gas released in PE-g-Pitch starts at 380oC, followed by an exponential increase as 

the temperature goes higher. This suggests an acceptor-less dehydrogenation reaction happened in 

this temperature range. It also explains how the saturated hydrocarbons in PE-g-Pitch turn to an 

unsaturated alkene structure before the major weight loss begins. The corresponding PE-DPA 
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copolymer also shows that H2 evolved in a similar temperature range but with much less 

intensity. As mentioned in the TGA results, PE-DPA copolymer can also be converted to a small 

amount of carbon material with its smaller side groups. The comparison here indicates that the 

degree of the dehydrogenation reaction along the PE backbone is proportional to the level of -

conjugation on the side groups of the PE copolymers.    

 

Figure 4.9 EGA-MS spectra on H2 evolution of PE-g-Pitch-1, PE-DPA copolymer with 6.2mol% 

comonomer percentage, and Pitch 250M(S) heated from 320-420oC, and stayed at 420oC for 

1hour. 

4.4 Conclusion 

In this study, we start with the preparation of a series of pure PE-g-Pitch graft copolymers, 

which involves the grafting reaction of PE-DPA copolymer with toluene-soluble pitch molecules 

at 310oC for one hour under N2 atmosphere and the subsequent solvent extraction to remove 
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ungrafted pitch molecules. The experimental results indicate that each DPA side group in the PE-

DPA copolymer reacts with PAH molecules in pitch at this temperature to form the PE-g-Pitch 

graft structure that has multiple incorporated PAH molecules in each side group. The research 

then focused on understanding the stabilization mechanism during the thermal transformation of 

the resulting PE-g-Pitch graft copolymer to the carbon material. We conducted a systematic, side-

by-side comparison between the PE-g-Pitch graft copolymer and its two starting materials: PE-

DPA copolymer and pitch, by using the combination of TGA, DSC, XRD, CP-MAS 13C NMR, 

and EGA-MS monitoring techniques. Based on this comparison, we concluded that the 

stabilization mechanisms are centered in two reactions, including a cross-linking reaction 

between PE-g-Pitch polymer chains and the dehydrogenation of PE polymer to form a -electrons 

conjugated chain (similar to polyacetylene), as illustrated in Figure 4.11. 

 

Figure 4.10  Proposed chemical structural transformation of functionalized PE copolymer and 

petroleum pitch to stabilized PE-g-Pitch. 

In summary, we have observed a new stabilization mechanism for a PE-g-Pitch graft 

copolymer that can offer a carbon yield of 61.8% at 1000oC. We found that the highly π-electron 

conjugated side groups in the PE-g-Pitch graft copolymer promote the dehydrogenation of 

saturated hydrocarbons along polymer chains at temperatures greater than 380oC. The initial 

formation of one double bond adjacent to the side group further extends to the entire polymer 
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chain, to form the complete -electrons conjugated polymer chain with higher thermodynamic 

stabilization. Additionally, a network structure is formed in PE-g-Pitch at the temperature range 

of 310o-400oC by the condensation reaction between pitch-like side groups. Therefore, the carbon 

yield of PE-g-Pitch is increased by the collective effect of these two stabilization processes.  
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Chapter 5 

Synthesis and Evaluation of Polyethylene-graft-Pitch Precursors Prepared by 

Cycloaddition between Pitch and Poly(ethylene-co-4-bromostyrene) Prepared 

by Direct Polymerization Method 

5.1 Introduction 

In Chapter 3, I introduced our strategy that uses excess pitch as a solvent to limit the self-

cycloaddition (cross-linking) reactions between diphenylacetylenyl (DPA) side groups in the 

PE-DPA copolymer, hence allowing the cycloaddition reaction to happen between DPA and 

pitch to generate the uncross-linked and processible PE-g-Pitch graft copolymer. However, the 

SEM images suggest that the formation of a cross-linked network is still taking place during the 

blending, due to the low thermal energy required for these self-cycloaddition reactions between 

DPA side groups in the PE-copolymer. Therefore, the next step of our study is to find a type of 

PE copolymer with the specific side groups that are reactive to the polycyclic aromatic 

hydrocarbon (PAH) molecules in petroleum pitch, but without the self-cycloaddition reactions 

that result in the unfavorable cross-linked network during the preparation step of PE-g-Pitch 

graft copolymer.  

 

Figure 5.1 The electron density distribution affected by the inductive effect and resonance effect 

on bromostyrene. (o: ortho, m: meta, p: para) 
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As mentioned, petroleum pitch is a mixture of PAH molecules with electron-rich diene 

systems, and hence can undergo a Diels-Alder type cycloaddition with chemical species 

containing dienophiles. Therefore, we investigated poly(ethylene-co-4-bromostyrene), 

shortened as PE-BrSt copolymer, in the thermal-induced cycloaddition reaction with petroleum 

pitch under the same polymer blending technique shown in Chapter 3. The Br moiety in the 4-

bromophenyl group has an electron-withdrawing effect on the functional group. Meanwhile, the 

poor overlap between the large 4p orbital in Br and 2p orbital in C creates a resonance effect 

that is too weak to offset this strong electron-inductive effect. As shown in Figure 5.1, the 

contest between the electron-withdrawing inductive effect and electron-donating resonance 

effect still decreases the overall electron density of the six-member ring in the 4-bromophenyl 

group, hence allowing it to provide the electron-deficient dienophile to react with the electron-

rich diene of PAH molecule, as illustrated in Figure 5.2. After the accomplishment of the 

cycloaddition reaction, a subsequent dehydrogenation reaction will happen to convert the side 

group into a more stable π-electron conjugated structure with H2 released as the byproduct. 

Because of the good thermal stability of both starting materials, the grafting reaction can be 

allowed to occur at a large reaction temperature window (<350oC) without any external reagent 

or catalyst. This selective reaction can result in the desirable PE-g-Pitch with the highly π-

electron conjugated PAH side groups.    

 

 

Figure 5.2 Scheme of proposed reaction route of preparation of PE-g-Pitch by PE-BrSt copolymer 

and pitch via Diels-Alder cycloaddition. 

One important reason for considering the PE-BrSt copolymer as the preferred 

starting material in the preparation of PE-g-Pitch is its simple, cheaper, and faster 



125 

preparation process, which can be accomplished by a coordination polymerization between 

ethylene and 4-bromostyrene using a commercially available constrained geometry catalyst 

(CGC). Compared to the previous PE-DPA copolymer that contains DPA side groups 

(discussed in Chapters 3 and 4), the preparation of PE-BrSt copolymer does not require a 

post-polymerization Sonogashira coupling reaction that involves a long reaction time 

(more than four days) and an expensive palladium catalyst. Additionally, the PE-BrSt 

copolymer can also be prepared with a much lower cost by a post-polymerization method, 

namely the bromination of poly(ethylene-styrene) copolymer, which will be discussed in 

Chapter 6. Besides the lower cost and shorter preparation time, another advantage is that 

the PE-BrSt copolymer does not contain any unsaturated moieties that can eagerly undergo 

a self-cycloaddition reaction to generate an unwanted cross-linked network structure during 

the preparation of PE-g-Pitch.  

In this chapter, I will discuss the preparation and evaluation of two PE-g-Pitch-based 

CF precursors made from PE-BrSt copolymer and toluene soluble pitch 250M(S). The first 

is a solution-spinnable precursor that consists of only PE-g-Pitch with the ungrafted pitch 

completely removed after blending. The second is a melt-spinnable precursor that contains 

extra pitch as the plasticizer. Both were successfully converted to CFs in our study.  

5.2 Experimental Section 

5.2.1 Characterization 

Liquid state 1H NMR spectra were obtained by using Bruker AV 300 at 90oC with d-

1,1,2,2-tetrachloroethane. TGA measurements were conducted on a TA Sdt-600. Around 10 mg 

of sample was loaded into the sample pan and heated at a rate of 10oC/min in the N2 atmosphere 

with a gas flow rate of 50ml/min. DSC measurements were conducted on a TA Q2000 with a 
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heating/cooling rate of 10oC/min. EGA-MS measurement was conducted on a TA TGA5500 with 

a mass spectrometer in argon with a heating rate of 10oC/min and a flow rate of 25ml/min. The 

weight of the sample was fixed to be 15mg in every measurement. Solution oscillatory rheology 

measurements were conducted on TA Discovery HR30 with a strain of 10%. Melt oscillatory 

rheology measurement was conducted on TA ARES-G2 in the N2 atmosphere with a heating rate 

of 10oC/min. The angular frequency was 1 rad/s and strain was 10%. All samples were pre-

molded with a diameter of 8mm and thickness of ~1.5mm by using a vacuum hot press.TMA was 

conducted on a TA Q400 in the N2 atmosphere with a heating rate of 10oC/min. The sample was 

molded into a cylinder shape with a thickness of 1cm before measurement. XRD measurements 

were conducted on a Panalytical XPert Pro MPD theta-theta Diffractometer from Malvern at 40 

kV and 40 mA with Cu K(α) radiation λ = 0.15418 nm. Diffraction patterns were recorded on a 

0.8 collimator, with an oscillation of the samples between 10 and 80° and an imaging plate 

detector. The scan rate was 0.2°/min with an interval of 0.045°. Raman spectra were collected 

from Horiba LabRam HR Evolution with laser excitation of 532nm. Both samples measured by 

XRD and Raman were grounded in the form of fine powders. All of the calculations on XRD and 

Raman were finished by using Origin software. The SEM images were collected from the Apreo 

2 (Thermo Fisher).  

5.2.2 Materials 

4-bromostyrene (TCI) was vacuum distilled after drying overnight by CaH2. MMAO-12 

7% toluene solution (Sigma Aldrich) was dried by vacuum at 50oC to become white powders. 

[(C5Me4)SiMe2N(t-Bu)]TiCl2 (Boulder Scientific), 1,2,4-trichlorobenzene (Sigma Aldrich) and 

acetone (VWR) were used as received. Toluene (Wiley Organics) was purified via the Grubbs 

type solvent purification system. Petroleum pitch (250M) with a softening temperature of 250oC 

were kindly provided by Rutgers Basic Aromatics GmbH. 
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5.2.3 Copolymerization of Ethylene and 4-Bromostyrene  

The copolymerization reaction was conducted in a Parr 500ml stainless autoclave equipped 

with a mechanical stirrer. The reactor was firstly charged with 220ml of toluene, 9 ml of 4-

bromostyrene, and 10ml of 20wt.% of methylaluminoxane (MAO) solution in toluene, with argon 

protection and stirring. Then the solution was saturated with 50 psi ethylene at 40oC. To the 

mixture, 1.1 ml of [(C5Me4) SiMe2N(t-Bu)] TiCl2 (CGC) solution in toluene (20umol/ml) was 

injected into the reactor to initiate the reaction. After 1 hour, ethylene was replaced by argon and 

the reaction was terminated by adding 30ml of isopropanol. The solution mixture was then 

poured into 600ml of diluted HCl solution of methanol. The resulting PE-BrSt copolymer was 

isolated by filtration and was washed with 200ml×3 of methanol before drying in a vacuum oven 

overnight at 60oC. The weight of the copolymer was 5.65g. The comonomer percentage was 8.4% 

determined by 1H NMR. 

