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ABSTRACT  
 

In the first Chapter, Polyhomologation, a powerful technique to synthesize well-

defined, perfectly linear, polyethylenes with controllable molecular weight, topology 

and low polydispersity, is presented in the first Chapter. In this Chapter is also discussed 

the combination of polyhomologation with other polymerization techniques such as 

Ring Opening Polymerization, ROP, Atom Transfer Radical Polymerization, ATRP, as 

well as with  chlorosilane linking chemistry towards well-defined polyethylene-based 

macromolecular architectures. 

In the second Chapter, α,ω-dihydroxy-polyethylene was synthesized by the 

polyhomologation of dimethylsulfoxonium methylide with 9-thexyl-9-BBN (9-BNN: 

9-borabicyclo[3.3.1]nonane), a novel difunctional initiator produced from 9-BBN and 

2,3-dimethylbut-2-ene with two active and one blocked sites, followed by 

hydrolysis/oxidation. The terminal hydroxy groups were used either directly as 

initiators, in the presence of 1-tertbutyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-

catenadi(phosphazene) (t-BuP2), for the ring opening polymerization of ε-

caprolactone, ε-CL, in order to afford polycaprolactone-b-polyethylene-b-

polycaprolactone (PCL-b-PE-b-PCL) or after transformation to ATRP initiating sites 

in order to polymerize styrene and produce polystyrene-b-polyethylene-b-polystyrene 

(PSt-b-PE-b-PSt) triblock copolymers. Molecular characterization by 11B, 13C and 1H 

NMR as well as FTIR, and high-temperature GPC (HT-GPC) confirmed the well-

defined nature of the synthesized new difunctional initiator and triblock copolymers. 

Differential scanning calorimetry was used to determine the melting points and degree 

of crystallinity of PE and PCL. 

In the third Chapter, a novel triallylborane initiator was synthesized and used to 

afford α-allyl-ω-hydroxy-polyethylene by polyhomologation of dimethylsulfoxonium 
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methylide. The α-allyl-ω-hydroxy-polyethylene was then used as a macroinitiator (OH 

group) for the ROP of ε-CL and LLA to afford well-defined triblock terpolymer of 

polylactide-b-polyethylene-b-polycaprolactone (PLLA-b-PE-b-PCL). The 

characterization of all intermediate and final products by 1H NMR, FTIR, and HT-GPC, 

verified the well-defined nature of the triblock terpolymer.       

In the fourth Chapter, polyethylene (PE)-based 3- and 4-miktoarm star 

[PE(PCL)2, PE(PCL)3], as well as H-type [(PCL)2PE(PCL)2] block copolymers (PCL: 

polycaprolactone), were synthesized by combining polyhomologation, chlorosilane 

chemistry, and Ring Opening Polymerization (ROP). For the synthesis of miktoarm 

stars, a hydroxyl-terminated PE-OH, prepared by polyhomologation of 

dimethylsulfoxonium methylide with a monofunctional boron initiator, reacted with 

either chloromethyl(methyl)dimethoxysilane or chloromethyltrimethoxysilane. After 

the hydrolysis of the methoxysilane groups, the produced difunctional or trifunctional 

macroinitiators were used for the ROP of ε-caprolactone, in the presence of 1-tert-

butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene)(t-BuP2). The 

H-type block copolymers were synthesized using the same strategy but with a 

difunctional polyhomologation initiator. All intermediates and final products were 

characterized by HT-GPC, 1H NMR, and FTIR analysis. The thermal properties of the 

PE precursors and final products were studied by DSC and TGA. 

In the fifth Chapter, the self-assembly properties of the amphiphilic linear block 

copolymer PE-b-PCL and 3-miktoarm star copolymers (PE-b-PCL2) were studied in 

THF, a selective solvent for PCL, by Dynamic Light Scattering (DLS), Transmission 

Electron Microscopy (TEM) and Atomic Force Microscope (AFM). 

All the above findings presented in this dissertation emphasize the utility of 

polyhomologation for the synthesis of well-defined polyethylene-based complex 
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macromolecular architectures, which is practically impossible through another kind of 

polymerization, including the catalytic polymerization of ethylene. 

In the sixth Chapter, the summary of the thesis and some consideration on the 

subjects of future work are given. 
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Chapter 1. Polyhomologation (C1 Polymerization) 

  

 

1.1. Introduction to polyethylene 

 
The annual worldwide production of polyethylene (PE) is above 79 million tons.1The 

majority of commercial PE is prepared via traditional polymerization methods, 

including Ziegler-Natta, and high-pressure, high-temperature free radical 

polymerization.2 In the C2 polymerization, the chain grows by two carbons at a time. 

PE consists of a long carbon backbone with a pair of hydrogen atoms attached to each 

carbon3 (Figure 1.1). These techniques result in the production of polyethylene with a 

range of physical properties, which combined with its low cost, recyclability and 

processability, make it suitable for applications that vary from product packaging to 

precision mechanical material (artificial joint replacements).4 

  

 

 

Figure 1.1 Polyethylene (C2 Polymerization). 

There are several types of polyethylene which differ in the number of branches which 

they have, affects the structure and the proprieties of each one of them. 5 Examples of 

these types are High-density Polyethylene (HDPE), Low-density Polyethylene (LDPE), 

Linear low-density Polyethylene (LLDPE), Ultra-high-molecular-weight Polyethylene 

(UHMWPE), Ultra-low-molecular-weight polyethylene (ULMWPE or PE-WAX), 

High-molecular-weight Polyethylene (HMWPE), High-density Cross-linked 

polyethylene (HDXLPE), Cross-linked Polyethylene (XLPE or PEX), Medium-density 
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Polyethylene (MDPE), Very-low-density Polyethylene (VLDPE) and Chlorinated 

Polyethylene (CPE).6,7  

 

Figure 1.2 Different types of polyethylene. 

Some of the most frequently used types of polyethylene are listed below to provide 

more information: 

1) High-density polyethylene (HDPE) is a linear polyethylene. It is used in the 

production of plastic bottles, corrosion-resistant piping, geomembranes, 

and plastic lumber. HDPE is commonly recycled.7,8 The degree of crystallinity 

of this type of PE is 50-70% (Figure 1.2). 

 

Figure 1.3 High-density polyethylene (HDPE). 

https://en.wikipedia.org/wiki/Plastic_bottles
https://en.wikipedia.org/wiki/Geomembrane
https://en.wikipedia.org/wiki/Plastic_lumber
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2) Low-density Polyethylene (LDPE) is a branched polyethylene homopolymer. It 

is a thermoplastic polymer made using the monomer ethylene. The weak 

packing of the branched polyethylene results in a lower crystallinity compared 

to the HDPE7 (Figure 1.3). 

 

 

Figure 1.4 Low-density polyethylene (LDPE). 

 

3) Linear low-density polyethylene (LLDPE) is a linear polyethylene, with large 

numbers of short branches coming from the comonomer. LLDPE is formed at 

lower pressures and temperatures by the copolymerization of ethylene with 

longer-chain olefins such as butene, hexene, or octene. LLDPE differs 

structurally from conventional low-density polyethylene (LDPE) because of the 

absence of long chain branching8 (Figure 1.4).  

 

Figure 1.5 Linear low-density polyethylene (LLDPE). 

The flexible physical properties and low cost of PEs have prompted efforts to extend 

its use to products of high value. However, physical properties and production 

techniques of polyethylene contribute to limiting the achievement of this goal. The 

industrial polymerization methods produce polymers on a huge scale, but they are not 

https://en.wikipedia.org/wiki/Thermoplastic
https://en.wikipedia.org/wiki/Monomer
https://en.wikipedia.org/wiki/Ethylene
https://en.wikipedia.org/wiki/Polyethylene
https://en.wikipedia.org/wiki/Ethylene
https://en.wikipedia.org/wiki/Olefin
https://en.wikipedia.org/wiki/Butene
https://en.wikipedia.org/wiki/Hexene
https://en.wikipedia.org/wiki/Octene
https://en.wikipedia.org/wiki/Low-density_polyethylene
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well suited for control of molecular weight and polymer architecture and there are only 

a few approaches which satisfy the standards for a living olefin polymerization.9,10 

 

1.2 Methods of polyethylene production 

An example of a traditional way for the synthesis of polyethylene is the Anionic 

polymerization.  

1.2.1 Anionic polymerization of butadiene and hydrogenation 

This is the only method to produce well-defined PE with different macromolecular 

architectures by hydrogenation of the corresponding polybutadiene-1,4 (PBd-1,4). 

Since PBd-1,4 always contains 1,2 (vinyl) units, the resulting PE is a copolymer of 

ethylene and butene.11  

 

 

Scheme 1.1 Anionic polymerization of butadiene and hydrogenation. 
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1.2.2 Ziegler-Natta catalysts 

These catalysts were discovered in 1950 by Ziegler and Natta.12 ZN catalysts can 

produce polyethylene at room temperature.13 The proposed mechanism is shown in 

Scheme 1.2. The initial step of ZN polymerization is transmethylation between the Ti 

catalyst and the Al co-catalyst, followed by the abstraction of a methyl group (Me). 

This group is removed by using the Al co-catalyst (Lewis acid) to generate a vacant 

site. Afterwards, the vacant site is used to organize the ethylene monomer through the 

π bond complex. A migratory insertion occurs with the attack of the Me group on the 

π-bound ethylene in order to generate the vacant site once more. The repetition of this 

process forms a long chain polyethylene which then ends when the β-elimination chain 

transfer occurs.14 

However, this polymerization is inefficient, as only 1-6 mol. % is catalytically active, 

and the heterogeneous ZN catalyst is ill-defined and impure. Moreover, this mechanism 

is still a matter of disagreement due to how difficult it is to study. This polymerization 

produces a broad molecular weight distribution with a polydispersity index 5-30.15 

 

Scheme 1.2 Mechanism of Ziegler Natta of ethylene polymerization.1 
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Below is a figure showing how polyethylene is made in industry using the Ziegler-Natta 

method of polymerization (Figure 1.5).  

 

 

Figure 1.6 Polyethylene polymerization of Ziegler Natta catalysts.17 

 

1.2.3 Free radical polymerization 

The free radical polymerization was one of the first methods which was used to 

synthesize polyethylene (1930). This technique was used under a high temperature and 

high pressure to produce the polyethylene. The mechanism of this technique is shown 

in Scheme 1.3, where the radicals are generated by the decomposition of peroxide.18 

Then, the reaction between the radical and the monomer starts to generate the growing 

chain. The termination step can happen through the coupling between the two radicals 



34 
 

or the disproportion process. This technique leads to LDPE or cross-linked PE 

depending on the intermolecular chain transfer.19 

 

Scheme 1.3 Mechanism of free radical polymerization for ethylene. 

 

1.2.4 Metallocene Catalysts 

In 1970, the metallocene catalysts (Cp2Zr-alkyl groups) were introduced in 

combination with methylaluminoxane (MAO). The suggested mechanism is shown in 
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Scheme 1.4. The resulting polyethylene from this technique is High-density 

Polyethylene (HDPE) with a high molecular weight of around 100,000 and a relatively 

low polydispersity (PDI= 2).20,21 

  
 

Scheme 1.4 Mechanism of metallocene polymerization for polyethylene. 
  

 

Although these different techniques for ethylene can produce polymers on a large scale, 

they are not capable of controlling the macromolecular architectures, molecular weight, 

and the polydispersity.22 At the same time, these methods can't produce a perfectly well-

defined linear polyethylene so, for that reason, there was a need for a novel way to 

produce well-defined polyethylene with different macromolecular architectures. This 

new technique, named polyhomologation, is used in this dissertation in order to produce 

the best linear polyethylene-based homopolymers and block copolymers 

 

1.3 Polyhomologation 

In 1997, Shea and coworkers 23,24,25,26 discovered an efficient technique to synthesize 

linear polyethylene. Their work drew from the homologation reaction of an 

organoborane with dimethylsulfoxonium methylide, the reaction of a stoichiometric 

quantity of tri-n-heptylborane and methylide, followed by oxidation.27 This reaction 
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gives three byproducts: a non-homologated, a homologated and a double-homologated. 

From the formation of the nonanol, which is the doubly homologated product, Shea and 

coworkers were inspired to use a large excess of ylide to produce long hydrocarbon 

chains. Scheme 1.5  

 

 

Scheme 1.5 Homologation reaction of organoborane and dimethylsulfoxonium 

methylide.28 

This polymerization is called polyhomologation (C1 polymerization).29 

Polyhomologation is a nonolefin polymerization, delivering several advantages: well-

defined polyethylene-based polymeric materials, controlled molecular weight, low 

molecular weight distribution and distinct topology and composition. All these 

properties lead to the synthesis of new polymer architectures that are not provided by 

olefin polymerization and therefore we can study their structure-property correlation.30 

Polyhomologation is a living polymerization that results in the synthesis of linear 

polymethylene, well-defined topology and composition, and controlled and narrow 

molecular weight distribution. In this C1 polymerization, the carbon backbone is 

inserted one carbon at a time, in comparison to two carbons in ethylene 

polymerization.10.  

1.3.1 Trimethylsulfoxonium Chloride 

Trimethylsulfoxonium iodide is converted to trimethylsulfoxonium chloride because 

the chloride salt has higher stability and solubility in the reaction solvent (THF). 
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Trimethylsulfoxonium iodide was added into a biphase mixture of dichloroform and 

water, followed by the introduction of tributylbenzylamino chloride. The mixture was 

stirred at room temperature, and protected from light for 24 h. The aqueous phase was 

collected and washed with CH2Cl2. After the removal of the water by a rotary 

evaporator, white needle-like crystals were obtained. The crystals were dissolved in 

methanol at 50 ºC and then cooled to room temperature naturally, followed by cooling 

to 4 º C and then they were left in the fridge overnight. A needle-like crystal product of 

trimethylsufoxonium chloride was obtained, as Scheme 1.6 shows. 31 

 

 

 

Scheme 1.6 Synthesis of trimethylsufoxonium chloride. 

 

1.3.2. Dimethylsulfoxonium methylide (Monomer) 

 After converting the trimethylsulfoxonium iodide to trimethylsulfoxonium chloride, 

the ylide is then formed by the deprotonation reaction of the chloride salt (Scheme 

1.7) to afford a homogeneous ylide solution in toluene after filtration (elimination of 

NaCl). The concentration of ylide can be calculated by titration with a standard 

solution of HCl and can be stored under argon at -20 ⁰C for three to four weeks.31  
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Scheme 1.7 Synthesis of dimethylsulfoxonium methylide. 