5.2.4 Toluene-soluble Pitch 250M(S) Extraction  

A Soxhlet extraction apparatus was applied to extract toluene-soluble potion 250M(S) from 

petroleum pitch 250M. It consists of a still pot containing solvent and a stir bar, a distillation path, 

a Siphon top and exit, a cone-shape filter paper with 8um hole size as sample holder, and a 

condenser with cool water flowing through. The solvent in the still pot used in this study was 

toluene and it was heated by an oil bath at 140oC. The temperature of the distilled solvent 

surrounding the sample holder was measured by a thermocouple and the value was 65oC.  
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5.2.5 Preparation of PE-g-Pitch/Pitch Blend  

PE-BrSt copolymer and 250M(S) were first dissolved in toluene with 5 wt.% concentration 

at 90oC in a 600ml beaker. Then, at the same temperature, the prepared homogeneous solution 

was dried with vigorous stirring under an airflow until it became a slime-like product that 

contained 20% toluene. The mechanical blending of the slime-like product was conducted in a 

twin-screw blender with nitrogen flowing through the system all the time with a flow rate of 

100ml/min. This system has three thermocouples located at the outer cover, sample chamber, and 

inner wall to have a close monitor on temperature control. The heating rate was set to 10oC/min 

for all experiments.  Argon flew in the system through a rubber tube that is inert to a high 

temperature to create an air-free environment during mixing. When finished heating, the sample 

chamber was cooled down at a cooling rate of 10oC/min. After blending, all collected samples 

were grounded into a form of powders by mortar. 

5.2.6 Free Pitch Removal 

To remove the unreacted pitch from the mixture obtained after blending to get PE-g-Pitch, 

the same Soxhlet extraction set-up was utilized as the one we used to prepare the toluene-soluble 

pitch 250M(S). For the preparation of solution-spinnable precursor, the as-blended product was 

washed with hot toluene for 24 hours until the liquid in the sample chamber became colorless. 

The product was then washed by stirring in toluene at 65oC and centrifuge to ensure no unreacted 

pitch remained. For the preparation of melt-spinnable precursor, the as-blended product was 

washed with hot toluene with different Soxhlet cycles to remove different amounts of the excess 

pitch. In the end, both precursors were washed with hexane and dried at 100oC in a vacuum oven 

for 12 hours. 
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5.2.7 Fiber Spinning 

Solution spinning of PE-g-Pitch was conducted by using the spinning set-up as shown in 

Figure 5.3, with 1,2,4-trichlorobenzene (TCB) and acetone applied as solvent and coagulation 

bath, respectively. The melt-spinning of PE-g-Pitch/pitch blend was conducted by using the set-

up as same as the setup discussed in Chapter 3.  

 

Figure 5.3 A schematic diagram of the solution-spinning setup. 

5.2.8 Stabilization and Carbonization of PE-g-Pitch Fibers 

The stabilization of PE-g-Pitch was conducted in a tube furnace with an air flowing at a 

rate of 100ml/min and a heating rate of 10oC/min, and with no tension applied. The carbonization 

of PE-g-Pitch fibers was conducted in a graphitizing furnace. In the beginning, 2g of sample was 

loaded on a boat-shaped ceramic crucible before putting into the furnace. Then, the furnace was 

vacuumed and refilled with argon three times before temperature raising to the target temperature 

at the rate of 10oC/min.  
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5.2.8 Gel Content Measurement 

At room temperature, 0.5g of stabilized precursor fibers and 10ml of 1,2,4 trichlorobenzene 

were loaded into a vail. Then, the vail was put in an oven at a temperature of 120oC and kept idle 

for 24 hours. Then, the insoluble portion was separated and dried in a vacuum oven at 120oC 

overnight. The gel content is determined by dividing the insoluble fraction over the original 

weight of precursor fibers. 

5.3 Results and Discussion on PE-g-Pitch Precursors 

As discussed in Chapter 3, one reason the precursor fibers prepared from a PE-g-

Pitch/pitch blend have poor mechanical properties is the major component of the unreacted pitch. 

Therefore, we removed the unreacted pitch, retaining only the PE-g-Pitch portion; the resulting 

material is theoretically stronger than the blend, because of its higher molecular weight, semi-

crystallinity, and linear polymer structure. This method also prevents the formation of phase 

separation, which would result in CFs with a porous structure. However, we found that the 

softening point of PE-g-Pitch is very high (as will be discussed later); thus it cannot be melt-spun 

without the presence of a plasticizer. Therefore, in this section, we discuss the potential of using 

PE-g-Pitch as a solution-spinnable CF precursor. First, EGA-MS and 1H NMR were used to 

characterize the chemical composition change during the preparation process. The processibility 

of the PE-g-Pitch was studied by using an oscillatory rheometer, while the stabilization 

temperature was determined by DSC and TMA. The carbonization behavior of precursor fibers 

made from PE-g-Pitch was investigated by using TGA, XRD, and Raman spectroscopy. The 

morphology of the precursor fibers and CFs was studied by SEM.  
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5.3.1 Preparation of PE-g-Pitch Graft Polymer by Cycloaddition between Poly(ethylene-4-

bromostyrene) Copolymer and Pitch  

  
Figure 5.4 EGA-MS of PE-BrSt (8.4%) copolymer, 250M(S), and their mixture (1:3 in weight) 

targeting on H2 (left) and Br (right) fragments. 

 As mentioned in the proposed reaction mechanism in Figure 5.2, the byproducts of the 

as-proposed reaction are hydrogens, which can be used as an indicator to determine the 

occurrence of the successful grafting reaction. To verify this reaction and determine the reaction 

temperature, EGA-MS was performed with approximately 15mg of sample for each of the PE-

BrSt (8.4%) copolymer, 250M(S), and their mixture with the weight ratio of 1 to 3. The curves in 

Figure 5.4 (left) illustrate the release of H2 from these three samples in the temperature range of 

250 to 330oC. Compared to the pure copolymer and pitch samples with constant values of H2 

emission, the EGA-MS curve of the mixture shows an increased formation of H2 starting from 

290oC, indicating the grafting reaction between PE-BrSt copolymer and pitch was happening as 

discussed.  

In addition to the release of H2, another indicator is the Br moiety in 4-bromophenyl side 

group, which not only provides an inductive effect to the nearby carbons but also is stabilized by 

the π-electron delocalization to the aromatic moieties attaching to it. Therefore, the structural 

change on the resonance contributors can effectively change the bond energy of the C-Br bond. 

The EGA-MS curves of these three samples targeted at amu=81, which corresponds to the 

bromine ion fragments, are illustrated in Figure 5.4 (right) in the temperature range of 380o to 
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480oC. In contrast to H2, the release of bromine fragments happens at a much higher temperature 

for both samples. Interestingly, PE-BrSt copolymer has the cleavage on its C-Br bonds starting at 

425oC, while for the mixture the starting point is at around 450oC. These results suggest that, 

although the bromine was not directly involved in the reaction between copolymer and petroleum 

pitch, the incorporated PAHs from pitch to the copolymer side groups still make an impact by 

enlarging the π-conjugated system, thus making it a more effective resonance contributor that 

further increases the stability of C-Br bond.  

Based on the EGA-MS results, both the increased release of H2 and the higher bond energy 

of C-Br suggest that a successful grafting reaction between PE-BrSt copolymer and pitch has 

occurred. In this study, we will mainly focus on studying the effect of reaction (blending) time on 

the chemical composition and properties of the resulting PE-g-Pitch.  

Table 5.1 Preparation conditions of PE-g-Pitch samples. 

Run Sample 

BrSt content in                  

PE copolymer 

(mol %) 

Polymer:Pitch  Mixing  

Temp/Time 

(oC/hr) Weight Ratio 

1 PE-g-Pitch(8.4%)-1 8.4 1:10 310/1 

2 PE-g-Pitch(8.4%)-2 8.4 1:10 310/2 

3 PE-g-Pitch(8.4%)-3 8.4 1:10 310/3 

 

Table 5.1 summarizes the preparation conditions of a series of PE-g-Pitch samples, to 

identify a suitable reaction time for the reaction between PE-BrSt (8.4%) copolymer and 250M(S) 

to prepare a CF precursor. Based on the previous EGA-MS result, we found that a 

dehydrogenation reaction begins at about 280oC on the mixture of these two materials to generate 

the PAH side groups. We also know that the polycondensation reaction between PAH molecules 

in pitch starts at 350oC as mentioned in Chapter 1. Therefore, a midpoint of 310oC was selected as 

the blending temperature to prepare PE-g-Pitch, which ensures that the reaction occurs at a 

considerable rate while preventing the occurrence of side reactions. The two materials were 
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blended in a weight ratio of 1:10 between copolymer and pitch, which had proved to be a suitable 

mixing ratio for PE-DPA copolymer as discussed in Chapter 3. 

 

Figure 5.5 1H NMR of (a) PE-BrSt (8.4%) copolymer and PE-g-Pitch(8.4%) samples prepared 

with different reaction time of (b) 1, (c) 2, and (d) 3 hours at 310oC. 

1H NMR was used to elucidate the transformation of the molecular structure of the 

copolymer after the reaction. Figure 5.5 shows the 1H NMR spectra of PE-BrSt (8.4%) copolymer 

and the PE-g-Pitch samples prepared from it at 310oC with blending times of one, two, and three 

hours. Both spectra exhibit an up-field peak centered at 1.3 ppm associated with aliphatic protons 

on the PE repeat units. The small shoulder at 1.4 ppm and a minor peak at 2.4 ppm on the spectra 

of PE-BrSt(8.4%) copolymer are associated with beta protons and alpha protons attaching to the 

4-bromophenyl side groups. The main difference between the spectra of PE-BrSt copolymer and 

PE-g-Pitch is reflected in the aromatic region from 6.5-10 ppm. After the reaction, the two 
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distinct peaks centered at 6.95 and 7.4 ppm with the identical intensity of PE-BrSt copolymer 

were combined to a broad peak that spans the whole aromatic region, indicating the incorporation 

of the PAH molecules into the copolymer. By intergrading the intensity of saturated aliphatic 

protons (Iali) and the intensity of aromatics protons (Iaro) in PE-g-Pitch spectra, we observed that 

the content of aliphatic protons decreases with the longer blending time. This observation will be 

discussed in more detail later, joint with a calibration curve that determines the relationship 

between Iali/Iaro and the content of PE-BrSt portion in PE-g-Pitch. Interestingly, both PE-g-Pitch 

spectra still show the two distinct peaks corresponding to the unreacted 4-bromophenyl groups, 

even for the one with three hours of blending time. This can be explained by the bulkiness of 

pitch molecules, which makes them more likely to react with pendant side groups with no steric 

hindrance, namely the 4-bromophenyl groups not located in a consecutive sequence of 4-

bromostyrene repeat units in the PE-BrSt copolymer. The finding can be supported by the EGA-

MS result as shown in Figure 5.6 for homopolymer poly-4bromostyrene and 250M(S) mixture 

following the same experimental condition as the previous EGA-MS measurement. There is no 

observable increase on the H2 release in the temperature range of the grafting reaction between 

copolymer and PAH molecules, indicating there was no reaction happening on this completely 

consecutive sequence of 4-bromostyrene repeat units. More experimental results supporting this 

point of view will be discussed in Chapter 6. 

 
Figure 5.6 EGA-MS targeting on H2 of the mixture of poly(4-bromostyrene) and 250M(S) (1:3 in 

weight). 
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5.3.2 Thermal Conversion and Solution-Spinnability of Pure PE-g-Pitch Graft Copolymers 

 
Figure 5.7 Calibration curve of PE composition vs. intensity ratio of the aliphatic and aromatic 

region from 1H NMR spectra of the PE-BrSt(8.4%) copolymer/250M(S) mixture. 

 

Table 5.2 Comparisons of solution fiber-spinnability and carbon yield of PE-g-Pitch samples   

Sample 
H

1
NMR I

(Ali)
/I

(Aro) b PE-BrSt Comp 

(wt.%) 
c Carbon Yield 

(%) 
Spinnability 

a BrSt Deducted  5wt.%d 10wt.%d 
PE-g-Pitch(8.4%)-1 

3.84 37.1 37.2 N Y 4.59 

PE-g-Pitch(8.4%)-2 
2.61 22.5 51.7 N N 2.94 

PE-g-Pitch(8.4%)-3 
0.74 

3.1 78.8 N N 0.76 
a The intensity ratio of I(ali) and I(aro) after deduction of peak intensity of two aromatic protons on BrSt. b Weight 

percentage of PE-BrSt copolymer is determined by the intensity ratio after deduction and calibration curve. c Samples 

were heated to 900oC in N2 at a rate of 10oC/min. d Solution concentration is determined by the weight of solute over 

the weight of solution. 
 

Table 5.2 summarizes the PE-g-Pitch (8.4%) samples’ I(al)/I(aro) between the saturated 

aliphatic region and unsaturated aromatic region on 1H NMR spectra, the weight composition 

percentage of the PE-BrSt portion, the carbon yield at 900oC in N2, and the spinnability of PE-g-

Pitch/1,2,4 trichlorobenzene (TCB) solutions with two different concentrations of 5 and 10wt.%.  
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As discussed in the previous NMR section, we were able to obtain the ratios between I(ali) 

and I(aro) of all PE-g-Pitch samples from their 1H NMR spectra. Then we used these ratios to 

approximately determine the weight percentage of the PE-BrSt copolymer portion after the 

grafting of PAH molecules for each sample. Assuming an extreme condition that all of the 4-

bromophenyl groups were involved in the grafting reaction, and considering that these side 

groups also contain aromatic protons, the number of aromatic protons on 4-bromophenyl group 

will reduce from four to two after the grafting reaction as shown in Figure 5.2. The intensity of 

the remained aromatic protons was deducted from the total intensity of the aromatic region, to 

obtain the intensity of the aromatic protons that only correspond to the grafted PAH molecules. 

After this, the approximate content of the PE-BrSt portion in weight percentage for each sample 

can be calculated by inputting the ratio values into a calibration curve that was obtained by the 1H 

NMR spectra of the mixtures of PE-BrSt (8.4%) and pitch 250M(S) in different known weight 

ratios. By using the calibration curve as a reference, the sample PE-g-Pitch (8.4%)-3 with three 

hours of blending time has a PE-BrSt portion of only approximately 3.1% in weight, while 96.9% 

of weight contributes to PAH molecules. Therefore, the experimental weight ratio between the 

pitch and PE-BrSt portion is 31.25.  

Then, let us consider the case that each of the 4-bromophenyl groups was grafted by one 

PAH molecules from 250M(S). Based on the 1H NMR spectrum of PE-BrSt copolymer and the 

MALDI-TOF-MS (Chapter 4) result of 250M(S), the starting PE-BrSt copolymer has an 8.4mol% 

comonomer percentage, and PAH molecules in 250M(S) has an average molecular weight of 

around 567.86g/mol. The theoretical value of weight ratio between the pitch and PE-BrSt portion 

after two PAH molecules react with each one of 4-bromophenyl group can be approximated as 

follows: 

W(pitch)

W(PE − BrSt)
=  

567.86g
mol

∗ 8.4%

28𝑔
𝑚𝑜𝑙

∗ 91.6% +
181𝑔
𝑚𝑜𝑙

∗ 8.4%
=

1.16

1
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In both cases, we assumed all of the 4-bromophenyl groups in PE-BrSt (8.4%) were grafted 

by one PAH molecules. Therefore, we can compare the weight ratios we obtained from the 

experimental results and the theoretical calculation. It’s clear that the experimental weight ratio of 

PE-g-Pitch (8.4%)-3 is much higher than the theoretical weight ratio, indicating the number of 

grafted PAH molecules is much more than one for this PE-g-Pitch sample. The explanation is that 

the incorporation of PAH molecules from pitch increases the number of six-membered rings on 

the copolymer pendant substituents, hence reducing the activation energy of the polycondensation 

reaction between these side groups and the free PAH molecules that surround them. Therefore, 

the side groups are continually enlarged at the same temperature with a longer reaction (blending) 

time. (Figure 5.8)  

The calculations above may not be accurate, because in the real case, the experimental 

results suggest that not all of the 4-bromophenyl groups can get involved in the reaction. 

Additionally, the minimum molecular weight of PAH molecules that can react with 4-

bromophenyl groups at 310oC also has not been determined yet. Because less activation energy is 

required to undergo cycloaddition reaction for larger PAH molecules as mentioned previously, it 

is likely the value of this minimum molecular weight of PAH molecules for this reaction is higher 

than the average molecular weight of 250M(S). Therefore, these calculations are considered to 

produce approximate values for the weight ratio between the incorporated pitch and the PE-BrSt 

portion. 

 
Figure 5.8 The structural transformation of PE-g-Pitch during the blending process. (The black 

circle represents the PAH side group)  
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The postulation about the enlarged PAH side groups can also be supported by the carbon 

yields summarized in the table measured by using TGA. Table 5.2 shows that PE-g-Pitch (8.4%)-

3 has a carbon yield of ~78.8% at 900oC. As discussed in Chapter 1, the isotropic pitch (IP) must 

be heated to a temperature higher than 350oC to undergo the polycondensation reaction, 

converting IP to mesophase pitch (MP). Without this conversion, IP such as the 250M(S) we used 

in this study has a carbon yield of only about 44%. MP, by contrast, has a high carbon yield of 

around 80%, which is similar to the carbon yield of PE-g-Pitch (8.4%)-3. Therefore, this sample 

must have its side groups enlarged to become more favorable for carbon conversion. As the PE-

BrSt composition% decreases with the shorter reaction time, the carbon yield of PE-g-Pitch 

(8.4%) becomes lower and shows a value of only 37.2% for PE-g-Pitch (8.4%)-1 with a blending 

time of one hour. But combining its PE-BrSt weight composition of 37.1% in this PE-g-Pitch 

sample, while considering the 0% and 44% carbon yields of PE-BrSt (8.4%) and 250M(S), 

respectively, we found that the carbon yield of PE-g-Pitch (8.4%)-1 is higher than the theoretical 

value of 27.6% without any stabilization. This finding agrees with the stabilization effect by PAH 

molecules on PE backbones as we mentioned in Chapter 4.  

 
Figure 5.9 Pictures of PE-g-Pitch(8.4%)/TCB solutions showing (a) no spinnability and (b) good 

spinnability in the coagulation bath. 
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The spinnability of these samples was tested using a solution spinning setup as shown in 

the experimental section. All the samples can be dissolved in TCB with concentrations of 5wt.% 

and 10wt.%. The spinnability results are shown in Table 5.2. All the samples marked as ‘N’ 

showed no spinnability and could not be drawn into fibers in the coagulation bath. Instead, the 

materials coagulated into beads as shown in Figure 5.9(a). For PE-g-Pitch (8.4%)-2 & 3, the 

excessively long blending time converts the 4-bromophenyl group into a large and highly π-

electron conjugated structure, which creates strong π-π interaction between polymer chains and 

forms physical cross-linking that prevents the effective alignment of the polymer chain. For PE-g-

Pitch (8.4%)-1 with 5% concentration, the solid content is too low, resulting in solidified fibers 

with low viscosity in the coagulation bath. Among all these samples, PE-g-Pitch (8.4%)-1/TCB 

10wt.% concentration showed good spinnability as shown in Figure 5.9(b). It was successfully 

converted to precursor fibers by solution spinning.  

 
Figure 5.10 Oscillatory rheology (frequency-sweep) comparison of PE-g-Pitch(8.4%)-1, 2 and 3 

with blending time of 1, 2 and 3 hours, respectively, in 10wt.% TCB solution at 90oC. 
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To study the processibility of these PE-g-Pitch samples in more detail, frequency-sweep 

rheological measurements were conducted on PE-g-Pitch(8.4%)-1, 2, and 3/ TCB (10 wt.%) 

solution at temperatures of 90o. Based on Figure 5.10, the solution of the PE-g-Pitch (8.4%)-1 

with one hour blending time behaved like a liquid in the frequency range of measurements, 

although the difference between G’’ and G’ became smaller as the frequency increased, 

indicating the transition of the polymer solution from the rubbery plateau to the development of 

glassy behavior. The liquid-like behavior suggests that there is no formation of chemically or 

physically cross-linked network structure during the preparation of PE-g-Pitch. In contrast, both 

of PE-g-Pitch (8.4%)-2 and 3 with longer blending time behaved solid-like in the low-frequency 

range of 0.1-10rad/s. It agrees with the previous explanation on these samples’ spinnability that 

the strong π-π interaction between the enlarged PAH side groups generates the physically cross-

linked network structure.  

Shear-thinning is defined as the non-Newtonian behavior of fluids, i.e., that its viscosity 

decreases as the shear rate increases. This behavior originates from the ability of a moving matter 

to rearrange its microstructure, an effect that is accomplished by reducing its entanglement 

density and thus decreasing the energy needed for it to flow.171 Based on the curves of complex 

viscosity, it was found that the values of both PE-g-Pitch solution samples experienced a decrease 

with the increasing angular frequency. For an oscillatory excitation, the shear rate γ̇ with the 

angular frequency w and shear amplitude γo is given by:172 

(5-1) 

With a constant γo, the shear rate is proportional to the angular frequency. Therefore, the viscosity 

reduction of both PE-g-Pitch solution samples as described above indicates the occurrence of 

shear-shinning at the measurement temperatures, which is due to the disentanglement of polymer 

chains in the PE-g-Pitch structure, regardless of the size of the PAH side groups. 
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  Although no zero-shear viscosity can be obtained from these measurements, the complex 

viscosity curve of PE-g-Pitch (8.4%)-1 exhibits a trend to be constant in the lower angular 

frequency region from 10 to 0.1 rad/s. It was also found the complex viscosity of PE-g-Pitch 

solution with the same concentration increases with longer blending time within the angular 

frequency range of measurement. This suggests the increase of molecular weight of PE-g-Pitch 

due to more grafted PAH molecules into the PE backbones. Among all of these samples, the 

solution of PE-g-Pitch (8.4%)-1 exhibits liquid-like behavior with complex viscosity around 

100Pa.s at the angular frequency of 100 rad/s, which is within the range of the fiber spinning of 

polyacrylonitrile of less than 200Pa.s as discussed in Chapter 1. 
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Figure 5.11 The SEM images of PE-g-Pitch(8.4%)-1 (top) fibers surface and (bottom) cross-

section with blending time of 1 hour at 310oC.  