 

1.4 Mechanism of polyhomologation 

The general reaction of polyhomologation involves the formation of an organoboron 

complex between the Lewis acidic borane and ylide, as Scheme 1.8 shows. The "ate" 

complex is broken down by an intramolecular 1,2-migration, resulting in the formation 

of a new sp3-sp3 carbon-carbon bond and thus extending the alkyl chain by one carbon. 

This result regenerates the Lewis acid site. 28 Repetition of this cycle results in a 

perfectly linear hydrocarbon chain. Controlled linear polymethylene is obtained by the 

boron catalyzed/initiated polymerization of ylides. 

 

Scheme 1.8 The polyhomologation mechanism. 

 

This mechanism was confirmed via 11B NMR. In Figure 1.6a the 11B NMR of 

trialkylborane shows a peak at 87 ppm of 40 ⁰ C. One equivalent of ylide (1) was added 

at –78 ⁰ C, and the solution was warmed to –15 ⁰ C and analyzed by 11B NMR. The 
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peak at 87 ppm disappeared, and a new peak appeared at –13.4 ppm, which can be 

attributed to the zwitterionic complex (Figure 1.6 b). Afterwards, the solution was 

warmed to 40 ⁰C and 1, 2 migration of one of the three-alkyl groups was expected to 

occur concurrently with the elimination of the DMSO molecule. The resonance peak 

shifted to 82 ppm (Figure 1.6 c) which can be attributed to the homologated 

trialkylborane.10 

 

Figure 1.7 11B NMR of (a) tri-n-hexylborane (40 °C), (b) tri-n-hexylborane · ylide 

complex 5 (-15 °C), and (c) trialkylboranes 6 and DMSO product mixture (40 °C) in 

toluene. The small peak at 48 ppm is a borinic ester impurity (<2%).10 

 

The power of polyhomologation is not only the perfect well-defined linear polyethylene 

which can be produced by this technique, but also the controlled molecular weight, and 

low polydispersity. Moreover, it can introduce different functional groups into the 

polymer chain. This functional polymethylene can be achieved either by the use of a 

functional initiator or by the subsequent termination reaction.32,33,34 
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1.5 Combination of polyhomologation with other polymerization 

techniques 

Di/tri and multi-block PE-based co/terpolymer can be synthesized by combining 

polyhomologation with other living polymerizations. Furthermore, all other different 

shapes of PE macromolecular architectures such as linear, star, comb and more can be 

prepared using more than one technique. Some of these techniques will be discussed 

below. 

1.5.1 Combination of polyhomologation and Ring Opening 

polymerization (ROP) 

Anionic ROP of Cyclic esters is considered to be one of the best living and controlled 

polymerization methods for generating aliphatic polyesters.35 This method not only 

yields polymers with a high molecular weight, but also leads to low levels of 

polydispersity, precise control of the chain end and it enables good control of the 

structure.36 This reaction starts with a nucleophilic attack from the initiator (holding a 

negative charge) on the partially positive carbonyl carbon, resulting in the opening of 

the ring. The oxyanion produced at the chain end is capable of attacking another 

monomer, therefore increasing the chain length of the polymer (scheme 1.9). The 

reactivity of the generated oxyanion is dependent on the initiator and catalyst system 

and the solvent used. 

 

Scheme 1.9 Mechanism of Ring Opening Polymerization. 
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The Ring Opening Polymerization of cyclic ester monomers, for example, ε-

caprolactone and lactide, lead to the consistent PE-based copolymers. The hydroxy-

terminated PE (PE-OH) has worked as a macroinitiator for the ROP. As shown in 

Scheme 1.10, the PM-b-PCL (PCL: polycaprolactone) has been successfully 

synthesized by sequential polymerization and ROP.37 PM-OH requires a high 

temperature of 80 ⁰ C in order to dissolve and is used later in the ROP as a 

macroinitiator, which also requires a high temperature to complete this polymerization. 

Two PE macroinitiators with different molecular weights of 1700 and 5400 g.mol−1 

were successfully employed to initiate the ROP of ε-caprolactone, using Sn(Oct)2 as a 

catalyst.38 

 

 

Scheme 1.10 Synthesis of PM-b-PCL diblock copolymer by sequential 

polymerization and ROP. 

  

Triblock terpolymer was synthesized using the same techniques as polyhomologation 

with ROP and ATRP to produce PM-b-PCL-b-PAA. After PM-b-PCL was synthesized 

using the same strategy as above, the resulting hydroxy-terminated PM-b-PCL was 

brominated with 2-bromoisobutyryl bromide and used to initiate the polymerization of tert 
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-butylacrylate with the PMDETA/CuBr catalyst system, which results in triblock 

terpolymer PM-b-PCL-b-PAA after hydrolysis by TFA. 39 

 

1.5.2 Combination of polyhomologation and atom transfer radical 

polymerization (ATRP) 

Scheme 1.11 illustrates the mechanism of ATRP. The active species formed once the 

halogen in the alkyl halide is abstracted via the metal complex is a reversible redox 

process. The bond between alkyl and halide is cleaved homolytically, and a carbon-

centered radical formes on the alkyl. That creates a low concentration of propagating 

radicals. The deactivation rate needs to be higher than the activation rate. Therefore, 

the equilibrium among dormant and active species significantly shifts towards the 

dormant species. However, the polymerization becomes uncontrolled, if deactivation is 

slow or non-existent. The general rate of the reaction is extremely dependent on the 

redox potential of the metal complexes.40 

 

 

Scheme 1.11 Mechanism of ATRP. 

 

In the case of the combination between polyhomologation and ATRP, different 

polymethylene-based (equivalent to PE) block copolymers have been synthesized using 

the ATRP technique, such as polymethylene-b-polystyrene (PM-b-PSt), 

polymethylene-b-methyl methacrylate (PM-b-PMMA) and polymethylene-b-poly n–
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butyl acrylate (PM-b-PBuA), using a PM-Br macroinitiator.41,42 The latter was 

synthesized via the reaction between an α-bromoisobutyric acid and a vinyl-terminated 

PE, prepared by ethylene polymerization using a phenoxyimine zirconium complex 

catalyst. The terminal vinyl group can be transformed into a hydroxy group (OH), and 

its reaction with 2-bromoisobutyryl bromide can afford an efficient ATRP initiator for 

the polymerization of the next block, as explained above. The reasonably high PDI of 

the PE block (≈1.70) was reflected in the copolymers. 

The hydroxy-terminated PM was synthesized by polyhomologation and by breaking 

the boron-linked star-PM intermediate with trimethylamine N-oxide dihydrate 

(TAO.2H2O). Later, OH groups were transformed to the bromide group to provide a 

PM-macroinitiator used for the ATRP of methyl methacrylate and styrene (Scheme 

1.12).43,44,45 In this polymerization, the high temperature required for the reaction to 

occur was 100-110 o C. By applying these two techniques, a gamma of polyethylene-

based macromolecular architecture can be easily obtain.  

 

 

Scheme 1.12 Synthesis of PM-b-PSt diblock copolymer by combining 

polyhomologation with ATRP. 

 

Recently, a novel strategy was developed to prepare polyethylene-based 3-miktoarm 

star copolymers PE2-b-PSt, (PE-b-PSt)2-b-PSt and terpolymer (PE-b-PMMA)2-b-(PSt-

b-PMMA) by combining polyhomologation, ATRP and boron chemistry, as shown in 
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Scheme 1.13. 1,4-Pentadiene-3-yl 2-bromo-2-methylpropanoate was hydroborated 

with thexylborane to achieve a multi-heterofunctional initiator with two initiating sites 

for polyhomologation as well as one for ATRP.46 

 

Scheme 1.13 Synthetic route of PE2-b-PSt, (PE-b-PSt)2-b-PSt and (PE-b-PMMA)2-b-

(PSt-b-PMMA) via combining polyhomologation, ATRP and boron chemistry. 

 

1.5.3 Combination of polyhomologation and living anionic 

polymerization 

A novel one-pot method to synthesize PM-based block copolymers was established by 

combining anionic polymerization and polyhomologation through a bridge molecule, 

BF3 OEt2.  A macroanion reacts with BF3OEt2 to produce a star-like polymer which 

serves as a macroinitiator for the polyhomologation of ylide, resulting in the formation 

of a 3-arm star block copolymer. This reaction is brought to on end by 

oxidation/hydrolysis to provide an OH-terminated block copolymer (Scheme I-14).47 
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Scheme 1-14 One-pot method to synthesize PM-based block copolymers, established by 

combining anionic polymerization and polyhomologation.  

 

1.5.4 Combination of polyhomologation and living cationic 

polymerization 

PIB-b-PM (PIB: polyisobutylene) diblock copolymer was synthesized using 

hydroboration/polyhomologation strategies and living cationic polymerization 

(Scheme 1.15). Allyl-terminated PIBs were initially synthesized via living cationic 

polymerization. The resulting allyl-terminated PIB was used to build a boron-linked 

star-like macroinitiator for polyhomologation, by hydroboration with BH3.THF. As the 

last step, polyhomologation took place by the addition of ylide, followed by oxidation 

using TAO.2H2O to obtain PIB-b-PM.48  

 

Scheme 1.15. Synthesis of PIB-b-PM diblock copolymer via combining cationic 

polymerization and polyhomologation. 
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1.5.5 Combination of polyhomologation and Ring Opening Metathesis 

Polymerization (ROMP) 

 A random well-defined polyethylene-based block, in addition to bilayered molecular 

cobrushes, were synthesized over the macromonomer strategy "grafting through" via 

combining polyhomologation and ROMP by Hadjichristidis and coworkers, as shown 

in Schemes 1.16 and 1.17. In Scheme 1.16, the hydroxy-terminated PE was synthesized 

through the polyhomologation of dimethylsulfoxonium methylide via the initiator 

(triethylborane). After that, the PE-OH reacted with 5-norbornene-2-carboxylic acid. 

Then, the norbornyl PE was polymerized using ROMP in the presence of the Grubbs 

catalyst (1st generation). An additional example of this technique is shown in Scheme 

1.17. Norbornyl-terminated polyethylene was synthesized via esterification of PE-OH 

with 5-norbornene-2-carboxylic acid using DCC and DMAP. ROMP was carried out 

in order to obtaine the macromonomer using Grubbs catalyst to prepare the PE-based 

cobrush. The same strategy was used to synthesize a series of PM-based cobrushes with 

different segments and molecular weights, ranging from 58000 to 170000 g.mol−1 and 

a PDI of less than 1.18.49,50 

 

Scheme 1.16 Synthesis of well-defined PE molecular brushes using the “grafting 

through” strategy by combining polyhomologation and ROMP.  
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Scheme 1.17 Synthesis of Well-defined polyethylene-based random, block, and 

bilayered molecular cobrushes. 

 

1.5.6 Combination of polyhomologation and Reversible Addition-

fragmentation Chain Transfer (RAFT) Polymerization               

In Scheme 1.18, PM-OH was synthesized through the polyhomologation technique. 

Then, PM-OH was used as a RAFT transfer-agent, after being transformed by the 

esterification of S-1-dodecyl-S′-(a, a′-dimethyl-a′′-acetate) trithiocarbonate. This agent 

was used to initiate the controlled/ living polymerization.51 
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Scheme 1.18 Synthesis of PM-b-PSt diblock copolymer. 

 

This macromolecular chain transfer agent was used to originate a sequence of PM-b-

PSt with different Mn (55500–34000 g.mol−1; PDI= 1.12–1.25) diblock copolymers. 

The diblock copolymers PSt-b-PM used the electrospinning process to fabricate 

microfibers and microspheres. It was determined that the morphology depends on the 

concentration (Figure 1.7). 
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Figure 1.8 SEM images of electro spun PM-b-PSt microspheres obtained from PM-b-

PSt solutions in DMF with different polymer concentrations: (a) 5%, (b) 10%, and (c) 

15% and 20% w/w, respectively. 51 

 

1.5.7 Combination of polyhomologation and Nitroxide Mediated 

Radical Polymerization (NMRP) 

As shown in Scheme 1.19, the hydroboration/polyhomologation strategy besides NMP 

can be used to synthesis PSt-b-PE diblock copolymer.52,30 A hydroxy-containing 

initiator was used to polymerize styrene, with NMP giving rise to a hydroxy-terminated 

PSt. Therefore, the OH group was converted to the allyl group, through the coupling 
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with allyl bromide. The allyl-terminated PSt was employed to create a boron-linked star 

macroinitiator for polyhomologation, by hydroboration with BH3 S(CH3)2.  

  

Scheme 1.19 Synthesis of PSt-b-PE diblock copolymer by combining polyhomologation and 

NMP. 

 

1.6 Aim of this dissertation 

The synthesis of well-defined polyethylene-based macromolecular architectures has 

been a challenge for researchers for several reasons, since macromolecular architecture 

controls the physical properties of polymers. Polyhomologation can achieve the 

standards of accurate control of molecular weight, functionality over chain ends and 

polydispersity. Therefore, the objective of this thesis is to design novel initiators which 

will participate in new facile strategies towards polyethylene (polymethylene)-based 

macromolecular architectures, by combining polyhomologation, ATRP, ROP and 

highly efficient chlorosilane chemistry. Furthermore, the self-assembly properties of 

these copolymers were studied in order to elucidate the influence of architectures on 

the properties.  

This aim was achieved through the following steps: Firstly, the design of novel 

organoborane initiators, which can be used to pave the way for the synthesis of different 

macromolecular architectures. Secondly, the investigation of polyhomologation, as a 
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sustainable method to synthesize novel polyethylene-based macromolecular 

architectures such as linear co/terpolymers, miktoarm stars, and H-shaped polymers. 

Thirdly, the design/synthesis/characterization of polyethylene with functional groups 

such as α,ω-hydroxy-polyethylene,  α-allyl-polyethylene, ω-hydroxy-polyethylene, ω-

di/trihydroxy-polyethylene and α,ω-dihydroxy-polyethylene. Fourthly, the synthesis of 

polyethylene-based macromolecular architectures through a combination of different 

polymerization methods, such as chlorosilane chemistry, ROP and ATRP. The fifth step 

was the study of the self-assembly behavior of polyethylene-based copolymers in a 

selective solvent and bulk. The sixth step was the molecular characterization of all 

intermediate and final products through 1H-NMR, 13C-NMR and 11B-NMR 

spectroscopy, SEC, IR spectroscopy, DSC, TGA, DLS, UV, TEM, SEM, and AFM.  

 

1.7 Summary of this dissertation  

This dissertation is divided into six chapters. The first chapter presents introductory 

information on polyethylene and polyhomologation. The combination of 

polyhomologation and different techniques, such as anionic polymerization, ROP, 

ROMP ATRP, NMP and so on, are presented in Chapter 1. Chapters 2 to 4 are created 

based on journal papers that have been published or will be submitted for publication. 

Chapter 2 describes the synthesis of well-defined triblock copolymers of polyethylene 

with polycaprolactone or polystyrene, using a novel difunctional polyhomologation 

initiator. Molecular weight distribution and polymer chain length were well-controlled 

via polyhomologation. Chapter 3 presents the synthesis of a polyethylene-based 

triblock terpolymer, polycaprolactone-b-polyethylene-b-poly(L-lactide) (PCL-b-PE-b-

PLLA), via a novel initiator, α-allyl-ω-hydroxy-polyethylene, by combining ROP and 

polyhomologation. Chapter 4 introduces a novel method to synthesize polyethylene–
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based 3- and 4-miktoarm stars, and H- and super H-shaped copolymer structures, by 

combining ROP, chlorosilane chemistry, and polyhomologation. In Chapter 5, 

amphiphilic polymers PM-b-PCL and 3-miktoarm star copolymers were used to study 

the self-assembly behavior of the micelles in aqueous solution. In Chapter 6, the 

summary of the thesis and some considerations on the subjects of future work are given. 
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2.1 Introduction 
 

In 2013, the global demand for different kinds of polyethylene (high density, linear low 

density, low density) was 81.8 million tons, and according to estimates it will rise to 

99.6 million tons in 2018, valued 164 billion USD.1 Polyethylene (PE) is and will 

continue to be the most widely used industrial polymer in the world, due to its product 

versatility, hydrophobicity, mechanical strength, flexibility, resistance to the harsh 

environments, easy processability, recyclability, low cost and covalent linking to PE 

(block copolymers) polar blocks, such as polystyrene (PSt), poly (methyl methacrylate) 

(PMMA), polycaprolactone (PCL), poly (ethylene oxide) (PEO). Polypeptides also 

offer significant improvements in adhesion and it is compatible with PE and with other 

polar polymers thus broadening its applications.2,3 Consequently, the design/synthesis 

of block copolymers of PE with polar chains is important in both academia and industry. 

However, the synthesis of PE/polar block copolymers by sequential addition of 

monomers is rather challenging since it involves two completely different and distinct 

polymerizations.4 Only a very few catalytic systems were reported to be compatible 

with both monomers, e.g. ethylene and MMA, such as 

SiMe2(Ind)2ZrMe2/methylaluminoxane (MAO)5 affording PE-b-PMMA block 

copolymers with a polydispersity index Đ = 2.6. Also, fluorenylamide-ligated 

titanium/MAO/2,6-di-tert-butyl-4-methylphenol leading to block copolymers with Đ = 

1.25–1.56.6 The mass of publications that deal with the synthesis of PE/polar block 

copolymers are based on transformation (bridging) reactions between the two 

polymerization mechanisms.7 A few representative examples are given below: 

 A vinyl-terminated PE, synthesized by polymerization of ethylene with a 

phenoxyimine zirconium/MAO catalytic system, was converted to an atom transfer 

radical polymerization (ATRP) macroinitiator and used for the polymerization of 
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styrene, MMA and n-butyl methacrylate to afford the corresponding block copolymers. 

The vinyl group functionality was 92%, and the polydispersity index of the final block 

copolymers was Đ = 1.17–1.59 (Đ of the vinyl-functionalized PE was 1.70).8 A 

hydroxy-terminated PE, synthesized by polymerization of ethylene with a 

Cp*2ZrCl2/MAO catalyst and oxidation of the aluminium-terminated PE, was used as 

a macroinitiator for the ring opening polymerization (ROP) of caprolactone in the 

presence of stannous octoate to produce poly(ethylene-b-caprolactone) block 

copolymers (Đ = 1.73–3.23).9  Fujita et al.10 prepared well-defined epoxy- and diol-

terminated PE from vinylterminated PE, produced by polymerization of ethylene with 

bis(phenoxyimine)Zr complexes and used for the ROP of EO, in the presence of KOH, 

to afford (PE)(PEO)2 and (PE)(PEO)3 miktoarm stars (Đ of the vinyl functionalized 

PE was 1.80). 

Finally, a hydroxy-terminated PE, obtained by polymerization of ethylene with an 

amine-imine nickel catalyst and ZnEt2 transfer agent, was transformed to an amino-

terminated PE and used as a macroinitiator for the ROP of γ-benzyl-L-glutamate-N-

carboxyanhydride (BLG-NCA) to afford PE-b-PBLG block copolymers. The 

polydispersity was low (Đ = 1.02–1.04), but the PE was branched.11 

From the above findings, it is clear that developing a new controlled/living 

polymerization method to synthesize well-defined PE is still needed. In 1997, Shea and 

co-workers, inspired by the well-known organic chemistry homologation reaction,12 

discovered a borane initiated/mediated C1 living polymerization of 

dimethylsulfoxonium.13 This C1 polymerization, coined by Shea polyhomologation, 

has been proven as an efficient tool to synthesize well-defined and perfectly linear 

hydroxy-terminated polymethylene (equivalent to PE). The general mechanism 

involves the formation of an organoboron “ate” complex (zwitterionic intermediate) 
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formed by the attack of the nucleophilic dimethylsulfoxonium methylide (monomer) 

on the Lewis acidic borane (initiator) followed by migration/insertion of –CH2– into 

the initiator. As a consequence, the methylene groups are randomly inserted one by one 

(C1 polymerization) into the three arms of the initiator leading to a 3-arm 

polymethylene star with boron at the junction point. After oxidizing/hydrolyzing the 3-

arm boron star, an OH-terminated polymethylene (polyethylene) is obtained.14  The 

OH-terminated PE can be used either as a macroinitiator for the ROP of cyclic 

ethers/esters or for living/radical polymerization after transformation to afford well-

defined PE/polar block copolymers with perfectly linear PE and high molecular weight 

homogeneity.15–20 Also, the PE–OH can be transformed to a norbornene-

macromonomer and used in ring opening metathesis polymerizations.21–23 Along these 

lines, we report in this paper the synthesis of 9-thexyl-9-BBN (9-BNN: 9-

borabicyclo[3.3.1]nonane), a novel difunctional polyhomologation initiator. Synthesis 

is achived by combining polyhomologation with ROP or ATRP. Its uses include the 

production of triblock copolymers of polyethylene with polycaprolactone, a 

biocompatible /biodegradable polymer with many biomedical applications and 

polystyrene, a very important commercial polymer, by combining polyhomologation 

with ROP or ATRP. The only difunctional polyhomologation initiator, until now, was 

a B-thexyl-cyclohexene borocane proposed by Shea et al.24 

2.2 Experimental section 

 

2.2.1 Materials 
 

Tetrahydrofuran (THF) and toluene (Fischer Scientific) were refluxed over sodium/ 

benzophenone and distilled under a nitrogen atmosphere just before use. All other 

chemicals were purchased from Sigma-Aldrich and utilized as follows: 
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 Phosphazene super base1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-

catenadi-(phosphazene) (t-BuP2 ; 2M solution in THF) and acetic acid (99.7%) were 

used as received; ε-Caprolactone (ε-CL; 99%) was dried over calcium hydride at room 

temperature for 48 h and distilled under reduced pressure just before use. 

Allymagnesium bromide solution in THF (1.0 M), copper (I) bromide (99.999%), 

pentamethyldiethylenetriamine (PMDETA, 99%), 2,3-dimethylbut-2-ene (⩾99%), and 

trimethylamine N-oxide dihydrate (TAO·2H2O) (⩾99%) were used as received. 

Styrene (⩾99%) was distilled over calcium hydride under reduced pressure. 

Dimethylsulfoxonium methylide was prepared according to Corey’s method followed 

by switching the solvent from THF to toluene.25 

 

2.2.2 Instruments 
 

The high-temperature gel permeation chromatography (HT-GPC) measurements were 

carried out at 150 °C using the Agilent PL-GPC 200 instrument equipped with one 

PLgel 10 μm Mixed-B column and a differential refractive index (DRI) detector. 1,2,4-

Trichlorobenzene (TBC) was the eluent at a flow rate of 1.0 mL min−1, and the system 

was calibrated with PSt standards. 1H NMR, 13C NMR, and 11B NMR spectra were 

recorded on a Bruker AVANCE III-600 in toluene-d8 at 25 °C. Fourier transform 

infrared (FT-IR) spectra were recorded using a Nicolet iS10 FT-IR spectrometer from 

Thermo Scientific. Differential scanning calorimetry (DSC) characterization was 

performed on a Mettler Toledo DSC1/TC100 system under an inert nitrogen 

atmosphere. The second heating curve was used to determine the melting temperature 

(Tm). 
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2.3 Monomer of polyhomologation  

2.3.1 Synthesis of Trimethylsulfoxonium Chloride 

Trimethylsulfoxonium iodine was added into a biphase mixture of dichloroform and 

water, followed by the introduction of tributylbenzylamino chloride. The mixture was 

stirred at room temperature, and protected from light for 24 h. The aqueous phase was 

collected and washed with CH2Cl2. After the removal of water on a rotary evaporator, 

a white needle-like crystal was obtained. The crystal was dissolved in methanol at 50 

ºC and then cooled to room temperature naturally, followed by cooling to 4 º C in the 

refridgeratar overnight. A needle-like crystal product of trimethylsufoxonium chloride 

was obtained. 

 

 

Scheme 2.1 Synthesis of trimethylsufoxonium chloride from trimethylsulfoxonium 

iodine. 

 

Figure 2.1 illustrates the set-up for trimethylsufoxonium chloride. 
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Figure 2.2 Crystal product of trimethylsufoxonium chloride 

 

2.3.2 Synthesis of dimethylsulfoxonium methylide 

The ylide formed by the deprotonation reaction of the chloride salt afforded a 

homogeneous ylide solution in toluene after filtration (elimination of NaCl). The 

concentration of ylide was calculated by titration with a standard solution of HCl, and 

stored under argon at -20 ⁰C for three to four weeks. 
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Scheme 2.2 Synthesis of dimethylsulfoxonium methylide. 

 

 
 

Figure 2.3 Picture to illustrate the experimental set-up for dimethylsulfoxonium 

methylide. 

 

 



65 
 

2.4 Synthesis of triblock terpolymer using a novel initiator 

 

 

2.4.1 Synthesis of initiator 9-thexyl-9-BBN 
 

A 50 mL round bottom flask equipped with a magnetic stir bar was degassed three times 

using a vacuum line and then filled with argon. Under an argon flow, 1 ml of dry THF 

was introduced into the flask via a syringe, and then an ice bath was placed under the 

flask. After 10 min, 0.5 ml (3.7 mmol) of 9-BBN solution (5.0 M in THF) was 

introduced, followed by the addition of 0.045 ml (0.38 mmol) of 2,3-dimethylbut-2-ene 

via a glass syringe, and then the reaction was left for 3 to 4 h. Finally, the THF was 

distilled, and the initiator was used immediately. 

 

2.4.2 Synthesis of α,ω-hydroxy-polyethylene 

Freshly prepared 9-thexyl-9-BBN (difunctional initiator) was introduced into a 50 mL 

round bottomed flask containing the monomer dimethylsulfoxonium methylide and 

equipped with a magnetic stirring bar. The flask had previously been degassed three 

times using a vacuum line and filled with argon. The mixture was stirred at 80 °C for 

an hour. Subsequently, TAO was added to the mixture and stirred for 2 h at 80 °C to 

afford α,ω-dihydroxy-polyethylene, a macroinitiator, for ROP of ε-CL. 

 

2.4.3 Synthesis of polycaprolactone-b-polyethylene-b-

polycaprolactone 
  

In a round bottomed flask, 0.10 g of the macroinitiator was dissolved in distilled toluene 

under an argon flow at 80 °C, followed by the addition of 0.13 ml of t-BuP2 solution 

(0.26 mmol). The mixture was stirred until α,ω-dihydroxy-polyethylene, the 

macroinitiator, and t-BuP2 (catalyst) were completely dissolved, and then 3.0 ml of ε-

CL monomer (27 mmol) was added to start the polymerization. The reaction was 



66 
 

quenched after 24 h by the addition of acetic acid, and the solution was poured into cold 

methanol to precipitate the polymer. The white powder was then collected, dried in a 

vacuum and used for HT-GPC, 1H NMR, FTIR, and DSC. Conv. (ε-CL) = 75%, Mn,theor 

(PE) = 1400 g mol−1, Mn,theor(PCL) = 22 800 g mol−1, Mn,theor (PCL-b-PE-b-PCL) = 24 

200 g mol−1, Mn,SEC (PE) 2300 g mol−1, Mn,SEC (PCL-b-PE-b-PCL) = 16 000 g mol−1, 

Đ(PCL-b-PE-b-PCL) = 1.2. 1H NMR (600 MHz, toluene-d8, 80 °C) (Fig. 4b): 3.95–4.1 

ppm (–CH2OOC–), 3.38 ppm (m, 2H, CH2–OH, end group of PE), 2.23 ppm (C=OCH2 

of PCL), 1.36–1.40 ppm (CH2 of PE). Mn,NMR (PE) = 2500 g mol−1, Mn,NMR (PCL) = 

21 000 g mol−1, Mn,NMR (PCL-b-PE-b-PCL) = 23 500 g mol−1. 

 

2.4.4 Synthesis of macroinitiator Br–PE–Br 
 

In a typical procedure, 0.346 g HO–PE–OH was dissolved in 40 mL of dry toluene, 

followed by the introduction of triethylamine (0.168 mL, 1.66 mmol) via a syringe. 2-

Bromo-2-methyl propionyl bromide (0.214 mL, 0.930 mmol) was added to the 

vigorously stirred solution. The reaction mixture was stirred at 100 °C for 10 hour, after 

which the precipitated by-product was removed by filtration, and the solution was 

poured into methanol to precipitate the product. The resulting off-white solid Br–PE–

Br was dried in a vacuum at 35 °C for 24 h. 1H NMR (600 MHz, toluene-d8) (Fig. S1, 

ESI†) 1.93 ppm (–C (CH3)2Br) and 4 ppm (–CH2O–). 
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Figure 2.4 1H NMR spectrum of α, ω-dibromo polyethylene.  