After studying its rheology behavior, PE-g-Pitch (8.4%)-1/ TCB (10 wt.%) solution was 

successfully spun to fibers at 100oC with acetone as a coagulation bath. SEM images (Figure 

5.11) show the as-spun precursor fiber has a diameter of about 62.5 um and a smooth surface 

without porosity, indicating no occurrence of the cross-linking reaction and phase separation 

during the sample preparation. The strained patterns along the fiber surface were formed as a 

result of stretching during the fiber spinning process in the coagulation bath.     

 
Figure 5.12 TMA of PE-g-Pitch (8.4%)-1 in N2 with a heating rate of 10oC/min. 

Stabilization is usually applied on precursor fibers to form a cross-linked network before 

transforming them to CFs. The temperature of the stabilization reaction should be lower than the 

softening point of the precursor, to prevent the fibers from collapsing during carbonization. To 

determine the softening point of our precursor, TMA was conducted in N2 with a heating rate of 

10oC/min on PE-g-Pitch (8.4%)-1, as illustrated in Figure 5.12. After experiencing thermal 

expansion at the low temperature, the precursor material started to become soft at around 325oC, 

then underwent a sharp dimensional reduction starting at around 346oC. The softening point of 

PE-g-Pitch is much higher than the typical PE copolymers, which are generally liquified at the 
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temperature above their melting point. This may be a result of the incorporation of PAH side 

groups that not only have the bulky size to prevent polymer segments from rotating freely but 

also provide the strong interaction between polymer chains, which requires high thermal energy 

to overcome. The high softening point is favorable for the as-spun precursor fibers to maintain 

their form at the temperature of oxidative stabilization; however, it is too low for the oxygen-free 

stabilization (as discussed in Chapter 3) via the polycondensation of pitch-like side groups.   

 

Figure 5.13 (a) DSC measurement of PE-g-Pitch (8.4%)-1 in air with two heating cycles. (b) 

images illustrating solubility of PE-g-Pitch (8.4%) fibers with heat-treatment in air at 230oC for 

(left) one and (right) two hours. 

As mentioned, PE-g-Pitch is a copolymer with PAH side groups grafted on PE backbones. 

Both PE and pitch can be oxidatively stabilized in the air at a temperature range of 200-300oC to 

generate a π-conjugated network structure, according to previous studies.75,173,174 To determine the 

temperature required to oxidatively stabilize the PE-g-Pitch, DSC on PE-g-Pitch (8.4%)-1 was 

measured in air with a heating rate of 10oC/min as shown in Figure 5.13(a). A pre-run in N2 from 

40o to 200oC had been conducted to remove the thermal history of the sample. To investigate the 

starting point of oxidative stabilization and its effect on the polymer structure, we subjected the 

sample to two heating and cooling cycles in the temperature range of 40o to 300oC. For the first 

cycle, an exothermic ramp was found starting at around 220oC, suggesting the occurrence of the 
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oxidation reaction. Following this ramp, a huge exothermic peak was found from 235oC to 280oC, 

indicating that a large amount of heat had been released within a short period. Similar exothermic 

behavior was also found on linear low-density polyethylene (LLDPE) in a previous study173, in 

which the researchers suggested that it corresponds to the incorporation of oxygen in the forms of 

ketones and -C-O-C bridges, hence generating a thermally stable structure to survive the harsh 

carbonization conditions. As discussed, oxidative stabilization is the most significant step in 

determining the mechanical properties of produced CFs. An extensive heat generation within a 

short time can cause defects and inhomogeneity in the fiber structure. Therefore, we conducted a 

gel content test on the precursor fibers heated to the lowest limit of the stabilization reaction of 

230oC and heat-treated for a certain time in the air. As shown in Figure 5.13(b), the gel content of 

the precursor fibers heat-treated at 230oC for two hours was 100%. Additionally, no fiber 

swelling was found, indicating the generation of a polymer network with high cross-linking 

density.    
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5.3.3 Carbon Fibers Prepared from PE-g-Pitch Stabilized Precursor Fibers  

 

Figure 5.14 Comparisons of (a) XRD spectra and calculated (b) d002, (c) Lc, and (d) La of 

carbonized PE-g-Pitch (8.4%)-1 at temperatures of 900, 1100, 1300 and 1500oC.  

 

Figure 5.15 Comparisons of (left) Raman spectra and (right) calculated I(D)/(I(G) of carbonized 

PE-g-Pitch (8.4%)-1 fibers at temperatures of 900, 1100, 1300, and 1500oC.  
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Figure 5.16 SEM image of (top) fiber surface and (bottom) cross-section CF converted from PE-

g-Pitch (8.4%)-1 at 900oC.  

PE-g-Pitch (8.4%)-1 precursor fibers were stabilized in the air at 230oC for two hours, then 

subjected to heat treatment under temperatures from 900 to 1500oC. The bulk structure of 

carbonized fibers was determined by XRD and Raman spectroscopy. Based on the XRD spectra 

as shown in Figure 5.14, microcrystals were formed in both temperatures. When the 

carbonization temperature was increased from 900 to 1500oC, the d (002) value slightly decreased 

from 0.361 nm to smaller spacing of 0.3608 nm at 1100oC, then decreased more rapidly to 0.3573 

nm and 0.3526 nm at 1300 and 1500oC, respectively. The small difference of d (002) values 

between 900 and 1100oC is a result of the disruption from hydrogen emission offsetting the size 

growth of microcrystals; this agrees with the finding on PE-g-Pitch/pitch blend discussed in 

Chapter 3. The La and Lc increase with the higher temperature indicates the growth of carbon 

microcrystals within the fibers to generate a more graphite-like structure. Raman results in Figure 
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5.15 show that ID/IG has a significant reduction from 900 to 1500oC. These results suggest that the 

regularity of the carbon layer structure improves with higher heating temperatures. The Raman 

shift of G peak firstly decreases from 900 to 1100oC, and then keeps increasing as the 

temperature rises to 1300 and 1500oC, indicating the transformation of PE-g-Pitch from a mostly 

amorphous structure that contains sp3 carbons at 900oC to a microcrystalline carbon structure with 

only sp2 carbons at 1500oC.175  Based on the SEM images in Figure 5.16, no porous structure was 

found on the surface and cross-section of the CF which carbonized at 900oC, indicating no phase 

separation and the cross-linking reaction was happening during the sample preparation step. The 

circular geometry of the CF remained unchanged on its cross-section, indicating the two-hour 

stabilization at 230oC effectively infusiblized the precursor fiber before the carbonization. 

5.3.4 Melt Spinnable Carbon Fiber Precursor by PE-g-Pitch Graft Copolymer with 

Unreacted Pitch  

As mentioned in Chapter 1, the solution spinning of fibers usually utilizes a large amount 

of expensive and un-eco-friendly organic solvent. Although a solvent recovery system can be 

designed to achieve the reuse of solvent, it would further increase the expense of the overall 

process. Therefore, in this section, we discuss using the melt-spinning method to spin the PE-g-

Pitch precursor prepared from PE-BrSt with an excess of the unreacted pitch as a plasticizer. The 

study is like the previous study in Section 2.4 for PEP-g-Pitch, but in this case, we replaced the 

starting material—PE-DPA (7.2%) copolymer—with PE-BrSt (8.4%) copolymer. Additionally, 

due to the brittle nature of the pitch, the excess unreacted pitch was partially removed by using a 

Soxhlet extractor. In the following section, we examine the effect of the amount of the unreacted 

pitch removed on both the carbon yield and the rheology behavior of the PE-g-Pitch/pitch blend. 

We also discuss the oxidative stabilization of PE-g-Pitch/pitch blend. In the end, we will exhibit 
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the successful conversion from the precursor fibers to CFs with mechanical properties suitable for 

general purposes. 

Table 5.3 The preparation conditions for PE-g-Pitch/pitch blends with different amount of free 

pitch removed. 

Sample  
BrSt 

mol% 

Weight Ratio 
Tblend 

(oC) 

tblend 

(hr) 
b RP% 

Polymer:250M(S) 

PE-BrSt(8.4%)-74%a 8.4 1:10 310 1 25.60% 

PE-BrSt(8.4%)-56%a 8.4 1:10 310 1 43.66% 

PE-BrSt(8.4%)-34%a 8.4 1:10 310 1 66.00% 

aThe percentage after the dash symbol indicates the weight remained after extraction. bRP%=[1-(Wf/Wo)]×100%, where 

Wo is the original weight of the sample before extraction and Wf is the weight of collected product after extraction 

 

Figure 5.17 Temperature sweep oscillatory melt-rheology results of PE-g-Pitch/pitch blends with 

66.00%, 43.66%, 25.60% of free pitch removed.  

From the melt-rheology curves from oscillatory measurements, as shown in Figure 5.17, 

we observed the PE-BrSt(8.4%)-74% and 56% were in the more liquid state in the temperature 

range of measurement. PE-BrSt(8.4%)-34% behaved more solid-like at the beginning and started 

to liquefy at ~320oC. For PE-g-Pitch (8.4%)-1 without any unreacted pitch remaining, its melt 
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viscosity is not lower enough for the melt rheology characterization in the temperature range of 

measurement; therefore, no result can be obtained. The complex viscosity of the PE-g-Pitch/pitch 

blend decreases as the amount of remaining pitch increases and can reach less than 1000Pa.s with 

a certain amount of unreacted pitch as the plasticizer that is favorable for melt-spinning. All of 

the PE-g-Pitch/pitch blends prepared from PE-BrSt copolymer in these measurements show better 

thermal stability in the aspect of processability compared to the blends prepared from PE-DPA 

copolymer in Chapter 3. This may be attributed to the slower reaction between PAH molecules 

and 4-bromophenyl groups, which forms smaller PAH side groups with a blending time of one 

hour that require higher energy to undergo the intermolecular cross-linking reaction via 

polycondensation. Therefore, it is necessary to apply oxidative stabilization on the as-spun 

precursor fibers, preventing them from melting during the following carbonization process. 

Compared to the other two samples, PE-BrSt (8.4%)-56% shows a viscosity range that ensures 

good processability for melt-spinning, while providing enough dimensional stability for the as-

spun fibers in the temperature range of oxidative stabilization. Therefore, the study described next 

focuses on this sample. 
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Figure 5.18 DSC results of PE-BrSt(8%)-56% with two heating-cooling cycles in an air 

atmosphere (10oC/min). 

To investigate the oxidation behavior of this type of precursor, we conducted a DSC 

measurement in the air atmosphere (Figure 5.18) for PE-BrSt(8.4%)-56%, which has the most 

promising rheology results for fiber spinning among all of the prepared samples in this study. All 

samples were heated to 150oC and cool to room temperature with a heating/cooling rate of 

10oC/min in N2 to remove their thermal history. The sample was set to have two heating and 

cooling cycles continually between 50o and 300oC with a heating and cooling rate of 10oC/min. 