 

 

2.4.5 Synthesis of polystyrene-b-polyethylene-b-polystyrene 
 

A typical ATRP procedure is given below. Toluene (5.0 ml), CuBr (2.6 mg, 0.018 

mmol) and styrene (0.45 ml, 3.9 mmol) were placed in a 50 ml Schlenk flask. The 

mixture was subjected to three freeze–pump–thaw cycles. The ATRP was carried out 

using Br–PE–Br as macroinitiator and N,N,N′,N′,N″- pentamethyldiethylenetriamine 

(PMDETA) as a catalyst/ligand system in toluene. This process was performed at 100 

°C to ensure that the polyethylene was soluble, and the reaction was terminated after 

24 hours by adding acetic acid. Finally, the solution was added to cold methanol to 

precipitate the polymer. The formation of the triblock copolymer was confirmed by 

HT-GPC, DSC, 1H NMR and FTIR. Mn,theor (PE) =1400 g mol−1, Mn,theor (PSt) = 20 

800 g mol−1, Mn,theor (PSt-b-PE-b-PSt) = 22 200 g mol−1, Mn,SEC (PE) = 2500 g mol−1, 
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Mn, SEC (PSt-b-PE-b-PSt) = 34 000 g mol−1, Đ(PSt-b-PE-b-PSt) = 1.2. 1H NMR (600 

MHz, toluene-d8, 80 °C): 6.4–7.3 ppm (aromatic proton of styrene), 3.38 ppm (m, 2H, 

CH2–OH, end group of PE), which disappeared after preparation of the macroinitiator, 

1.36–1.40 ppm (CH2 of PE). Mn,NMR (PE) = 2500 g mol−1, Mn,NMR (PSt) = 19 000 g 

mol−1, Mn,NMR (PSt-b-PE-b-PSt) = 21 600 g mol−1, Đ(PSt-b-PE-b-PSt) = 1.2. 

 

 

2.5 Results and Discussion 
 

The general reactions for the synthesis of the new difunctional initiator 9-thexyl-9-

BBN, the intermediate macroinitiators α,ω-dihydroxy-polyethylene and α,ω-dibromo 

polyethylene, as well as the final triblock copolymers PCL-b-PE-b-PCL and PSt-b-PE-

b-PSt are given in Scheme 2.3. 

 

 

Scheme 2.3 General reactions for the synthesis of 9-thexyl-9-BBN, α,ω-

dihydroxy-polyethylene,  α,ω-dibromo polyethylene, PCL-b-PE-b-PCL and 

PSt-b-PE-b-PSt 

  

The initiator 9-thexyl-9-BBN, containing two initiating sites and one blocked site for 

polyhomologation, was synthesized by the reaction of 2,3-dimethylbut-2-ene and 9-

BBN in THF at 0 °C. The successful synthesis was confirmed by 11B, 1H and 13C NMR 
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in toluene-d8, a non-coordination solvent, at room temperature. The 11B NMR spectrum 

of 9-BBN shows a peak at 27.8 ppm. This peak was shifted to 33.4 ppm for 9-thexyl-

9-BBN indicating the presence of the thexyl group (Fig. 2.5).  

 

Figure 2.5 11B NMR spectra of 9-BBN and 9-thexyl-9-BBN in toluene-d8 at 25 oC 

(600 MHz). 

 

The 1H NMR spectrum of the 9-BBN exhibits peaks at 1.44–1.57 ppm (m, 4 H), 1.58–

1.74 ppm (m, 12 H) and 1.83–2.07 ppm (m, 12 H). Whereas the spectrum of 9-thexyl-

9-BBN shows two new peaks from 0.8 to 1.0 ppm, characteristic of the thexyl moiety 

(Fig. 2.6).  
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Figure 2.6 1H NMR spectra of 9-BBN and 9-thexyl-9-BBN in toluene-d8, 25 o C (600 

MHz) 

 

The 13C NMR spectrum of the 9-BBN exhibits peaks at 20.2 ppm CH (C-1,5), 24.3 

ppm CH2 (C-3,7), and 33.6 ppm CH2 (C-2,4,6,8). In the case of 9-thexyl-9-BBN, the 

13C NMR spectrum shows two new peaks at 34–34.5 ppm (CH) and 40.5 ppm (C–B), 

characteristic of the thexyl group (Fig. 2.7). 
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Figure 2.7 13C NMR spectra of 9-BBN and 9-thexyl-9-BBN in toluene-d8, at 25 o C 

(600 MHz). 

 

9-thexyl-9-BBN was used to initiate the polyhomologation of dimethylsulfoxonium 

methylide to afford α,ω-dihydroxy-polyethylene (HO–PE–OH). The polymer was used 

on the one hand, as a difunctional macroinitiator for the ring opening polymerization of 

ε-caprolactone in the presence of t-BuP2 to produce polycaprolactone-b-polyethylene-

b-polycaprolactone (PCL-b-PE-b-PCL). In contrast, after transformation of the OH– to 

–Br (reaction with 2-bromoisobutyryl bromide) to initiate the ATRP of styrene and 

afford polystyrene-b-polyethylene-b-polystyrene (PSt-b-PE-b-PSt). The successful 

syntheses of PCL-b-PE-b-PCL and PSt-b-PE-b-PSt were confirmed by 1H NMR and 

GPC. As shown in Fig. 2.8 a, the characteristic chemical shifts of polyethylene at δ = 

1.4 ppm (–CH2–) and of the terminal –CH2OH groups at δ = 3.4 ppm are present. After 

ROP or ATRP, the fingerprints of PCL and PSt are shown in Fig. 2.8 b and c, 

respectively. From the integration of the appropriate protons, the calculated molecular 
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weights of HO–PE–OH, PCL-b-PE-b-PCL and PSt-b-PE-b-PSt were 2500, 23 500 and 

21 600, respectively. The theoretical molecular weights of the triblock copolymers were 

24 200 (PCL-b-PE-b-PCL) and 22 200 (PSt-b-PE-b-PSt), in good agreement with the 

experimentally determined molecular weights.  

 

 

 

Figure 2.8 1H NMR spectra of (a) α,ω-hydroxy-polyethylene, (b) 1H NMR spectrum 

of (PCL-b-PE-b-PCL), (c) 1H NMR spectrum of (PSt-b-PE-b-PSt) in toluene-d8 at 80 
oC (600 MHz). 

 

In Fig. 2.9 the SEC traces of the macroinitiator and the corresponding triblock 

copolymer are given. The peak corresponding to the triblock copolymer PCL-b-PE-b-

PCL (Đ = 1.2) shifted to a higher molecular weight region compared to the precursor 

polymer HO–PE–OH (Đ = 1.2). In the case of PSt-b-PE-b-PSt, the same trend was 

observed (Đ = 1.2). In the SEC trace of OH–PE–OH (Fig. 5b), a shoulder (∼5% of the 
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total area) at approximately twice the molecular weight is observed. The origin of this 

peak is due to the presence of traces of adventitious oxygen during the oxidation step 

with TAO. Macroradicals generated in this way have been used to initiate the 

polymerization of other vinyl monomers towards the synthesis of copolymers. In the 

absence of vinyl monomers, these macroradicals can produce higher molecular weight 

chains by combination.26  

 

 

 

Figure 2.9 HT-SEC (TCB AT 150 OC, PSt standard) traces of α,ω-hydroxy-

polyethylene and (a) PCL-b-PE-b-PCL, (b) PSt-b-PE-b-PSt. 

 

Further evidence for the successful synthesis of the triblock copolymers was provided 

by FT-IR spectroscopy. In Fig. 6 (top spectrum) the characteristic bands of 

polyethylene are present at 2800–3000, 1400–1550 and 650–750 cm−1. After the ROP 

of the ε-CL new peaks appeared at 1721 cm−1, attributed to the stretching vibration of 

the carbonyl groups (C=O) of PCL, and at 1165–1468 cm−1, assigned to the deformation 

of –CH2– of PCL (Fig. 2.10 a). Similarly, after the ATRP of St, new absorption bands 
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appeared at 1025 cm−1 (–CH2– of PSt) and 699–750 cm−1 related to the C–H bending 

of aromatics of PSt (Fig. 2.10 b).  

 

 

Figure 2.10 FT-IR spectra of α,ω-hydroxy-polyethylene alone and the 

corresponding  a) PCL-b-PE-b-PCL and b) PSt-b-PE-b-PSt triblock copolymers. 

 

The HO–PE–OH, PCL-b-PE-b-PCL and PSt-b-PE-b-PSt were also analyzed by DSC 

in a nitrogen atmosphere. In Fig. 2.11, the HO–PE–OH curve shows only one peak at 

128 ° C, corresponding to PE. The thermograph of PCL-b-PE-b-PCL reveals two peaks 

corresponding to the melting points of PCL (50 °C) and PE (110 °C), further evidence 

for the successful synthesis of the triblock copolymer of PCL and PE. In the case of 

PSt-b-PE-b-PSt, there is only one peak, around 125 °C, corresponding to the melting 

temperature of PE, since the Tg of PSt is masked by the peak of PE. 

 



75 
 

 

 

Figure 2.11 DSC traces of HO-PE-OH, PCL-b-PE-b-PCL, and PSt-b-PE-b-PSt 

(N2, 10 oC/min. second cycle). 
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2.6 Conclusion 
 

A new difunctional polyhomologation initiator was successfully synthesized as 

demonstrated by 11B, 13C and 1H NMR spectroscopy. This initiator was used for the 

synthesis of tri-block copolymers of PE with PCL and PSt. The synthesized copolymers 

are well defined as proved by HT-GPC, 1H NMR, DSC, and FTIR. This initiator opens 

new horizons towards the synthesis of PE-based complex macromolecular architectures 

with industrially important polar monomers, such as caprolactone, lactides, 

methacrylates, styrene, peptides, etc. 
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Chapter 3 

Well-defined Polyethylene-based Triblock Terpolymer by Combining 

Polyhomologation with Ring Opening Polymerization. 

(Paper under preparation, 2018) 
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3.1 Introduction  

Polyhomologation, discovered by Shea,1 is the most effective method of preparing 

well-defined perfectly linear polymethylene (polyethylene) based polymeric materials 

with controlled molecular weight and low polydispersity index (PDI). In contrast to the 

vinyl monomer polymerization, in this method, the chain is extended by only one 

carbon at a time, the reason Shea formulated the name C1 polymerization2. 

Polymethylene-based block copolymers with polar chains, for example poly(ԑ-

caprolactone) (PCL) and poly(L-lactide) (PLLA), have attracted significant interest 

since they provide the nonpolar polyolefins with good compatibility through other polar 

materials and widen their applications. 3,4 The terminal functionalized polyolefin has 

been largely employed for targeting functional polyolefins5,6. Different polymerizations 

have been used to synthesize the polyolefin-based block copolymers7, examples of 

which (controlled and living) are anionic polymerization,8 atom transfer radical 

polymerization (ATRP)9 and ring opening polymerization(ROP). 7,10 Polyhomologation 

is considered a remarkable alternative to traditional coordination olefin polymerization 

and has attracted much attention in the functionalized polyolefins field.11,12 After 

oxidation/hydrolyis, hydroxyl-terminated polymethylene was successfully produced 

with a narrow molecular weight distribution and control molecular weight.13,14 To 

functionalize the nonpolar polyolefin15, the incorporation of a polar polymer segment 

with properties such as degradability16,17, hydrophilicity, and so forth, has always been 

an interesting subject. Compared to the various other polar polymers, PCL is favored 

as it is a degradable, crystallizable18 biocompatible and eco-friendly polymer.19,20,21 

Due to these interesting characteristics PCL has attracted much research interest, 

additionally having been selected as one block of the polyolefin-based block 

copolymers.22,23 An additional interesting candidate for many biomedical and packing 
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applications is poly L-lactide(PLLA), due to its crystallinity and biodegradable 

properties.16,24-28  

   Well-defined amphiphilic29 triblock terpolymers such as poly(L-lactide)-b-

polyethylene-b-polycaprolactone (PLLA-b-PE-b-PCL) have non-polar crystallizable 

chains of PE with polar biodegradable and biocompatible chains ( PLLA and PCL). 

These polymeric materials were designed and synthesized by a combination of 

polyhomologation of dimethylsulfoxonium methylide and ring opening polymerization 

(ROP) of Ɛ-caprolactone (Ɛ-CL) and l-lactide (PLLA).                                                           

3.2 Experimental Section  

3.2.1 Materials  

All solvents were purchased from Fischer Scientific. Tetrahydrofuran and toluene were 

refluxed over sodium /benzophenone and distilled under a nitrogen atmosphere just 

prior to use. All other chemicals were obtained from Sigma-Aldrich. Phosphazene base 

(t-BuP2; 2 M solution in THF), and acetic acid (99.7%) were used as received. L-lactide 

(LLA; 99%) was purified twice by dissolving it in THF and then evaporating the THF, 

and finally dissolving it in a 0.17 g ml-1 solution of pure toluene. Allymagnesium 

bromide solution (1.0 M in THF) and trimethylamine N-oxide dihydrate (TAO·2H2O) 

(⩾99%, Aldrich), were purchased from Aldrich and used as received. ε-Caprolactone 

(ε-CL; 99%) was dried using calcium hydride at room temperature for 48 h and distilled 

just before use. Dimethylsulfoxonium methylide was prepared according to Corey’s 

method which was highlighted in the previous chapter.30 Triallyborane was prepared 

by adding allymagnesium bromide solution (1.0 M in THF) to boron trifluoride ethyl 

etherate at 0 ° C. 

 



83 
 

3.2.2 Instruments 

The high-temperature gel permeation chromatography (HT-GPC) measurements were 

carried out at 150 0C with the Agilent PL-GPC 200 instrument equipped with two PLgel 

10 µm MIXED-B columns and a DRI detector. 1,2,4-Trichlorobenzene (TBC) was the 

eluent at a flow rate of 1.0 mL/min, and the system was calibrated with PS standards. 

The 1H, 13C, and 11B NMR spectra were recorded on a Bruker AVANCE III-600, and 

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded using Nicolet 

iS10 FT-IR spectrometer from Thermo Scientific. 

 

3.2.3 Synthesis of borane initiator Triallylborane 

Triallylborane was prepared by adding allymagnesium bromide solution (1.0 M in 

THF) to boron trifluoride ethyl etherate at 0 °C for 3 hours. It was used immediately 

after preparation (Scheme 3.1). 

 

 

Scheme 3.1 Synthesis of Triallylborane. 

 

 

 

 

http://www.azom.com/ads/abmc.aspx?b=10408
http://www.azom.com/ads/abmc.aspx?b=10408
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3.2.4 Synthesis of α- allyl-ω-hydroxy-polyethylene 

The synthetic procedure is illustrated in Scheme 3.2. The freshly prepared initiator 

(triallylborane) was added to a 100 ml round degassed flask and filled with 

dimethylsulfoxonium methylide in an argon atmosphere. The mixture was stirred at 80 

0 C for one hour, then TAO was added to the mixture and stirred for 2 hours at 80 0 C 

to attain α-allyl-ω-hydroxy-polyethylene. The solution was then poured into cold 

methanol to precipitate the polymer. The white powder was subsequently collected, and 

dried in a vacuum to be used in the next polymerization. This polymer was analyzed by 

HT-GPC, 1H NMR, and FTIR. 

 

 

 

Scheme 3.2 Synthesis of α-allyl-ω-hydroxy-polyethylene. 

 

3.2.5 Synthesis of PE-based linear triblock terpolymer (polyL-lactide-

b-polyethylene-b-polycaprolactone)                

In a round bottomed flask, 0.10 g of the PE-OH was dissolved in purified toluene under 

an argon flow at 80 °C, and 0.065 ml of t-BuP2 solution (0.17 mmol of t-BuP2) added 

to the flask. The mixture was stirred until both α-hydroxyl polyethylene, which was 

used as a macroinitiator here, and the catalyst were dissolved. 1.5ml of CL (13 mmol) 

was added to start the polymerization, and after 24 h the reaction was quenched by the 
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addition of CH3I. The solution was precipitated in methanol, and the white powder then 

collected, dried in a vacuum and used for the preparation of the third block. The new 

block was prepared by transforming the allyl end group to a hydroxy group. This step 

was performed using 9-BBN and followed by ring opening polymerization using 2 g of 

L-lactide (14mmol) and  0.1 ml of 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.65 

mmol) as a catalyst at 80 0 C (Scheme 3.3). This polymer was analyzed by using HT-

GPC, H1 NMR, and FTIR. Mn theor (PE) =1400 g.mol-1, Mn theor(PCL) =11.414 g.mol-1, 

Mn theor (PLLA) =14.413 g.mol-1, Mn theor(PCL-b-PE-b-PLLA) =27.227 g.mol-1; Mn SEC 

(PCL-b-PE-b-PLLA) =30000 g.mol-1, Mw/Mn (PCL-b-PE-b-PLLA) =1.2. 1H NMR 

(600MHz, Toluene-d8, 80OC) (Figure 3) 4.40-4.33ppm (-OCOCH (CH3) OH), 3.38 

ppm (m,2H, CH2-OH, end group of PE), 2.23ppm(C=OCH2 of PCL), 1.40-1.36ppm 

(CH2 of PE) 1.42-1.33 ppm (-OCOCH2-CH2CH2CH2CH2-) 
*Toluene.  MnNMR 

(PE)=2800 g.mol-1, MnNMR (PCL)=10200 g.mol-1, MnNMR (PLLA)=11500 g.mol-1, 

MnNMR (PLLA-b-PE-b-PCL)=24500 g.mol-1 : FTIR, the bands chosen for the hydroxy 

group which attaches to polyethylene in the region of 3500 cm-1. The polyethylene 

analysis was in the regions of 3000-2800, 1550-1400 and 750-650 cm-1.The regions at 

2942 and 2865 cm-1 are linked to the C-H stretching vibration of a hydrocarbon PCL, 

and the band at 1721 cm-1 is attributed to the stretching vibration of carbonyl groups 

(C=O) of PCL. The characteristic absorption bands in the range of 1165–1468 cm-1 are 

attributed to the deformation of –CH2– of PCL. Strong bands in the region between 

1760 and 1750 cm–1 are due to a stretch of the carbonyl groups in the PLA. Moreover, 

there are stretching bands due to asymmetric and symmetric C-C(=O)-O vibrations 

between 1300 and 1150 cm–1.  
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3.3 Results and Discussion  

3.3.1 Synthesis of triallylborane 

In 2005, Shea synthesized triallylborane using the method of Zahkharkin and Stanko.12 

However, in this paper, the triallylborane was synthesized from boron trifluoride diethyl 

etherate and allylmagnesium bromide. It was utilized as a polyhomologation initiator 

for the synthesis of α-hydroxyl, ω-allyl-polyethylene (allyl-PE-OH), and this initiator 

analyzed and confirmed by using 11B NMR, 1H NMR, and 13C NMR. 

1The 11B NMR spectrum (Scheme 3.2) of the boron trifluoride ethyl etherate and the 

initiator (triallylborane) in toluene-d8 at room temperature exhibits resonances at 0.282 

ppm and 80.6 ppm respectively. Triballylborane was purified through distillation before 

measuring this spectrum. 

 

Figure 3.1 11B NMR spectra of boron trifluoride and triallylborane in toluene-d8 at 25 o 

C (600 MHz). 
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The 1H NMR spectrum (Fig. 3.2) of the boron trifluoride ethyl etherate in d8-toluene at 

room temperature exhibits peaks at 0.8 – 1.3 ppm (CH3), 3.78 – 4.1 ppm (CH2), 

toluene* and of triallylborane new peaks at 1.53 – 1.7 ppm (CH2), 5.3 ppm(CH2), 5.6–

5.8 ppm(CH).                                                        

 

 

 

and the initiator  etherate boron trifluoride ethyl of H NMR spectra1 3.2 Figure

.600 MHz)( C o25  at d8-oluenein t triallylborane 

 

 

In Fig. 3.3, 13C NMR spectroscopy was investigated in a non-coordination solvent 

(deuterated toluene). The 13C NMR spectrum of the boron trifluoride ethyl etherate in 

d8-toluene at room temperature exhibits peaks at 16 ppm (CH3) and 68 ppm (CH2,). 
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Triallylborane NMR spectrum exhibits new peaks at 32 ppm (CH2), 115 ppm (CH2), 

135 ppm (CH). 

 

 

and the initiator  etherate ethyl ridetrifluo boronof  aNMR spectrC 13 3.3 Figure

C (600 MHz). o25 , d8-Toluene) triallylborane( 

 

3.3.2 Synthesis of PE-based linear triblock terpolymer (polyL-lactide-

b-polyethylene-b-polycaprolactone) 

The synthetic route for the triblock terpolymer (PLLA-b-PE-b-PCL) is illustrated in 

Scheme 3.3. To synthesize triblock terpolymer (PLLA-b-PE-b-PCL), triallyborane, 

prepared from boron trifluoride diethyl etherate and allylmagnesium bromide, was 

utilized as a polyhomologation initiator for the synthesis of α-allyl-ω-hydroxy-

polyethylene (allyl-PE-OH). As shown in the 1H NMR spectra (Fig. 3.4 a), the 

characteristic chemical shift due to protons of the allyl group at 4.8, 5.4 ppm and protons 
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connected to the hydroxy group at 3.4 ppm were evident. Subsequently, the hydroxyl 

group of allyl-PE-OH was used to initiate ROP of ɛ-CL with t-BuP2 as a catalyst to 

obtain a diblock polymer. By quenching the polymerization with CH3I, allyl-PE-b-

PCL-OMe was obtained, which was confirmed by 1H NMR as the disappearance of the 

peak at 3.4 ppm(-CH2-OH) and the appearance of new peaks at 4.0, 333 ppm attributing 

to PCL segment (Fig. 3.4 b). To further introduce another block, the allyl group was 

hydroborated with 9-BBN and oxidized with H2O2 to a hydroxy group. The 

disappearance of allyl peaks in the 1H NMR spectrum and the appearance of a peak at 

3.4 ppm (-CH2-OH) indicates the successful synthesis of allyl-PE-b-PCL-OMe. 

Following this, ring opening polymerization of L-lactide, with 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst, was performed to give PLLA-b-

PE-b-PCL. All characteristic peaks of the (PLLA-b-PE-b-PCL) were verified in the 1H 

NMR spectrum (Fig. 3.4 d), and the calculated molecular weight was 24500.                                                                            

                                               

     Scheme 3.3 Synthetic route for (PLLA-b-PE-b-PCL) triblock terpolymer. 
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Figure 3.4 1H NMR spectra of (a) α-allyl-ω-hydroxy-polyethylene, (b) (allyl-PE-b-

PCL-OMe), (c) (HO-PE-b-PCL-OMe), (d) (PLLA-b-PE-b-PCL) in toluene-d8 at 80 
oC (600 MHz). 

 

 

Figure 3.5 HT-SEC (TCB AT 150 O C, PSt standard) traces of α-allyl-ω-hydroxy-

polyethylene, (allyl-PE-b-PCL) and (PLLA-b-PE-b-PCL). 
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The GPC traces in Figure 3.5 show symmetric peaks for both α-hydroxyl-ω-allyl 

polyethylene, diblock copolymer polymer (allyl-PE-b-PCL) and triblock terpolymer 

(PLLA-b-PE-b-PCL). The shift to a higher molecular weight for the triblock terpolymer 

compared to the diblock copolymer polymer (allyl-PE-b-PCL) as well as of the polymer 

(allyl-PE-b-PCL) compared to the precursor polymer (α-allyl-ω-hydroxy-polyethylene) 

indicates the successful synthesis of both diblock and triblock copolymers. Mn theor (PE) 

=1400 kg.mol-1, Mw/Mn (α-allyl-ω-hydroxy-polyethylene) = 1.2 Mn theor(PCL) = 11.414 

g.mol-1, Mn theor (PLA) = 14.413 g.mol-1, Mn theor (PCL-b-PE-b-PLA) = 27.227 g.mol-1; 

Mn SEC (PCL-b-PE-b-PLA) = 30000 g.mol-1, Mw/Mn (PCL-b-PE-b-PLLA) =1.2.                                                             

 

 

Figure 3.6 FTIR traces of α-allyl-ω-hydroxy-polyethylene and (PLA-b-PE-b-PCL). 
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As shown in Fig. 3.6, the bands for the hydroxyl group attached to polyethylene appear 

in the region of 3500 cm-1. Polyethylene characteristic bands were in the regions 3000-

2800, 1550-1400 and 750-650 cm-1.The characteristic absorption bands at 2942 and 

2865 cm-1 are related to the C-H stretching vibration of PCL. The band at 1721 cm-1 is 

ascribed to the stretching vibration of carbonyl groups (C=O) of PCL. The characteristic 

absorption bands in the range of 1165–1468 cm-1 are attributed to the deformation of –

CH2– of PCL. Strong bands in the region between 1760 and 1750 cm–1 are due to a 

stretching of the carbonyl groups present in the PLA. There are also stretching bands 

due to asymmetric and symmetric C-C(=O)-O vibrations between 1300 and 1150 cm–

1. The bands in these regions are useful for the characterization of esters. 
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3.4 Conclusion 

A well-defined PE-based triblock terpolymer with two industrially important 

polymers, PCL and PLLA, was successfully synthesized. Triallylborane initiator was 

synthesized using a new/simple method and used to produce α-allyl-ω-hydroxy-

polyethylene, followed by quenching of the –OH group, transformation of the allyl 

group to -OH and polymerization of LLA to afford the triblock terpolymer (PLLA-b-

PE-b-PCL). The well-defined structure has been confirmed by NMR, FTIR and HT-

GPC characterizations. 

PLLA-b-PE-b-PCL is a potential candidate for biomedical applications, food 

containers, coatings and textile applications. This simple and yet effective method can 

be applied to many different types of monomers leading to yet further applications.                                                                             
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4.1 Introduction  

Polyolefins, and in particular polyethylenes, are the most important industrial 

polymeric materials benefiting from their hydrophobicity, easy processability, 

flexibility, resistance to the harsh environment, mechanical strength and recyclability, 

along with low cost.1,2 New structures of polyethylene with other important industrial 

monomers will certainly broaden the applications of linear PE-based materials since 

polymer properties are highly influenced by macromolecular architecture. 3-8 

Therefore, the design/synthesis of PE-based materials with different macromolecular 

architectures, such as miktoarm star and H-shaped, is important for academia and 

industry. Although, miktoarm star and H-shaped block copolymers of polystyrene and 

polydienes have already been synthesized by anionic polymerization and appropriate 

linking chemistry,9,10 the corresponding PE-based architectures are still a challenge, 

due to the absence of procedures towards perfect linearity and low polydispersity PE. 

Various methods have been used to prepare well-defined PE, such as living 

polymerization of ethylene,11,12 hydrogenation of poly (cyclooctadiene) produced by 

ring opening metathesis polymerization (ROMP) of cyclooctadiene with Grubbs’ 

catalysts,13,14 hydrogenation of 1,4-polybutadiene obtained by anionic polymerization 

of butadiene15,16 and coordination polymerization.17 Though, all these methods have 

limitations concerning linearity or/and polydispersity of PE. 18  

Following this need, Shea discovered recently a borane initiated/mediated C1 living 

polymerization (polyhomologation) of dimethylsulfoxonium methylide towards 

perfectly linear and low polydispersity PE-OH.18,19 The general mechanism of 

polyhomologation involves the formation of an organoboron which is formed by an 

attack of the nucleophilic dimethylsulfoxonium methylide on the borane (initiator), 
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followed by migration/insertion of –CH2– into the Lewis acidic. This technique is 

called C1 polymerization since the methylene groups are randomly inserted one by one 

into the three arms of the initiator. After that an oxidation agent (TAO) is used to obtain 

OH-terminated polymethylene (equivalent to polyethylene).19 This powerful technique 

can easily be combined with other polymerization techniques to achieve a variety of 

different macromolecular architectures.20,21,22  

Along these lines, in this paper we report, for the first time, the synthesis of a) ω-

dihydroxy and ω-trihydroxy-polyethylenes by reaction of PE-OH (polyhomologation, 

monofunctional initiator) with chloromethyl(methyl)dimethoxysilane and 

chloromethyltrimethoxysilane respectively, followed by hydrolysis, and b) α,ω-

dihydroxy-polyethylene (polyhomologation, difunctional initiator) by reaction of OH-

PE-OH with chloromethyltrimethoxysilane and hydrolysis. These multifunctional 

hydroxyl compounds were used as macroinitiators for the ring opening polymerization 

(ROP) of ε-caprolactone to afford 3- and 4-miktoarm stars, as well as H-shaped block 

copolymers of polyethylene and polycaprolactone, a biocompatible/biodegradable 

polymer with many biomedical applications. 

4.2 Experimental Section  

4.2.1 Materials 

            Toluene (Fischer Scientific) was refluxed using a sodium/benzophenone 

mixture and distilled in the presence of nitrogen atmosphere, just before use. 