For the first cycle, an exothermic ramp was found starting from ~200oC, indicating that the 

oxidation reaction on PE-g-Pitch/pitch started at this temperature. Interestingly, this initiative 

temperature is 20oC lower than the PE-g-Pitch for solution-spinning we discussed in the previous 

section. It is due to the presence of unreacted pitch in the mixture that starts to react with oxygen 

at a lower temperature than the PE-g-Pitch. An exothermic pattern similar to that of the first cycle 

can be observed in the second cycle, but starting from a higher temperature of ~250oC. By 

comparing the crystallization peaks during cooling located at ~115oC between the first and 
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second cycles, it showed that the packing of PE polymer chains was suppressed by the previous 

exothermic reaction. This can be explained by the introduction of oxygen at a high temperature, 

which can generate covalent cross-linkages between pitch-like side groups, therefore limiting the 

mobility of PE chains. It also explains why the exothermic reaction started at a higher 

temperature in the second round. It is because the formation of a cross-linking structure densifies 

the precursor material; therefore, it requires higher thermal energy to mobilize the structure to let 

oxygen diffuse into the inner portion. The DSC results suggested that the oxidative stabilization 

temperature should be higher than 210oC for the PE-g-Pitch/pitch blend to become infusiblized. 

 

Figure 5.19 Time-sweep oscillatory rheology results of PE-BrSt(8.4%)-56% in the air atmosphere 

at 210oC.  

Time-sweeps oscillatory rheology measurement was conducted to demonstrate the rate of 

the network formation in PE-g-Pitch/pitch blend by air. PE-BrSt(8.4%)-56% was molded into a 

disc-like sample with a thickness of 1.6mm and a diameter of 8mm before the measurement. The 

testing temperature was selected to be 210oC, a temperature higher than the starting point of the 
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oxidation reaction; this preserves the high viscosity of precursor material and, in turn, maintains 

the shape of the sample during the oxidation process. As shown in Figure 5.19, the complex 

viscosity of PE-BrSt(8.4%)-56% increased to double within 1000 seconds, indicating the rapidly 

increasing molecular weight of PE-g-Pitch/pitch blend due to the oxidation reaction. The sample 

became solid-like 2100 seconds after the measurement, indicating the formation of a network 

structure. Because of the much smaller dimensions, we expect that the time required to infuse a 

precursor fiber would be much less than the disc-like sample for this oxidative stabilization 

process. 

 

Figure 5.20 TGA comparison of PE-BrSt(8.4%)-56% samples with and without heat treatment in 

air at 210oC. 

We also found that heat treatment in the air would improve the carbon yield of this 

precursor. Figure 5.20 compares the thermal degradation in N2 of PE-BrSt(8.4%)-56% samples 

with and without heat treatment in air at 210oC for one hour. Interestingly, the carbon yield of the 

blend is higher than the PE-g-Pitch-1 of about 37% and 250M(S) of about 44%. The reason may 

be that, within a blend, the PE-g-Pitch can continually react with the surrounding free PAH 

molecules during the process of carbonization. The sample with air heat treatment at 210oC had a 
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slight weight increment of 1.7% within one hour of heating time, indicating the incorporation of 

oxygen molecules into the precursor structure. These oxygen molecules not only help to generate 

cross-linkages, as discussed in the rheology and DSC study, but also promote the 

dehydrogenation reaction to form a more stable structure. Therefore, the carbon yield of the air-

treated sample is ~13% more than the untreated sample.    

  

Figure 5.21 Optical microscopy images of (left) surface and (right) cross-section of PE-

BrSt(8.4%)-56% melt-spun precursor fiber.  

PE-BrSt(8.4%)-56% was successfully spun using a piston fiber extruder through a die with 

a diameter of 100um. The material was spun by our collaborators at Oak Ridge National 

Laboratory in a continuous manner for more than 30 minutes of active spinning time without any 

breakage. The precursor fibers have an average diameter of around 25um and a smooth surface. 

Additionally, no porosity was found beneath the surface based on the cross-sectional image, 

indicating that no phase separation occurred during air cooling of precursor fibers. The as-spun 

precursor fibers were stabilized and carbonized to carbon fibers without applying tensile stress. 

The ones with the best mechanical properties so far were stabilized at 260oC for two hours and 

heated to 1200oC. They show tensile strength of 603.6 MPa and modulus of 43.37 GPa, which is 

suitable for general-purpose applications.  
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5.4 Conclusion 

In the first section of this chapter, we discussed the carbon yield, rheology behaviors, 

oxidative stabilization reaction, and carbonization behavior of a pure PE-g-Pitch polymer 

precursor prepared from PE-BrSt copolymer. The carbon yield of PE-g-Pitch increases with 

larger PAH side groups; however, the oversized side groups cause PE-g-Pitch to be physically 

cross-linked and unable to be spun into fibers. The sample PE-g-Pitch (8.4%)-1 with one hour of 

blending time was successfully solution-spun, stabilized, and carbonized to CFs. The XRD and 

Raman show that the precursor fibers are graphitizable, and their structure becomes more ordered 

and graphite-like with the higher carbonization temperature.    

In the second half of the chapter, we first studied the rheological behaviors of a series of 

PE-g-Pitch/pitch blends prepared from PE-BrSt(8.4%) copolymer and 250M(S) with different 

amounts of ungrafted pitch removed. We found that as the more unreacted pitch was removed, 

the complex viscosity increased proportionally. However, in contrast to the PE-DPA/pitch blend, 

no rapid solidification behavior took place on these samples in the temperature range of 300o to 

400oC. Therefore, we conducted a DSC measurement to determine the temperature range of the 

stabilization reaction, which starts at about 210oC. We applied oxidative stabilization at 210oC on 

the blend with the most suitable viscosity and observed the rapid generation of the cross-linked 

network within 2100 seconds. Additionally, we found that oxidative stabilization effectively 

increased the carbon yield of the blend to an additional 13%. The PE-g-Pitch/pitch blend was 

successfully spun into precursor fibers with a smooth surface by melt-spinning at 340oC. After 

carbonization at 1200oC, the formed CFs showed mechanical properties suitable for general 

purposes.   
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Chapter 6 

Synthesis and Evaluation of PE-g-Pitch Precursors Prepared from 

Poly(ethylene-co-4-bromostyrene) by Post Polymerization Process: 

Bromination of Poly(ethylene-co-styrene)  

6.1 Introduction   

In the previous study in Chapter 5, we found a new method to prepare the PE-g-Pitch graft 

copolymer. The chemistry was based on the PE-BrSt copolymer prepared by direct 

copolymerization of ethylene and 4-bromostyrene using a metallocene catalyst. The PE-BrSt 

copolymer proved to be reactive with pitch to form a PE-g-Pitch graft copolymer via thermal-

induced cycloaddition reaction. However, the resulting PE-g-Pitch graft copolymer with good 

solution spinnability offered a carbon yield of only 37%, while the ones showing higher carbon 

yields (prepared with longer blending time) were not drawable in the coagulation bath during the 

fiber-spinning process. The analysis of their chemical composition indicates that the long 

blending time allows the continued growth of the polycyclic aromatic hydrocarbons (PAH) side 

groups, which generate stronger π-π interaction that acts as the physical cross-linker and prevents 

the alignment of polymer chains. Additionally, the experimental results also indicate that the 

inhomogeneous PE-BrSt copolymer microstructure is a result of the big difference in comonomer 

reactivity ratios between ethylene and 4-bromostyrene during the copolymerization reaction. The 

resulting long sequence of 4-bromostyrene units in the PE-BrSt copolymer chain exhibits reduced 

chemical reactivity with the PAH molecules in pitch.  

The microstructure of a copolymer is controlled by the reactivity of two monomers (M1 

and M2) toward the propagating site.176 The copolymerization reaction involves two types of 

propagating sites, M1* and M2*. The asterisk represents the propagating species regardless of the 

type of polymerization. Therefore, there are four types of possible propagation reactions, 
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assuming that the reactivity of the propagation site depends only on the monomer type at the end 

of the chain, including: 

    (6-1) 

Here, k11, k12, k21, and k22 are the rate constants for a propagating site ending in M1 adding to 

monomer M1, a propagating site ending in M1 adding to M2, and so on. The monomer reactivity 

ratios r1 and r2 can be given by: 

      (6-2) 

The monomer reactivity ratio is defined as the ratio of the rate constant for a reactive propagating 

site adding its own type of monomer to the rate constant for adding the other monomer.176 The 

parameters r1 and r2 are used to determine the microstructure of a copolymer. When r1×r2=1, a 

random copolymer will be formed with a uniform microstructure. On the other hand, an 

alternating copolymer will be obtained when r1×r2 = 0, and a block copolymer microstructure will 

be observed when r1×r2>>1. 4-Bromostyrene is a bulky comonomer with an electron-withdrawing 

halide group; this combination reduces its reactivity during the metallocene-mediated ethylene/4-

bromostyrene copolymerization reaction. In other words, the r1 value for ethylene (M1) is very 

high, with the resulting blocky copolymer structure.    

Thus, the primary goal of this study is to develop an alternative route for preparing the PE-

BrSt copolymer with a more homogeneous microstructure. The resulting homogeneously 
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distributed 4-bromostyrene units along the PE chain may exhibit high reactivity with PAH 

molecules, which may produce the desirable spinnable PE-g-Pitch precursor, i.e., one with 

reduced reaction time and high carbon yield. 

6.2 Experimental Section 

6.2.1 Characterization 

Liquid state 1H NMR and 13C NMR spectra were obtained by using Bruker AV 300 at 

90oC, with d-1,1,2,2 tetrachloroethane solvent. TGA measurements were conducted on a TA Sdt-

600. Around 10 mg of sample was loaded into the sample pan and heated at a rate of 10oC/min in 

the N2 atmosphere with a gas flow rate of 50ml/min. DSC measurements were conducted on a TA 

Q2000 with a heating/cooling rate of 10oC/min. EGA-MS measurement was conducted on a TA 

TGA5500 with a mass spectrometer in argon with a heating rate of 10oC/min and a flow rate of 

25ml/min. The weight of the sample was fixed to be 15mg in every measurement. XRD 

measurements were conducted on a Panalytical XPert Pro MPD theta-theta Diffractometer from 

Malvern at 40 kV and 40 mA with Cu K(α) radiation λ = 0.15418 nm. Diffraction patterns were 

recorded on a 0.8 collimator, with an oscillation of the samples between 10 and 80° and an 

imaging plate detector. The scan rate was 0.2°/min with an interval of 0.045°.  

6.2.2 Materials 

4-bromostyrene and styrene (TCI) were vacuum distilled after drying overnight by CaH2. 

MMAO-12 7% toluene solution (Sigma Aldrich) was dried by vacuum at 50oC to become white 

powders. [(C5Me4)SiMe2N(t-Bu)]TiCl2 (Boulder Scientific), 1,2,4-trichlorobenzene (Sigma 

Aldrich), and acetone (VWR) were used as received. Toluene (Wiley Organics) was purified via 
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the Grubbs type solvent purification system. Petroleum pitch (250M) with a softening 

temperature of 250oC were kindly provided by Rutgers Basic Aromatics GmbH. 