Phosphazene 1-tert-butyl-2,2,4,4,4-pentakis (dimethylamino)-2λ5, 4λ5-catenadi-

(phosphazene) (t-BuP2, 2 M solution in THF) and acetic acid (99.7%) were used as 

received from Aldrich, in addition to 2,3-dimethylbut-2-ene (⩾99%), 9-BBN (0.5 M in 

THF), trimethylamine N-oxide dihydrate (TAO·2H2O) (⩾99%), Triethylborane ≥95%, 

chloromethyl(methyl)dimethoxysilane (97%), chloromethyltrimethoxysilane (96%), 



99 
 

and HCl 0.01M. Dimethylsulfoxonium methylide was prepared in THF using Corey’s 

method,23 then the solvent was switched to toluene. ԑ-Caprolactone (ԑ-CL, 99%), from 

Aldrich, was dried using calcium hydride at room temperature for 48 h and distilled, 

just before use. 

4.2.2 Instruments 

The high-temperature gel permeation chromatography (HT-GPC) measurements were 

carried out at 150 o C with the Agilent PL-GPC 200 instrument, equipped with two PL 

gel 10 µm Mixed-B columns and a differential refractive index (DRI) detector. 1,2,4-

Trichlorobenzene (TBC) was the eluent at a flow rate of 1.0 mL/min. The system was 

calibrated with PS standards. The 1H NMR spectra were recorded on a Bruker Avance 

III-600 MHz spectrometer, and the Fourier transform infrared (FT-IR) spectra on a 

Nicolet iS10 FT-IR spectrometer from Thermo Scientific. The thermal properties of 

all products were studied by differential scanning calorimetry (DSC) on a Mettler 

Toledo DSC1/TC100 calorimeter (N2, 10 o C/min, second cycle). Thermogravimetric 

analysis (TGA) was carried out on a Mettler Toledo thermal analyzer under an N2 

atmosphere                                                                                   

 4.2.3 Synthesis of ω-hydroxy-polyethylene (PE-OH). 

   A 50 mL round bottom flask prepared with a stir bar was vacuumed and filled with 

argon three times. In the Argon flow, 0.16 ml (1.63mmol) of triethylborane initiator was 

added to 40 ml of dimethylsulfoxonium methylide in toluene solution. The solution was 

stirred at 80 o C for 1 h, then, 0.18 g of TAO was added and stirred for 2 h at 80 o C to 

afford ω-hydroxy-polyethylene, which precipitated in cold methanol.  

 

http://www.azom.com/ads/abmc.aspx?b=10408
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Scheme 4.1 Synthesis of the precursor of 3-, 4-miktoarm star (ω-hydroxy- 

polyethylene). 

4.2.4 Synthesis of ω-dihydroxy, ω-trihydroxy-polyethylene.  

0.20 g of ω-hydroxy-polyethylene (Mn,NMR = 2000) (0.1 mmol) was dissolved in 7 ml 

of dry toluene in an argon flow at 80 o C. Subsequently, 0.04 ml of 

chloromethyl(methyl)dimethoxysilane or  (0.275mmol) or 0.06 ml of 

chloromethyltrimethoxysilane (0.489 mmol), respectively was dissolved, and 0.60 g 

excess of sodium hydride (NaH) was added at 35 o C. After 10 h, the toluene solution 

was precipitated in cold methanol to obtain the ω-dihydroxy-polyethylene and ω-

trihydroxy-polyethylene respectively. The white powder was collected and dried in a 

vacuum oven overnight. The polymers were then dissolved in dry toluene at 80 o C for 

2 h, and 1 ml of an aqueous solution of HCl 0.01M was added to transform the -OCH3 

to -OH groups. The structure of the ω-dihydroxy-PE and ω-trihydroxy-PE was 

confirmed by 1H NMR Fig. A7 and FTIR analysis.                                                                                                      

4.2.5 Synthesis of 3-miktoarm star copolymers (PE-PCL2) 

A 50 mL round bottomed flask prepared with a stir bar was vacuumed and filled with 

argon three times. In the Argon flow, 0.10 g of ω-dihydroxy-PE macroinitiator (Mn, 

NMR = 2000) (0.05 mmol)  was added into 5 ml distilled toluene under argon at 80 o C.  

Subsequently, 0.13 ml of t-BuP2 solution (0.35 mmol of t-BuP2) was added to the flask 

and stirred until both macroinitiator and catalyst were dissolved, followed by addition 
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of 3.0 ml of ԑ-CL monomer (26.3 mmol). The reaction was stopped after 24 h using 

acetic acid, and the solution was precipitated in cold methanol to obtain the 3-miktoarm 

star. The powder was collected, dried in a vacuum overnight and used for HT-GPC, H1 

NMR, DSC, TGA and FTIR analysis.  

An example of one of the 3-miktoarm star is PE(PCL)2-1 (Table. 1). The following 

molecular characteristics were extracted from the integration of 1H NMR spectrum 

(Fig. A4) : Conversion (ԑ-CL) = 64 %, Mn,NMR [PE(PCL)2-1]=10300 g.mol-1 (Mn,theor 

[PE(PCL)2-1]=9130), Mn,NMR(PE-OH)=2000 g.mol-1 (Fig. A1), Mn,theor (PE-OH) =1400 

g.mol-1, Mn,theor(PCL) = 7730 g.mol-1, g.mol-1; Mn,SEC (PE-OH) =1900 g.mol-1, Mn,SEC 

[PE(PCL)2-1]=8000 g.mol-1, PDI [PE(PCL)2-1]=1.23. For [PE(PCL)2-2], Fig. A5.  

.                                                     

4.2.6 Synthesis of 4-miktoarm star copolymers (PE-PCL3) 

A 50 mL round bottomed flask prepared with a stir bar was vacuumed and filled with 

argon three times. The 0.10 g of ω-trihydroxy-polyethylene (0.05 mmol) was dissolved 

in 5 ml purified toluene under an argon flow at 80 o C. 0.13 ml of t-BuP2 solution (0.35 

mmol) was then added to the mixture. Subsequently, it was stirred until both 

macroinitiator and catalyst were dissolved and then 3.0 ml of ԑ-CL monomer (26.3 

mmol) was added. Acetic acid was used to quench the reaction after 24 h, and the 

solution was precipitated in cold methanol. The white powder was collected, dried in a 

vacuum oven and confirmed using HT-GPC, H1 NMR, DSC, TGA and FTIR analysis. 

An example of one of the 4-miktoarm star is PE(PCL)3-1. The following molecular 

characteristics were extracted from the integration of 1H NMR spectrum (Fig. A8). 

Conv. (ԑ-CL)=66 %, Mn,theor (PE-OH)=1400 g.mol-1, Mn,theor(PCL)= 8800 g.mol-

1,Mn,theor[PE(PCL)3-1]=10200 g.mol-1, Mn,NMR(PE-OH)=2000 g.mol-1, 
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Mn,NMR[PE(PCL)3-1]=12200 g.mol-1, Mn,SEC (PE-OH)=1900 g.mol-1, Mn,SEC 

[PE(PCL)3-1]= 15600 g.mol-1, PDI [PE(PCL)3-1]=1.28. For [PE(PCL)3-2], Fig. A9.  

4.2.7 Synthesis of α, ω-hydroxy-polyethylene (HO-PE-OH) 

A 100 mL round bottomed flask prepared with a stir bar was vacuumed and filled with 

argon three times. In an Argon flow, 0.86 ml (0.43mmol) of freshly synthesized 9-

thexyl-9-BBN (9-BNN: 9-Borabicyclo[3.3.1]nonane) difunctional initiator was added 

to 40 ml dimethylsulfoxonium methylide. The mixture was stirred at 80 o C for 1 h. 

Following this, 0.81 g of TAO was added and stirred for 2 h at 80 o C to obtain α,ω-

hydroxy-polyethylene, 24 which was precipitated in cold methanol. The α,ω-hydroxy-

PE was confirmed by 1H NMR, FTIR, and HT-GPC. 

 

 

Scheme 4.2 Synthesis of the precursor of H-shaped (α, ω-hydroxy-polyethylene). 

4.2.8 Synthesis of α, ω-dihydroxy, α, ω-trihydroxy-polyethylene 

0.10 g of α, ω-hydroxy-PE (Mn,NMR = 2800) (0.035 mmol) was dissolved in 5 ml of 

distilled toluene in an argon flow at 80 o C, followed by the addition of 0.08 ml of 

chloromethyl(methyl)dimethoxysilane (0.51 mmol) and 0.70 g of  NaH at 35 o C. After 

10 h the solution was poured into cold methanol. The white powder was then collected, 

dried in a vacuum oven and used for 1H NMR Fig. S13 and FTIR analysis. 

Subsequently, the polymer was dissolved in 4 ml of toluene at 80 o C, then an aqueous 
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solution of HCl 0.01M was added to transform the -OCH3 to -OH groups. The structure 

of α, ω-dihydroxy-polyethylene was confirmed by 1H NMR and FTIR.  

4.2.9 Synthesis of H-shaped copolymers (PCL2-b-PE-b-PCL2) 

A 100 mL round bottomed flask prepared with a stir bar was vacuumed and filled with 

argon three times. The 0.09 g of α, ω-dihydroxy-polyethylene was dissolved in 6 ml of 

toluene in an argon flow at 80 o C. 0.08 ml of t-BuP2 solution (0.22 mmol) was added 

to the mixture and stirred. Following this, 2.0 ml of ԑ-CL monomer (17.5 mmol) was 

added. After 24 h, the reaction was quenched using acetic acid, and the solution was 

precipitated in methanol to obtain the polymer. The powder was collected, dried in a 

vacuum oven overnight and used for HT-GPC, H1 NMR, DSC, TGA and FTIR analysis. 

This is an example of one of the H-shaped copolymer (PCL)2PE(PCL)2-1, from which 

the following molecular characteristics were extracted from the integration of 1H NMR 

spectrum, Fig. A14, Conv.(ԑ-CL)=51%, Mn,theor (HO-PE-OH)=2600 g.mol-1, 

Mn,theor(PCL) = 9400 g.mol-1, Mn,theor [(PCL)2PE(PCL)2-1]= 12000 g.mol-1, 

Mn,NMR(HO-PE-OH)=2800 g.mol-1, Fig. A12,   Mn,NMR [(PCL)2PE(PCL)2-1]=14000 

g.mol-1, Mn,SEC (OH-PE-OH)=3100g.mol-1, Mn,SEC [(PCL)2PE(PCL)2-1]=16000 g.mol-

1, PDI [(PCL)2PE(PCL)2-1] =1.34. For [(PCL)2PE(PCL)2-2], Fig. A15. 

4.2.10 Synthesis of Super H-shaped copolymer (PCL3-b-PE-b-PCL3) 

A 100 mL round bottomed flask prepared with a stir bar was vacuumed and filled with 

argon three times. The 0.10 g of α, ω-hydroxy-polyethylene was dissolved in distilled 

toluene in an argon flow at 80 o C. After the polymer had dissolved completely, 0.15 

ml of chloromethyltrimethoxysilane (0.878 mmol) and 0.90 g of sodium hydride 

(NaH) were added for 10 h at 35 o C. The solution was precipitated in methanol to 

attain the polymer. The white powder was collected, dried in a vacuum and used for 

1H NMR and FTIR. The polymer was dissolved in dry toluene at 80 o C for 2 h, then 
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a hydrolysis agent was added using an aqueous solution of HCl 0.01M to transfer the 

-OCH3 to -OH groups. This structure was proved using 1H NMR and FTIR, andthis 

polymer was used as a macroinitiator for ring opening polymerization. 

 0.10 g of α, ω-dihydroxy-polyethylene was dissolved in distilled toluene in an argon 

flow at 80 o C. Following that, 0.13 ml of t-BuP2 solution (0.35 mmol of t-BuP2) was 

added. The mixture was stirred until both the macroinitiator polymer and the catalyst 

were dissolved. This was followed by the addition of 3.0 ml of Ɛ-CL monomer (26.3 

mmol) to start the polymerization. After 24 h, the reaction was quenched using acetic 

acid, and the solution was precipitated in methanol to obtain the polymer. The white 

powder was collected, dried in a vacuum overnight and used for HT-GPC.                                                                                                                                                                                                                      

4.3 Results and Discussion  

The synthesis of the three novel ω-di/trihydroxy and α,ω-dihydroxy-PE macroinitiators, 

in addition to the corresponding miktoarm stars PE(PCL)2, PE(PCL)3, H-shaped 

(PCL)2PE(PCL)2  and super H-shaped (PCL)3PE(PCL)3  copolymers,  are given in 

Schemes 1, 2 and 3. 

Triethylborane was used to initiate the polymerization of dimethylsulfoxonium 

methylide producing PE-OH, which was reacted either with 

chloromethyl(methyl)dimethoxysilane or chloromethyltriethoxysilane to afford ω-

dihydroxy and ω-trihydroxy-polyethylene, respectively. Later, these were used as 

initiators for the ROP of ɛ-caprolactone, in the presence of t-BuP2, to give the final 

miktoarm stars, PE(PCL)2 and PE(PCL)3. 

9-thexyl-9-BBN was used to initiate the polymerization of dimethylsulfoxonium 

methylide and produce α,ω-hydroxy-PE (HO-PE-OH), which reacts with either 

chloromethyl(methyl)dimethoxysilane or chloromethyltriethoxysilane. Then, 

hydrolysis afforded the α, ω-dihydroxy-polyethylene, and α, ω-trihydroxy-
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polyethylene, macroinitiator for the ROP of ɛ-caprolactone, in the presence of t-BuP2, 

to produce the H-shaped copolymer (PCL)2PE(PCL)2 and super H-shaped copolymer 

(PCL)3PE(PCL)3 

 

Scheme 4.3 Synthetic route of macroinitiator (PE-OH2) and the corresponding 3-

Miktoarm Star Copolymer (PE-b-PCL2). 
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Scheme 4.4 Synthetic route of macroinitiator (PE-OH3) and the corresponding 4-

Miktoarm Star Copolymer (PE-b-PCL3). 

 

Scheme 4.5 Synthetic route for α,ω-dihydroxy-polyethylene macroinitiator and the 

corresponding H-shaped copolymer (PCL2-b-PE-b-PCL2). 
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Scheme 4.6 Synthetic route for α,ω-trihydroxy-polyethylene macroinitiator and the 

corresponding super H-shaped copolymer (PCL3-b-PE-b-PCL3). 

 

Table 4.1 Molecular characteristics of PE- PCL2, PE- PCL3 miktoarm stars and 

PCL2-PE- PCL2 H-shaped copolymer synthesized by ring-opening polymerization 

using the ω-dihydroxy, ω-trihydroxy and α,ω-dihydroxy-polyethylene as initiators 

and P2-tBu catalyst. 

 
NO. Sample a Conv.

(%) 

b
 theron, M c

n, NMR M d PDI 

1 PE-OH 98 1400 2000 1.23 

2 1-2)PE(PCL 64 9 130 10 300 1.23 

3 2-2)PE(PCL 54 11 400 9 800 1.21 

4 1-3)PE(PCL 66 10 200 12 200 1.28 

5 2-3)PE(PCL 79 11 410 13 000 1.31 

6 HO-PE-OH 97 2600 2800 1.2 

7 1-2)PCL(PE2)PCL( 51 12 000 14 000 1.34 

8 2-2)PCL(PE2)CL(P 61 13970 15 800 1.32 
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a The monomer conversion was determined by 1H NMR or gravimetrically from the 

dried polymer. b  Mn,theor. of PE homopolymers were calculated from the ratio of ylide 

to the initiator,  Mn,theor. of copolymer = sum of Mn, NMR of homopolymers of PE and 

PCL. c Mn, NMR was calculated from the 1H NMR spectrum using the area ratio of 

protons in the terminal –CH2–OH at δ = ∼3.4 ppm to the ones on the PCL chains. d Đ 

= Mw/Mn, determined by HT-GPC (1,2,4-trichlorobenzene, 150 °C, PS standards).  

                                                                                                   

 

 

 

 

 

 

 

 

Figure 4.1 HT-GPC chromatograms of ω-hydroxy-polyethylene PE-OH, the 

corresponding 3- and 4-miktoarm stars copolymer PE(PCL)2-1 and PE(PCL)3-1. 

 

 

 



109 
 

Figure 4.2 HT-GPC chromatograms of α,ω-hydroxy-polyethylene HO-PE-OH and 

the corresponding H-shaped copolymer (PCL)2PE(PCL)2-1. 

 

Figure 4.3 GPC chromatograms of the super H-shaped copolymer (PCL)3PE(PCL)3. 

 

The successful syntheses of the miktoarm stars and H-shaped copolymers were 

confirmed by 1H NMR, FTIR, DSC, TGA and HT-GPC analysis. In Figures 4.1 and 

4.2, the GPC traces of the macroinitiators, as well as of 3-, 4-miktoarm stars and H-

shaped copolymers are illustrated. The peaks of PE(PCL)2-1 (PDI = 1.2) and PE(PCL)3-

1 (PDI = 1.3) shifted to higher molecular weights (lower elution volumes) compared to 

the precursor polymer PE-OH (PDI = 1.2). The (PCL)2PE(PCL)2-1 (PDI = 1.3) peak 

also shifted to a higher molecular weight compared to the precursor polymer HO-PE-

OH (PDI = 1.2). The 3-, 4-miktoarm stars PE-(PCL)2-2, PE-(PCL)3-2 and H-shaped 

copolymer (PCL)2PE(PCL)2-2 were mentioned in the supplementary Figs. A2, A6, and 

A11, respectively.  

As shown in Fig. 4.3, the super H-shaped copolymer (Ɖ = 1.3) shifted to a higher 

molecular weight compared to the precursor polymer HO-PE-OH (Ɖ = 1.2). However, 

the super H-shaped curve showed bimodal distribution as indicated by the HT-GPC 
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analysis which may occur because of the steric hindrance, the chemical reaction stopped 

by a molecule's structure. However, this bimodality can be fixed by fractionation to 

separate all unreacted compounds which may take one month to purify completely. This 

is a pre-indicate of the synthesis of super H-shaped synthesizing using a new technique, 

such therefore opens the gate for novel way of different macromolecule architectures.   

Figures 4.4, 4.5 and 4.6 show the characteristic chemical shift of polyethylene 

connected to hydroxyl groups. After ROP, the fingerprint of PCL was evident in 

Figures 3 and 4. The 1H NMR spectra of PE(PCL)2-1 and PE(PCL)3-1 all exhibit peaks 

of the miktoarm stars: (600 MHz, Tol) 3.95-4.1 (-CH2-O- in PCL), 3.38 (CH2-OH, end 

group of PE), 2.5 (CH2-Si), 2.23 (–C(O)-CH2), 1.40-1.36 (-C(O)-CH2-CH2-CH2-CH2-

CH2-O-), 1.00 (CH3 of PE). Moreover, in Fig. 5. It is clearly shown the disappearance 

of the 1.00 (CH3 of PE) in both linear and (PCL)2PE(PCL)2-1. From the integration of 

protons, the calculated number average molecular weights of PE-OH, HO-PE-OH, 

PE(PCL)2-1, PE(PCL)3-1 and (PCL)2PE(PCL)2-1 were 2000, 2800, 10300, 12200 and 

14000, respectively. The theoretical molecular weights of 3-, 4-miktoarm stars and H-

shaped copolymers were 9130 10200 and 12000, respectively, in good agreement with 

the experimentally determined molecular weights                                                              
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Figure 4.4 1H NMR spectra of PE-OH2 and PE(PCL)2-1 in toluene-d8 at 80 o C (600 

MHz). 

 

 

at 80 °C (600  d8-1 in toluene-3and PE(PCL) 3OH-H NMR spectra of PE1 5.4 Figure

MHz). 
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Figure 4.6 1H NMR spectra of HO2-PE-OH2 and (PCL)2PE(PCL)2-1 in toluene-d8 at 

80 °C (600 MHz). 

 

  

Figure 4.7 FT-IR spectra of a) ω-hydroxy-polyethylene along with the 

corresponding  b) PE-O-CH2-Si-(OH)2 and c) PE-(PCL)2-1. 
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Further evidence for the successful synthesis of the 3-miktoarm star PE-(PCL)2-1, was 

provided by FT-IR spectra (Fig. 4.7). In addition to the PE peaks: 3000-2800, 1550-

1400 and 750-650 cm-1 (Fig. 4.7 a), new peaks appeared, after transformation to 

macroinitiator  at 1200-950 cm-1, attributed to (Si-C) (Fig. 4.7 b). After ROP of the ε-

CL new peaks appeared at 1721 cm-1, attributed to the vibration stretching of carbonyl 

groups (C=O), at 1165–1468 cm-1 , attributed to deformation of (CH2 of PCL) and at 

800 cm-1 attributed to (Si-CH3) (Fig. 4.7 c). This results for the 4-miktoarm star PE-

(PCL)3-1 and H-shaped copolymer (PCL)2PE(PCL)2-1 were mentioned in the 

supplementary Figs. A10, and A16, respectively. 

 

Figure 4.8 DSC traces of PE-OH, HO-PE-OH, PE(PCL)2-1, PE(PCL)3-1 and 

(PCL)2PE(PCL)2-1, The red circle indicates the PCL melting area. 

 

The PE-OH, HO-PE-OH and the corresponding 3-, 4-miktoarm stars, and H-shaped 

copolymers were analyzed by DSC under a nitrogen atmosphere. In Fig.4.8, PE-OH 
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and HO-PE-OH thermograms reveal one peak corresponding to PE (128-129 °C), as 

expected. In the case of miktoarm stars, two peaks corresponding to the melting points 

of PCL (50-55 °C, weak) and PE (125-118 °C, strong ) were present; another indication 

of the successful synthesis of miktoarm star copolymers. In the case of the H-shaped 

copolymer, there was only one wide peak from 55 °C to 95°C, corresponding to the 

melting temperatures of PCL and PE both masking each other. 

 

Figure 4.9 TGA traces of PE-OH, HO-PE-OH, PE(PCL)2-1, PE(PCL)3-1 and 

(PCL)2PE(PCL)2-1. 

PE-OH, HO-PE-OH, miktoarm stars, and the H-shaped copolymers were also analyzed 

by TGA under a nitrogen atmosphere from 25 to 800 o C (Fig. 4.9). The linear polymers 

were degraded completely at 490 and 500 o C, while 3- and 4-miktoarm copolymers 
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lose weight in two stages 230-400 o C /410-530 o C and 230 -390 o C /400-500 o C 

respectively, representing the loss of polyethylene and polycaprolactone, respectively. 

The degradation of the H-shaped copolymer also occurred in two stages, but at higher 

temperatures (290-400 o C /410-490 o C), indicating that the H-structure is more stable 

than the miktoarm structures. The initial weight loss from 25 and 200 o C was probably 

due to the loss of solvent. 
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4.4 Conclusion 

    Well-defined 3- and 4-miktoarm stars, in addition to H-shaped block copolymers of 

two industrially important polymers, PE and PCL, were successfully synthesized, by a 

combination of polyhomologation, chlorosilane chemistry, and ROP.  The well-defined 

structures have been confirmed by NMR, FTIR, DSC, TGA and HT-GPC 

characterization. This is a general and powerful strategy towards complex PE/PCL-

based macromolecular architectures. Initial results showing the influence of the 

architecture on the thermal properties of block copolymers are also discussed.                                                                                                                                                          
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Chapter 5  

Self-Assembly Behavior of Linear Polyethylene-b-Polycaprolactone 

and 3-Miktoarm Star Copolymers in a selective solvent 
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5.1 Introduction  

Recently, essential interest has been focused on self-assembly behavior of different 

macromolecular architectures, starting from simple linear block copolymers1 to more 

complicated structures such as star polymers.2,3 These types of polymer forming 

different aggregation structures when they reach to self-assembly processing. 

Examples of these structures are vesicles, lamellae and spheres, depending on their 

architecture, molecular weight, composition and the compatibility of different polymer 

segments.4-8 The crystallization of diblock copolymers with one crystallizable block 

has been extensively studied in the last few decades.9-13 In contrast, the complexity 

associated with the crystallization of paired crystalline diblock copolymers is poorly 

understood. In the crystalline diblock copolymer, the last crystal morphology is driven 

by the competition between two blocks towards crystallization along with microphase 

separation.14-17 To be specific, the self-assembly of amphiphilic molecules in nanoscale 

has been applied in many different applications such as drug delivery, emulsion 

stabilization, separation techniques, and oil applications.18-23 Furthermore, the 

remarkable results of the self-organized aggregation of double crystalline di-block and 

star copolymers, specifically polyethylene (PE) and poly (ε-caprolactone) (PCL), have 

received more attention for potential applications.24-25 PE/PCL copolymers with 

different structures were considered one of the best typical models to study the self-

assembly in aqueous solutions due to their chain symmetry and high incompatibility.26-

27 However, very few reports have studied the self-assembled structures of PE-b-PCL 

in selective solvents28-29and no studies have been performed on the PE-b-PCL2 3-

miktoarm star copolymers.  
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In this chapter, the self-assembly of the block copolymer PE-b-PCL in aqueous solution 

(selective solvent THF) is studied. First, the synthesis of PE-b-PCL linear diblock 

copolymer by combining polyhomologation and ring opening polymerization is 

presented. Second, the self-assembly of the 3-arm star copolymer PE-b-PCL2 in aqueous 

is studied with different PCL block lengths, synthesized as previously described in 

chapter 4, by combining polyhomologation and ring opening polymerization. 

Subsequently, the self-assembled structures of PE-b-PCL and PE-b-PCL2 in the 

selective solvent THF are investigated by DLS and TEM. 

5.2 Experimental section 

 5.2.1 Synthesis polyethylene-b-polycaprolactone (PE-b-PCL) 

The Block copolymer polyethylene-b-polycaprolactone (PE-b-PCL) was synthesized 

as follow; a 50 mL round bottomed flask prepared with a stir bar was vacuumed and 

filled with argon three times. The flask was filled with dimethylsulfoxonium methylide 

under argon at 80 °C, followed by the addition of the initiator, triethylborane. The 

mixture was stirred for an hour at 80 °C. Subsequantly, pH indicator was used to test 

the mixture and ensure that all ylide was consumed (pH=7). Following this, TAO was 

added to the mixture and stirred for 2 h at 80 °C to afford ω-hydroxy-polyethylene, 

which was used later as a macroinitiator for the ring opening polymerization of ε-CL.  

0.10 g of the macroinitiator (PE-OH) was dissolved in distilled toluene under an argon 

flow at 80 °C in a 50 ml round flask. This step was followed by the addition of 0.04 

ml of t-BuP2 solution (0.11 mmol) and stirred until ω-hydroxy-polyethylene and t-

BuP2 (catalyst) were dissolved. 1.0 ml of ε-CL monomer (8.76 mmol) was then added 

to start the ring opening polymerization. After 24 h, the reaction was quenched using 
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acetic acid, and the solution was precipitated in methanol to obtain the polymer. The 

white powder was collected and dried in a vacuum overnight and used for HT-GPC, 

1H NMR, and FTIR. Conv. (ε-CL) = 98%, Mn,theor (PE) = 1300 g mol−1, Mn,theor(PCL) 

= 7700 g mol−1, Mn,theor (PE-b-PCL) = 9000 g mol−1, Mn,SEC (PE) 2200 g mol−1, 

Mn,SEC (PE-b-PCL) = 10000 g mol−1, Đ (PE-b-PCL) = 1.2. 1H NMR (600 MHz, 

toluene-d8, 80 °C) (Fig. 5.2): 3.95–4.1 ppm (–CH2OOC–), 3.38 ppm (m, 2H, CH2–

OH, end group of PE), 2.23 ppm (C=OCH2 of PCL), 1.36–1.40 ppm (CH2 of PE). Mn, 

NMR (PE-OH) = 2400 g mol−1, Mn, NMR (PCL) = 6100 g mol−1, Mn, NMR (PE-b-PCL) = 

8500 g mol−1. 

5.2.2 Synthesis of A(B)2  3-miktoarm star copolymers (PE-b-PCL2) 

Block copolymers polyethylene-b-polycaprolactone (PE-b-PCL2) were synthesized as 

previously described in Chapter 4. 

    A 50 mL round bottomed flask prepared with a stir bar was vacuumed and filled 

with argon three times. Under Argon flow, 0.16 ml (1.63mmol) of Triethylborane 

initiator was added to 40 ml dimethylsulfoxonium methylide. The mixture was stirred 

at 80 o C for 1 h. Subsequantly, 0.19 g of TAO was added at 80 o C for 2 h, to attain ω-

hydroxyl polyethylene, the polymer was precipitated in cold methanol and collected 

and dried in the oven overnight. This structure was proved using 1H NMR, FTIR, and 

HT-GPC. 