6.2.3 Preparation of Poly(ethylene-4-bromostyrene) Copolymer via Direct 

Copolymerization 

The copolymerization reaction was conducted in a Parr 500ml stainless autoclave equipped 

with a mechanical stirrer. The reactor was firstly charged with 220ml of toluene, 9 ml of 4-

bromostyrene, and 10ml of 20wt.% of methylaluminoxane (MAO) solution in toluene, with argon 

protection and stirring. Then the solution was saturated with 50 psi ethylene at 40oC. To the 

mixture, 1.1 ml of [(C5Me4) SiMe2N(t-Bu)] TiCl2 (CGC) solution in toluene (20umol/ml) was 

injected into the reactor to initiate the reaction. After 1 hour, ethylene was replaced by argon and 

the reaction was terminated by adding 30ml of isopropanol. The solution mixture was then 

poured into 600ml of diluted HCl solution of methanol. The resulting PE-BrSt copolymer was 

isolated by filtration and was washed with 200ml×3 of methanol before drying in a vacuum oven 

overnight at 60oC. The weight of the copolymer was 5.65g. The comonomer percentage was 8.4% 

determined by 1H NMR. 

6.2.4 Copolymerization of Poly(ethylene-styrene) copolymer  

The reaction was conducted in a 500ml stainless autoclave equipped with a mechanical 

stirrer as a reactor. The reactor was firstly charged with 220ml of toluene, 6.5ml of styrene and 

30ml of MMAO-12 (7wt.%) with argon protected and stirring. Then the reactor was filled with 

ethylene at 50 psi and heated to 40oC. After 10 minutes, 1.1 ml of [(C5Me4) SiMe2N(t-Bu)] TiCl2 

(20umol/ml) was injected into the reactor to initiate the reaction. After 1 hour, ethylene was 

replaced by argon and the reaction was terminated by adding 30ml of isopropanol. The solution 
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mixture was then poured into 600ml of diluted HCl solution of methanol. The polymer was 

isolated by filtration and was washed with 200ml×3 of methanol before drying in a vacuum oven 

overnight at 60oC. The yield of the product was 10.35g. The monomer percentage of the product 

was 8.5% determined by 1HNMR.  

6.2.5 Synthesis of Brominated Poly(ethylene-styrene) Copolymer  

The prepared poly(ethylene-styrene) copolymer with 8.5% comonomer (4g) was firstly 

dissolved in 200ml of 1,1,2,2 tetrachloroethane at 100oC in an air-free 500ml three-neck round 

bottom flask, equipped with a condenser, a dropping funnel, a stir bar, and oil bath. The solution 

was then cooled to 70oC at a rate of ~2oC/min before 0.1 g of iron(iii) chloride was added. A 

solution made from 10ml 1,1,2,2 tetrachloroethane and 1ml of bromine was added to the 

dropping funnel. Then, the whole reactor was set to light-free before the bromine solution was 

added drop-wisely into the flask.  After 2 hours, the polymer solution was poured into 400ml of 

hot methanol with vigorous stirring. The obtained polymer was washed with 300ml methanol×1 

and 100ml acetone×2. Then the polymer product was dissolved in 200ml toluene and precipitated 

in 400ml methanol for another two times before drying in a vacuum oven at 60oC. The weight of 

the product with off-white color was 4.3g.  

6.2.6 Toluene-soluble Pitch 250M(S) Extraction  

A Soxhlet extraction apparatus was applied to extract toluene-soluble potion from 

petroleum pitch 250M. It consists of a still pot containing solvent and a stir bar, a distillation path, 

Siphon top and exit, a cone-shape filter paper with 8um hole size as sample holder, and a 

condenser with cool water flowing through. The solvent in the still pot used in this study was 

toluene and it was heated by an oil bath at 140oC. The temperature of the distilled solvent 
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surrounding the sample holder was measured by a thermocouple and the value was 65oC. After 

extraction, the solution was cooled to room temperature and conducted centrifuge. There was no 

insoluble portion found in this solution. Then the collected solution was dried at 100oC with air-

flow and 90oC in a vacuum oven overnight.  

6.2.7 Preparation of PE-g-Pitch/Pitch Blend 

2g of PE-BrSt copolymer and 20g of 250M(S) were first dissolved in 250ml of toluene at 

90oC in a 500ml beaker. At the same temperature, the prepared homogeneous solution was then 

dried with vigorous stirring under an airflow until it became a slime-like product that contained 

20wt.% of toluene. The mechanical blending of all premixed samples was conducted in a twin-

screw Brabender. This system has three thermocouples located at the outer cover, sample 

chamber, and inner wall to have a close monitor on temperature control. The heating rate was set 

to 10oC/min.  Nitrogen flowed in the system through a rubber tube to create an air-free 

environment during mixing at a flow rate of 100ml/min. Firstly, the premixed sample was loaded 

into the sample chamber at room temperature and was mixed at a rate of 100rpm before the 

heating started. After the temperature reached the target temperature, the sample was heat-treated 

for a certain time at this temperature with an increased mixing rate of 300rpm. After it, the 

sample was cooled down by an air-cooling system with a cooling rate of 5oC/min. After blending, 

all collected samples were grounded in the form of powders by a mortar. 

6.2.8 Free Pitch Removal 

The powders were washed by 200ml toluene at room temperature in a beaker with vigorous 

stirring. Then the solution with suspension was centrifuged with the liquid portion removed. The 
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same washing process was repeated until the excess of unreacted 250M(S) was completely 

removed. The collected product was dried at 90oC in a vacuum oven overnight. 

6.2.9 Fiber Spinning 

Solution spinning of PE-g-Pitch was conducted by using the spinning set-up as shown in 

Figure 6.1 with 1,2,4-trichlorobenzene as solvent and acetone as a coagulation bath. 

 

Figure 6.1 A schematic diagram of the solution-spinning setup. 

6.2.10 Stabilization and Carbonization of PE-g-Pitch Fibers 

The stabilization of PE-g-Pitch was conducted in a tube furnace with an air flowing at a 

rate of 100ml/min and a heating rate of 10oC/min, and with no tension applied. The carbonization 

of PE-g-Pitch fibers was conducted in a graphitizing furnace. In the beginning, 2g of sample was 

loaded on a boat-shaped ceramic crucible before putting into the furnace. Then, the furnace was 

vacuumed and refilled with argon three times before temperature raising to the target temperature 

at the rate of 10oC/min.  
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6.3 Results and Discussion 

6.3.1 Synthesis of PE-BrSt Copolymers by Post Polymerization Process 

The new chemical route for preparing the PE-BrSt copolymer involves a post-

polymerization process in which a commercially available and inexpensive poly(ethylene-

styrene) copolymer called PE-St is subjected to a bromination reaction, as illustrated in Figure 

6.2. The PE-St copolymer is prepared by a constrained geometry catalyst (CGC) developed by 

DOW Chemical, [(C5Me4) SiMe2N(t-Bu)] TiCl2 with an alkylamido ligand, which has been 

proven to be very effective in several ethylene copolymerization reactions, including ethylene-

styrene copolymerization.177,178 The high catalyst activity in both ethylene and styrene monomers 

is due to the weaker π-donating effect of the amido ligand and an open active site, i.e., a less 

sterically hindered reactive center.177 The PE-St copolymers formed have a homogeneous 

(random) copolymer microstructure and high polymer molecular weight. With the effective 

bromination reaction, we expect that it will form the corresponding random PE-BrSt copolymer 

structure.  

 

Figure 6.2 Synthetic equation of PE-BrSt copolymer via bromination of PE-St copolymer. 

 

 



163 

 

Figure 6.3 1H NMR spectrums of (bottom) PE-St copolymer and (top) brominated PE-St with 

8.5% comonomer content. 

Figure 6.3 compares the 1H NMR spectra of a starting PE-St copolymer and the resulting 

PE-BrSt copolymer after bromination. Both samples show a major peak centered at ~1.3ppm, 

corresponding to the aliphatic protons of PE not shielded by the presence of side groups. The 

small broad peak centered at ~2.4ppm and the shoulder at about 1.5ppm correspond to the 

methine protons attached to the side groups and the methylene protons near them, respectively. 

The major difference between these two spectra is the conversion from a broad multi-let peak 

centered at ~7.2 ppm before bromination into two peaks with identical intensity afterward; this 

indicates the incorporation of -Br groups at the para-position of the benzene ring. By calculating 

the intensity values for these two spectra, we were able to obtain the comonomer percentage of 

8.5 mol% on both two copolymers. The identical comonomer percentages indicate the successful 
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synthesis of PE-BrSt (8.5%) via bromination with a full conversion from styrene groups to 4-

bromostyrene groups. The peaks’ pattern on the 1H NMR spectrum of PE-BrSt (8.5%) shows no 

obvious difference from the one of PE-BrSt (8.4%) prepared by direct copolymerization, which 

was shown and discussed in Chapter 5.  

6.3.2 Comparison of PE-BrSt Copolymers Prepared by Direct and Post Polymerization 

Processes 

Figure 6.4 compares the 13C NMR spectra (aliphatic region) of PE-BrSt copolymers 

prepared by two different methods with similar 4-bromostyrene comonomer content (8.4mol% 

for direct copolymerization and 8.5mol% for post-polymerization bromination). A quantitative 

analysis was performed using inverse-gated decoupling mode and long relaxation delay to 

minimize the nuclear Overhauser effects and longitudinal relaxation times. Using the reported 13C 

NMR of PE-St copolymer as a reference to assign the chemical shift to the structure (Figure 

6.5),179 the intense signals in the range of 44.5-45.5ppm correspond to the tertiary and secondary 

carbons in the 4-bromostyrene sequences (-SSS-), while the ones in the range of 28.8-30.0 ppm 

are the secondary carbons in the ethylene sequences (-EEE-). The addition peaks centered at 

36.4ppm and 27.0ppm result from carbons that are located within a non-consecutive sequence. By 

comparing the relative intensity ratio between -SSS- and -EEE-, we found that the PE-BrSt 

(8.4%) copolymer prepared by a direct process has more consecutive 4-bromostyrene units than 

PE-BrSt (8.5%) copolymer prepared by a post-polymerization process. The direct 

copolymerization of ethylene and 4-bromostyrene generates a copolymer with a less random 

microstructure than the ethylene-styrene copolymer prepared by using the DOW CGC catalyst 

system. 
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Figure 6.4 Aliphatic region of 13C NMR spectra of PE-BrSt copolymers with (top) 8.4mol% 

comonomer by direct copolymerization and (bottom) 8.5% comonomer by post-polymerization 

bromination. 

 

Figure 6.5 Chemical shift assignments of the poly(ethylene-4-bromostyrene) copolymers with 

different microstructure arrangements.   
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The melting temperature (Tm) of a PE-copolymer is highly sensitive to its microstructure 

since the consecutive PE units govern the lamellae thickness.180 The PE copolymer with a tapered 

or block structure contains long ethylene sequences; thus the comonomer percentage has a small 

reduction effect on its Tm. In contrast, the PE copolymer with a random structure where pendant 

side groups are randomly distributed along the polymer backbones has only short ethylene 

sequences, so its Tm should be lower than one with the same comonomer percentage but a 

tapered/block structure. Figure 6.6 compares the DSC curves of the same pair of two PE-BrSt 

copolymers, prepared by a post-polymerization bromination method and a direct 

copolymerization method, under a nitrogen atmosphere with a rate of 10oC/min. Both samples 

were pre-heated to 200oC at the same heating-cooling rate to remove their thermal history. Based 

on the DSC curves, with almost the same comonomer percentage, PE-BrSt (8.4%) prepared by 

direct process shows a sharp endothermic melting peak centered at about 118oC, while PE-BrSt 

(8.5%) prepared by post process has a broader melting peak centered at about 103oC. This 

suggests that the crystallinity of the PE-BrSt copolymer prepared by the CGC catalyst system is 

governed by the type of comonomer with which the ethylene copolymerized. The 

copolymerization of ethylene and styrene generates a more random microstructure with shorter 

and less consecutive PE units compared to that of ethylene/4-bromostyrene copolymerization, 

which is consistent with the finding on the 13C NMR spectra.    
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Figure 6.6 DSC comparison of (a) PE-BrSt (8.4%) copolymer by direct-copolymerization and (b) 

PE-BrSt (8.5%) copolymer by post-polymerization bromination in N2 atmosphere with a heating 

rate of 10oC/min. 

6.3.3 Preparation of PE-g-Pitch Precursor from the PE-BrSt Copolymers Prepared by Post 

Polymerization Process 

Next, following the thermal-induced cycloaddition reaction described in Chapter 5, the 

resulting random PE-BrSt copolymer was used to prepare PE-g-Pitch precursor by reactive 

blending with pitch 250M(S) under elevated temperature (Table 6.1), and then removing all of the 

unreacted pitch molecules.  

Table 6.1 Preparation conditions of PE-g-Pitch samples. 

Run Sample 

BrSt content in                 

PE copolymer 

(mol %)a 

Polymer/Pitch  Mixing  

Temp/Time 

(oC/hr) Weight Ratio 

1 PE-g-Pitch(8.5%)-1 8.5 1/10 310/1 

2 PE-g-Pitch(8.5%)-2 8.5 1/10 250/1 

3 PE-g-Pitch(8.5%)-3 8.5 1/10 250/0.5 

a The content of 4-bromophenyl side groups was determine by 1H NMR. 
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As observed in Chapter 5, the PAH molecules in pitch are more likely to react with 4-

bromophenyl side groups not in a consecutive sequence of repeat units. Therefore, we expect that 

the PE-g-Pitch precursor prepared from the random PE-BrSt copolymer would have more 

incorporated pitch content than the PE-BrSt copolymer prepared by the direct copolymerization 

process. To test this, we studied PE-g-Pitch samples prepared by blending random PE-BrSt 

(8.5%) copolymer and pitch 250M(S) at different temperatures and times, and examined the 

effect of the more random microstructure of the PE-BrSt copolymer on the carbon yield, 

spinnability, and graphitizability of the resulting PE-g-Pitch precursors. 

Figure 6.7 shows 1H NMR spectra of two resulting PE-g-Pitch precursor samples prepared 

by using two different blending conditions (Runs 1 and 3 in Table 6.1). The peak patterns on 

these spectra include the aromatic region from 6.5-10 ppm and the aliphatic region from 1.2-

1.7ppm, corresponding to the protons in the PAH side groups and PE backbone, respectively. 

Additionally, two distinct small peaks were found in the aromatic region, indicating the presence 

of some unreacted 4-bromostyrene. These patterns are very similar to the ones on 1H NMR 

spectra, as shown in the previous chapter.  
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Figure 6.7 1H NMR of PE-g-Pitch samples prepared with different reaction temperatures and time 

of (a) 310oC, 1hr and (b) 250oC, 30min. 
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Table 6.2 The comparisons of experimental results of PE-g-Pitch samples preparation with different 

reaction temperatures and times. 

Sample 

1
H NMR I

(Ali)
/I

(Aro) b PE-BrSt 

Comp (wt.%) 
c Carbon Yield 

(%) 

Spinnability 

a BrSt Deducted d 10wt.% 

PE-g-Pitch(8.5%)-1 
0.72 2.9 70.1 N 0.74 

PE-g-Pitch(8.5%)-2 
0.83 

4.0 68.2 N 
0.86 

PE-g-Pitch(8.5%)-3 
1.37 

9.3 58.6 Y 
1.46 

aThe intensity ratio of I(ali) and I(aro) after deduction of peak intensity of two aromatic protons on BrSt. bWeight 

percentage of PE-BrSt copolymer is determined by the intensity ratio after deduction and the calibration curve. 
cSamples were heated to 900oC in N2 at a rate of 10oC/min. dSolution concentration is determined by the weight of 

solute over the weight of solution. 

Table 6.2 summarizes the experimental results for three PE-g-Pitch samples, including the 

peak intensity ratio between the saturated aliphatic region and unsaturated aromatic region 

I(al)/I(aro) on 1H NMR spectra, the weight composition of the PE-BrSt portion, the carbon yield at 

900oC in N2, and the spinnability of PE-g-Pitch/TCB solutions with 10wt.% polymer solution. 

One observation is that the content of aromatic protons increases with the blending time; this is 

consistent with the finding on PE-g-Pitch prepared from PE-BrSt copolymer by direct 

copolymerization in Chapter 5. As described in that chapter, we previously found that the carbon 

yield of PE-g-Pitch (8.4%) prepared from less random PE-BrSt (8.4%) at 310oC for one hour is 

only 37.2%. Surprisingly, the PE-g-Pitch made from random PE-BrSt (8.5%) copolymer under 

the same blending condition exhibits a carbon yield of 70.1%, with a large weight composition of 

pitch of 97.1%, calculated from the combination of its 1H NMR spectrum and the calibration 

curve as shown in Chapter 5. This finding suggests that the PE-BrSt copolymer with a more 

random microstructure can react with PAH molecules in the pitch at a faster rate; this is 

attributable to the lower steric hindrance on the non-consecutive 4-bromostyrene repeat units in 

the copolymer. PE-g-Pitch (8.5%)-3 prepared under 250oC for 30 minutes shows a carbon yield 

of 58.6%, which is still higher than the conventional PAN precursor.  
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6.3.4 Solution Spinning of PE-g-Pitch Precursor Fibers 

 

Figure 6.8 Oscillatory rheology (frequency-sweep) of PE-g-Pitch (8.5%)-3 with blending time of 

30min at 250oC, in 10wt.% TCB solution at 90oC. 

The PE-g-Pitch (8.5%)-1 and 2 were not able to be solution-spun due to the large PAH side 

groups on the polymer chains, which provide a strong π-π interaction as physical cross-linking. 

By contrast, PE-g-Pitch (8.5%)-3 shows solution spinnability in TCB with 10wt.% concentration, 

even though it contains only 9.3wt.% of the PE-BrSt portion. Interestingly, based on the 

frequency-sweep oscillatory rheology measurement at 90oC as illustrated in Figure 6.8, the 

solution exhibited liquid-like behavior in the angular frequency range of measurement, indicating 

no formation of a physical cross-linked network structure. Based on the 1H NMR result, PE-g-

Pitch (8.5%)-3 is mostly comprised of PAH side groups. However, with only a blending time of 
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30 minutes and a low blending temperature of 250oC, these PAH side groups did not grow to a 

size that is large enough to generate strong π-π interaction. Therefore, the interaction between the 

polymer chains can be overcome by the thermal energy at 90oC in the solution. PE-g-Pitch-3 was 

successfully converted into the fiber with a diameter of about 60um as shown in Figure.6.9 by 

spinning a 10wt.% TCB solution at 90oC. No sign of porous structure and phase separation was 

found on either the fiber surface or the cross-section. However, because of the smaller degree of 

crystallinity and much higher PAH weight percentage, the precursor fibers derived from PE-g-

Pitch-(8.5%)-3 had much weaker mechanical strength than the solution-spinnable PE-g-Pitch 

sample in Chapter 5, and thus could not be stretched in the coagulation bath. Therefore, the fibers 

had a non-circular cross-section.   

 

 

 

Figure 6.9 SEM images of as-spun fiber of PE-g-Pitch (8.5%)-3 on (top) cross-section and 

(bottom) fiber surface. 
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6.3.5 Carbon Fibers Prepared from PE-g-Pitch Precursors  

 

Figure 6.10 Comparisons of (a) XRD spectra and calculated (b) d002, (c) Lc, and (d) La of 

carbonized PE-g-Pitch (8.5%)-3 at temperatures of 900oC, 1100oC, 1300oC and 1500oC.  

 

PE-g-Pitch (8.5%)-3 precursor fibers were stabilized in air at 230oC for two hours, then 

subjected to heat treatment under temperatures from 900o to 1500oC. The bulk structure of 

carbonized fibers was determined by XRD as shown in Figure 6.10. Based on the XRD spectra as 

shown in Figure, microcrystals were formed in both temperatures. When the carbonization 

temperature was increased from 900o to 1500oC, the d (002) value first decreased from 0.3656nm 

to smaller spacing of 0.3648nm at 1100oC, then decreased to 0.3629nm and 0.3613nm at 1300o 

and 1500oC, respectively. The La and Lc increases with the higher temperature, indicating the 

growth of carbon microcrystals within the fibers to generate a more graphitic structure.  
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6.4 Conclusion 

The major objective of research in this chapter is using PE-BrSt copolymer and petroleum 

pitch to prepare a PE-g-Pitch precursor that can simultaneously offer good fiber spinnability and 

high carbon yield in forming CFs. To achieve this goal, we applied an alternative method for 

synthesizing PE-BrSt copolymer, by first copolymerizing ethylene and styrene, then conducting a 

post-polymerization bromination on the resulting copolymer. We found that this copolymer has a 

more random microstructure than the one synthesized by the direct ethylene/4-bromostyrene 

copolymerization. The more random structure allowed the copolymer to react with petroleum 

pitch at a higher rate. The solution-spinnable PE-g-Pitch made from this copolymer exhibited a 

high carbon yield of about 59% with a blending temperature of 250oC and blending time of 30 

minutes, and was successfully converted to precursor fibers via solution-spinning. XRD results 

indicate the formation of a polymorphous carbon structure and carbon crystallites within the 

stabilized precursor fibers at a temperature higher than 900oC, and the crystal size continually 

grows with the higher carbonization temperature.    
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Chapter 7 

Summary and Future Research Directions 

7.1 Summary and Conclusions 

It is both scientifically challenging and technologically important to develop a new method 

for preparing low-cost and high-strength carbon fibers. Current PAN-based carbon fibers are too 

expensive for general applications, because of a combination of high precursor cost, an expensive 

fiber-spinning process, long and complicate thermal conversion reactions, and low carbon yield. 

The research in this thesis has demonstrated strategies to prepare a novel carbon-fiber (CF) 

precursor, called ‘PE-g-Pitch’, with linear polyethylene (PE) backbones and polycyclic aromatic 

hydrocarbons (PAH) side groups. This PE-g-Pitch precursor can be prepared via the grafting 

reactions between petroleum pitch and two types of PE copolymers: one is poly(ethylene-co-4-

phenyacetylenyl styrene) (PE-DPA copolymer) with diphenylacetylenyl (DPA) side groups, and 

the other is poly(ethylene-co-4-bromostyrene) (PE-BrSt copolymer) with 4-bromophenyl side 

groups. Based on our experimental results, grafting the PAH onto the PE backbone can 

effectively increase the carbon yield of the resulting material by promoting the dehydrogenation 

reaction before reaching the decomposition temperature, hence generating a highly π-electron 

conjugated structure during the stabilization step. Additionally, the PAH side groups in PE-g-

Pitch can undergo a polycondensation reaction at a temperature higher than 350oC. This allows 

the unreacted PAH molecules (if there are any) to continually graft into the polymer side groups, 

generating a larger PAH structure that is favorable for carbon conversion. This also interconnects 

the polymer chains and forms a cross-linked network without the involvement of oxygen, thus 

allowing the precursor fibers to retain their fiber structure during carbonization. We also 

developed two methods for spinning PE-g-Pitch into precursor fibers: one by melt-spinning the 



176 

blend of PE-g-Pitch with the excessive pitch that can act as a plasticizer to control the melt 

viscosity, the other by solution-spinning using 1,2,4-trichlorobenzene as a solvent. The precursor 

fibers formed by these two spinning methods were both graphitizable with structural order 

improved at a temperature higher than 900oC in a noble gas environment. Overall, the discovery 

of a PE-g-Pitch graft copolymer provides a comprehensive strategy for preparing CFs from 

functionalized polyethylene and petroleum pitch with lower cost and less energy consumption. 

7.2 A New Precursor System Based on Poly(phenylacetylene) Derivatives 

At an early stage of this research, a series of poly(phenylacetylene) derivatives were 

synthesized and studied, to investigate the relationship between the polymer’s structure and its 

ability to convert to the carbon material. We compared the carbon yields of two types of 

polymers, both containing conjugated polymer backbones—12% for poly(PA) with phenyl side 

groups and 75% for poly(PA-PA) with DPA side groups. We found that the presence of side 

groups in the polymer precursor is important for reaching high carbon conversion; these side 

groups must be able to produce PAH moieties via the cycloaddition and dehydrogenation 

reactions in order to form a network structure with highly π-electron conjugation during the 

stabilization step. We also found that poly(PA-PA) is solution-spinnable by dissolving in a 

common organic solvent such as THF, and is also graphitizable at temperatures higher than 

1000oC. Although the synthesis of poly(PA-PA) requires expensive monomers and a long 

preparation route, thus limiting its mass production, the finding inspired us to design and 

investigate the PE-g-Pitch precursor in subsequent studies. 
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7.3 PE-g-Pitch Precursors Prepared by Cycloaddition between Petroleum Pitch and 

Diphenylacetylenyl Side Group-Contained PE Copolymer  

 In this study, we successfully prepared PE-g-Pitch precursors via a thermally induced 

Diels-Alder cycloaddition reaction by blending PE-DPA copolymers with petroleum pitch at a 

high temperature. We also systematically studied the relationship between preparation conditions 

and the processibility and thermal-transformation behaviors of a series of PE-g-Pitch/pitch blend 

samples with different comonomer percentages, blending ratios, and blending temperatures. the 

presence of the PE-g-Pitch graft copolymer prevents the evaporation of the volatile portion of 

pitch and stabilizes fully decomposable PE polymer chains. In the oscillatory rheology 

measurement of several PE-g-Pitch/pitch blends, we found that the mixing ratio had a significant 

effect on the viscosity and solidification temperature. When mixing PE-DPA copolymer with a 

greater amount of petroleum pitch, the as-prepared PE-g-Pitch/pitch blend precursor showed 

higher solidification temperature and lower viscosity, both of which make it more favorable for 

the melt-spinning process. We also observed that the viscosity of this precursor showed a rapid 

increase with liquid-like behavior maintained before reaching the solidification point at the 

temperature of polycondensation between the PAH molecules in petroleum pitch. These results 

indicate that the molecular weight of the polymer portion increases as a result of the continuous 

incorporation of ungrafted PAH molecules in pitch into the PAH side groups of the PE-g-Pitch 

graft copolymer, followed by the formation of a cross-linked network structure from the 

polycondensation between PAH side groups. By using a piston extruder, we successfully melt-

spun the PE-g-Pitch/pitch precursor to fibers that can be wound up using a spin winder at a 

constant speed. However, the as-spun fibers revealed an uneven striated surface with longitudinal 

ridges oriented along the filament axis, indicating the occurrence of a cross-linking reaction 

during the melt-spinning, although the network structure was not formed. Additionally, due to a 

large quantity of pitch in the precursor material, the formed precursor fibers were very brittle, and 

thus could be continuously spun for only a short period. The PE-g-Pitch/pitch precursor fibers 
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proved to be graphitizable at temperatures higher than 900oC. They had a carbon structure with 

d002 and Lc values close to those of PAN-based CFs treated at the same temperature, but with a 

much higher La.  

To study the stabilization mechanism of PE-g-Pitch, we obtained the PE-g-Pitch portion 

from the blend by using toluene-soluble pitch as starting material, which can be completely 

removed by a Soxhlet extractor after blending. By investigating the change in chemical structure 

and bulk structure of PE-g-Pitch at different temperatures, we found that the highly π-electron 

conjugated PAH side groups in PE-g-Pitch promote the formation of double bonds from saturated 

hydrocarbons along polymer chains via dehydrogenation at temperatures greater than 380oC. The 

formation of one double bond extends the conjugated system, therefore initiating a 

dehydrogenation reaction at near positions to achieve thermodynamic-driven stabilization along 

the polymer chain in the form of alkenes. Additionally, a network structure is formed in PE-g-

Pitch at the temperature range of 310-400oC by the condensation reaction between PAH side 

groups. The collective effect of these two stabilization processes increases the carbon yield of PE-

g-Pitch.  

7.4 PE-g-Pitch Precursors Prepared by Cycloaddition Reaction between Petroleum Pitch 

and 4-bromophenyl Side Groups-Contained PE Copolymer  

Because the self-reactions between DPA side groups easily generate a premature cross-

linked network structure within the precursor, we successfully developed a new preparation route 

for PE-g-Pitch, by blending petroleum pitch and a PE-BtSt copolymer that is synthesized by 

direct copolymerization between ethylene and 4-bromostyrene. The grafting of PAH molecules 

onto the PE backbone was also accomplished by a thermally induced cycloaddition reaction 

based on our study. The formed PE-g-Pitch can be melt-spun into precursor fibers by blending 

with excess pitch acting as a plasticizer. Because there is no self-reaction (cross-linking) between 
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the 4-bromophenyl side groups in the temperature range of precursor preparation, the morphology 

study showed the as-spun fibers had a porous-free and smooth surface, without any sign of the 

network formation and phase separation. By partially removing the content of the brittle pitch 

component, the PE-g-Pitch/pitch blend was able to be melt-spun for more than 30 minutes 

without a breakage. However, the oscillatory rheology study suggests that the PE-g-Pitch in the 

blend did not exhibit a rapid cross-linking behavior via the polycondensation between pendant 

PAH side groups. Therefore, an oxidative stabilization was applied to infusiblize the as-spun 

fibers. This stabilization process also increased the carbon yield of the blend. The stabilized 

precursor fibers were carbonized and successfully converted to CFs with mechanical properties 

suitable for general purposes.  

We also extracted the PE-g-Pitch by completely removing the excess unreacted pitch from 

the blend. It was found the grafting reaction between copolymer and PAH molecules is more 

likely to happen on the 4-bromophenyl groups not located at a consecutive sequence of repeat 

units. It was also found the PAH side groups continually grew with longer blending time during 

the precursor preparation. The enlarged side groups increased the carbon yield of the PE-g-Pitch 

precursor but meanwhile generated a strong π-π interaction that increases the softening point of 

this precursor to a value close to the temperature of the polycondensation reaction between PAH 

side groups. Therefore, without any free pitch as a plasticizer, PE-g-Pitch can be converted into 

fibers only by solution spinning. The interaction also affects the spinnability of PE-g-Pitch; hence 

only the precursor with short blending time could be solution-spun into fibers, with a carbon yield 

of about 37%. The spun fibers exhibited good graphitizability and formed microcrystals starting 

at 900oC.   

To increase the carbon yield of PE-g-Pitch and maintain its spinnability, we applied an 

alternative method to synthesize PE-BrSt copolymer, by first copolymerizing ethylene and 

styrene, then conducting a post-polymerized bromination on the resulting copolymer. We found 
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that the resulting PE-BrSt copolymer has a more random microstructure than the one synthesized 

by direct copolymerization; this more random microstructure allowed the copolymer to react with 

petroleum pitch at a higher rate, even at a lower temperature. The solution-spinnable PE-g-Pitch 

made from this copolymer exhibited a high carbon yield of about 59% and was successfully 

converted to precursor fibers that are also graphitizable at temperatures above 900oC.  

7.5 Future Work 

 The study provides two preparation routes for PE-g-Pitch precursors by blending 

petroleum pitch with two different PE-copolymers, with the one with 4-bromophenyl side groups 

showing more promise based on our experimental results. However, the reaction mechanism 

between 4-bromophenyl side groups and petroleum pitch was not well-studied. It is possible that 

by replacing 4-bromophenyl groups with the other type of styrenic functional groups containing 

stronger electron-withdrawing moieties, the preparation of PE-g-Pitch would be more effective. 

Additionally, the study shows that the grafting reaction of PAH molecules is less likely to happen 

on the 4-bromophenyl side groups in a consecutive sequence of repeat units. Although we 

changed the microstructure of the PE-BrSt copolymer to more random by applying the post-

polymerization bromination method, the 1H NMR spectra of the resulting PE-g-Pitch still show 

unreacted 4-bromophenyl side groups. These unreacted groups not only reduce the crystallinity of 

PE-g-Pitch and weaken the mechanical properties of the as-spun fibers, but also incorporate more 

heteroatoms into the system, reducing the carbon yield of the precursor. Thus, a promising way to 

improve the precursor is by finding a synthesis route to prepare the PE-BrSt copolymer with a 

more random microstructure, but with less comonomer percentage, for the preparation of strong 

PE-g-Pitch precursor fibers with high carbon yield.  
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In addition to optimizing the chemical composition and microstructure of the starting 

copolymer, it may also be useful to improve the conditions for fiber-spinning of PE-g-Pitch. For 

the solution spinning of pure PE-g-Pitch graft copolymer, we have not conducted a systematic 

study on the effect of the choice of solvent and coagulation bath on the morphology and 

mechanical properties of the as-spun fibers. Additionally, the temperatures of the solution for 

spinning and coagulation bath are also very crucial for producing precursor fibers and CFs with 

good performance. When melt-spinning PE-g-Pitch with some unreacted pitch acting as a 

plasticizer, the existence of PE backbones within PE-g-Pitch/pitch blend will result in as-spun 

fibers that are more stretchable than pure pitch material when the heat is applied. Therefore, 

applying tension on the precursor fibers during stabilization may improve the mechanical 

performance of the resulting precursor fibers and CFs.   
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