Following this, 0.20 g of ω-hydroxy-polyethylene (Mn,NMR = 2000) (0.1 mmol) was 

dissolved in 7 ml of purified toluene under argon at 80 o C.  After the polymer had 

dissolved completely, 0.04 ml of Chloromethyl(methyl)dimethoxysilane (0.275mmol) 

and 0.60 g of Sodium hydrate (NaH) were added for 24 h at 35 o C. The solution was 
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precipitated in methanol to obtain the polymer. The white powder was collected and 

dried in a vacuum overnight and used for 1H NMR and FTIR. The polymer was 

dissolved in dry toluene at 80 o C for 2 h, then a hydrolysis agent was added using an 

aqueous solution of HCl 0.01 M to transfer the -OCH3 to -OH groups. This structure 

was proved using 1H NMR and FTIR, and the polymer was used as a macroinitiator for 

ring opening polymerization. 0.10 g of ω-dihydroxy-polyethylene was dissolved in 

dried toluene under argon at 80 o C. Following that, 0.13 ml of t-BuP2 solution (0.35 

mmol of t-BuP2) was added and the mixture was stirred until both the macroinitiator 

polymer, and the catalyst were dissolved. 3.0 ml of Ɛ-CL monomer (26.2 mmol) was 

added to the mixture to start the polymerization. After 24 h, the reaction was quenched 

using acetic acid, and the solution was precipitated in methanol to obtain the polymer. 

The powder was collected and dried in a vacuum and confirmed by HT-GPC, H1 NMR, 

SEM, DSC, and FTIR. Conv. (Ɛ-CL) = 64 %, Mn,NMR [PE(PCL)2-1]=10300 g.mol-1 

(Mn,theor [PE(PCL)2-1]=9130), Mn,NMR(PE-OH)=2000 g.mol-1 (Fig. A1), Mn,theor (PE-

OH) =1400 g.mol-1, Mn,theor(PCL) = 7730 g.mol-1, g.mol-1; Mn,SEC (PE-OH) =1900 

g.mol-1, Mn,SEC [PE(PCL)2-1] = 8000 g.mol-1, PDI [PE(PCL)2-1] = 1.23.  

5.2.3 Preparation of micellar solution  

The typical procedure used to form the aqueous micellar solution was as follows: a 2 

mg of (PE-b-PCL) sample was placed in 2 mL THF (selective solvent) at room 

temperature (RT) ⁰C and the solution was dispersed using a sonicator bath for 2 h. A 

micelle solution with a concentration of 1 mg/mL was obtained, followed by passing 

this solution through a 0.45 μm PTFE membrane filter for analysis. The 3-arm star 

copolymer (PE-b-PCL2) micellar solution with 2 different molecular weights was 

prepared using the technique explained above. 
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5.2.4 Dynamic Light Scattering (DLS) Measurement  

The Zetasizer nano HT system from Malvern was used to determine the DLS 

measurements at a wavelength of 633nm with a 173⁰ angle. All experiments were 

performed at 25 ⁰C. The particle size distribution was determined via the correlation 

function.  

5.2.5 Transmission electron microscopic (TEM) observation 

 Samples for TEM were measured in a TEM machine of type Tecnai Twin from the FEI 

Company (Hillsboro, OR) using an accelerating voltage of 120 KV. A few drops of the 

solutions were located on top of the carbon-coated copper grids, then, the samples were 

placed onto the autoloader for imaging.  

5.2.6 Atomic force microscope (AFM)  

A silicon wafer was used as a substrate for atomic force microscopy (AFM). The silicon 

wafer was required to be washed with THF before use, followed by rinsing with DI water 

and drying under a vacuum. The micellar solution (1 mg/mL) was slowly added to a 

silicon wafer then dried at 25 ⁰C for 24 h before use. AFM was performed on Agilent 

5500 SPM in AAC mode with a K (spring constant) probe model. 

5.3 Results and Discussion  

5.3.1 Synthesis results 

 Three samples of the block copolymer PE-b-PCL and 3-arm star copolymer PE-b-PCL2 

with different polycaprolactone lengths were synthesized by combining 

polyhomologation and ROP, as previously described in Chapter 4. The successful 

synthesis of PE-b-PCL and PE-b-PCL2 was confirmed by 1H NMR and HT-SEC (Figure 

5.1). The number-average molecular weights Mn, polydispersity and melting 

temperatures for all samples are recorded in Table 5.1.  
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Table 5.1: Characteristic molecular weight data of PM-b-PCL and PM-b-PCL2. 

 

Entry 

 

Polymer 

 

PDI a 

 

Mn,NMR
b g. mol 

-1 

 

Mn,theo
c g. 

mol -1 

 

PCL d (Mw) 

 

Tm 

(PE)e 

 

Tm 

(PCL)e 

1 PE50-b-PCL100 1.27 8500 7000 6100 129 55 

2 PE50-b-(PCL2)67 1.23 10300 9130 7300 125 50 

3 PE50-b-(PCL2)87 1.21 9800 11400 7800 - - 

 

a SEC in TCP, PSt standards.  b, d Mn, NMR of copolymers and PCL (wt%) were calculated 

from the 1H NMR spectrum. c Mn, theo = sum of Mn, NMR of homopolymers of PE and 

PCL. e Melting points (Tm) were determined by DSC (N2, 10 ⁰C/min, second heating 

cycle) 

 

Figure 5.1 HT-SEC traces for PE-b-PCL 
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Figure 5.2 1H NMR spectra of PE-b-PCL in toluene-d8 at 80 o C (600 MHz)  

5.3.2 Self-assembly properties of PE-b-PCL diblock copolymer in THF  

The self-organized behavior of block copolymers PE-b-PCL (Scheme 5.1) was studied 

as follows: the polymer was added to 2 mL of THF (selective solvent) at room 

temperature (RT) ⁰C, and the solution was dispersed using a sonicator bath and 

maintained for 2h. The amphiphilic copolymer PE-b-PCL was self-assembled into 

micelles with polyethylene as the core and polycaprolactone as the shell, as shown in 

Figure 5.3. 
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Scheme 5.1 Synthetic route of PE-b-PCL 

 

Figure 5.3 Self-assembly behavior of PE-b-PCL in THF at RT o C. 

5.3.3 Self-assembly properties of PE-b-PCL2 3-miktoarm star 

copolymers in THF 

The self-organized behavior of the 3-arm star copolymer PE-b-PCL2 was studied. 2 mg 

of the polymer was added into 2 mL of THF (selective solvent) at room temperature 

(RT) o C and the solution was dispersed using a sonicator bath and left for 2h. The 

solution was left for 30 min after sonication before use. The amphiphilic 3-arm star 



128 
 

copolymer PE-b-PCL2 was self-assembled into micelles with polyethylene as the core 

and polycaprolactone as the shell, as shown in Figure 5.4. 

 

 

Scheme 5.2 Synthetic route of PE-b-PCL2 

 

 

Figure 5.4 Self-assembly behavior of PM-b-PCL2 in THF at RT o C. 
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As shown in Figure 5.5, the average hydrodynamic diameter (d in nm) was determined 

by DLS at 25 ⁰C with a concentration equal to 1 mg/mL for the three micelle solutions 

in a selective solvent (THF). The THF improved the quality of the core block and led 

to a reduction in micelle size. The polydispersity values were in the range of 0.4 to 0.9, 

and the hydrodynamic diameters (d nm) were 100 nm, 200 nm and 316 nm (Table 5.2 

and Figure 5.5) for PE50-b-PCL100, PE50-b-(PCL2)67 and PE50-b-(PCL2)87, respectively.  

Table 5.2 The hydrodynamic diameter (d) and polydispersity of the micelle solution  

Micelle from 

polymer solution 

Temperature d (nm)a PDI b Kcpsc 

PE50-b-PCL100 25 o C 100 0.4 170 

PE50-b-(PCL2)67 25 o C 200 0.5 219 

PE50-b-(PCL2)87 25 o C 316 0.9 290 

a,b,c Determined by DLS measurements (concentration, 1mg/mL; temperature 25°C). 
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Figure 5.5 DLS measurements of the solution of (a) PE50-b-PCL100 (b) PE50-b-

(PCL2)67 c) PE50-b-(PCL2)87 linear block and star copolymer with concentration 1 

mg/mL. 

 

TEM sample preparation is very important because micelles are easy to aggregate 

which affects the size of the sample. The real morphology of the micelle was assessed 

through TEM microscopy. The existence of spherical micelle was revealed for the 

linear block copolymer and the 3-arm star copolymer samples (Figure 5.6 and 5.7) with 
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the average diameters about 90, 220 and 400 nm (estimated by calculating the average 

size of micelles) for PE50-b-PCL100, PE50-b-(PCL2)67 and PE50-b-(PCL2)87, respectively.  

 

Figure 5.6 TEM images of PE50-b-PCL100 

 

 

  

Figure 5.7 TEM images of PE-b-PCL2 micelles (a) PE50-b-(PCL2)67 and (b) (a) PE50-

b-(PCL2)87 

The spherical structure of micelle was confirmed by atomic force microscopy (AFM), 

and a spin coating method was performed to form block copolymer and miktoarm stars 

thin films on a silica wafer. The sample was prepared by dropping the micelle solution 

onto the silica wafer for AFM and directly imaged in tapping mode (Figure 5.8). AFM 
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height images indicate that the average diameters corresponding to the micelles were 

68, 250 and 332 nm, respectively. 
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Figure 5.8 AFM height images of (a) PE50-b-PCL100 (b) PE50-b-(PCL2)67 and (c) 

PE50-b-(PCL2)87. 

 

At a constant PE length, the hydrodynamic radius of the spherical micelle increased 

from 90 to 220-400 nm when the structure changed from linear to star and the molecular 

weight of the miktoarm stars copolymers PE50-b-(PCL2)67 and PE50-b-(PCL2)87 

increased. Additionally, the size of the micelle is dependent on the length of PCL block 

that makes the shell of the micelles. 
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5.4 Conclusion  

Amphiphilic PE-b-PCL linear block and PE-b-PCL2 3-arm star copolymers with 

different lengths of PCL and a constant length of PE, were synthesized via a 

combination of polyhomologation and ring opening polymerization. The obtained 

amphiphilic block and star copolymers were self-assembled in spherical micelles in 

THF, which is a selective solvent for PCL blocks, with a PE core and a PCL block as 

the shell. DLS, TEM and AFM characterizations were used to estimate the average size 

and morphology of micelles. All the measurements revealed that there is a 

straightforward association between the molecular weight of the PCL block and the size 

of the micelles. 
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Chapter 6 

Summary and Future Research Directions 

The outcomes presented in this dissertation provide essential insights for designing 

polyethylene-based complex macromolecular architectures by combining the power of 

polyhomologation with other techniques such as ring opening polymerization (ROP) 

and atom transfer radical polymerization (ATRP). This strategy provides good control 

over their molecular weight, and well-defined polymers with low polydispersity. This 

strategy is general and can be used to synthesize a variety of new materials with 

potential applications.  

Based on the findings of this dissertation the following themes are identified as areas 

for future work:  

Chapter 2, describes how the novel initiator can be used to produce new 

copolymers of PE with PMMA, PLLA, etc.  

The work described in Chapter 3 can be extended to different triblock 

terpolymers with polyethylene in their centers, such as polyL-lactide-b-

polyethylene-b-polystyrene, and polymethyl methacrylate-b-polyethylene-b-

polystyrene by combing different techniques. 

The work described in Chapter 4 on the synthesis of the 3-, 4-miktoarm star, H- 

and super H-shaped copolymers should be extended to other complex structures 

and the morphology of the synthesized materials should be studied.   

 

The hydroxy group (OH) is the only functional group used in 

polyhomologation. However, this functional group can be changed to NH2, 

COOH and other groups which will open the door to novel inventions which 
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will be able to introduce new polyethylene-based complex macromolecular 

architectures and expand their applications (Scheme 6.1 and Scheme 6.2) 

 

 

 

 

 

 

 

 

 

Scheme 6.1 Synthetic route of α,ω-amine polyethylene and H-shaped 

copolymers. 
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Scheme 6.2 Synthetic route of α,ω-diamine polyethylene and super H-shaped 

copolymers. 
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APPENDICES 

For the synthesis of the 3, 4-miktoarm stars,  PE(PCL)2-1, PE(PCL)2-2, PE(PCL)3-1 

and PE(PCL)3-2, the same precursor PE-OH was used as a first step (Fig. A1). 

 

 

 
 

Figure A1. 1H NMR spectrum of the precursor PE-OH of both 3, 4-miktoarm stars 

copolymers PE(PCL)2-1, PE(PCL)2-2, PE(PCL)3-1 and PE(PCL)3-2  in toluene-d8 at 

80 o C (600 MHz). 

Synthesis of 3-miktoarm star copolymer PE(PCL)2-2 

The 1H NMR spectrum of the precursor PE-O-CH2-Si-(OH)2 and both 3-miktoarm 

star copolymers PE(PCL)2-1 and PE(PCL)2-2, with integration in addition to the HT-

GPC are below to prove the successful synthesis of both PE(PCL)2-1 and PE(PCL)2-2.  
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Figure A2. HT-GPC chromatograms of ω-hydroxy-polyethylene and the 

corresponding 3-miktoarm star copolymers PE(PCL)2-2. 

In Figure A2, the GPC traces of the macroinitiators PE-OH, as well as those of the 

3-miktoarm star PE(PCL)2-2 are given. Note that the peak of PE(PCL)2-2 (PDI = 1.21) 

is shifted to a higher molecular weight (lower elution volumes) compared to the 

precursor polymer PE-OH (PDI = 1.23).  
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Figure A3. 1H NMR spectrum of the precursor PE-O-CH2-Si-(OH)2 of 3-miktoarm 

stars copolymer PE(PCL)2-1, PE(PCL)2-2, in toluene-d8 at 80 oC (600 MHz). 

 

Figure A4. 1H NMR spectrum of 3-miktoarm star copolymer PE(PCL)2-1 in toluene-

d8 at 80 oC (600 MHz). 
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Figure A5. 1H NMR spectrum of 3-miktoarm star copolymer PE(PCL)2-2 in toluene-

d8 at 80 oC (600 MHz). 

In Figures A3, A4 and A5, the 1H NMR spectra of PE(PCL)2-1 and PE(PCL)2-2  exhibit 

all peaks of the 3-miktoarm star: (600 MHz, Tol) 3.95-4.1 (-CH2-O- in PCL), 3.38 

(CH2-OH, end group of PE), 2.23 (–C(O)-CH2), 2.5 (CH2-Si), 1.40-1.36 (-C(O)-CH2-

CH2-CH2-CH2-CH2-O-), 1.00 (CH3 of PE) and 0.3 (CH3-Si).  From the integration of 

protons, the calculated Mn of PE-OH, PE(PCL)2-1 and PE(PCL)2-2  were 2000, 10300 

and 9800 respectively. The theoretical molecular weights of PE-OH, PE(PCL)2-1 and 

PE(PCL)2-2  were 1400, 9130 and 11400 which are in good agreement with the 

experimentally determined molecular weights. 
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Figure A6. HT-GPC chromatograms of ω-hydroxy-polyethylene and the 

corresponding 4-miktoarm star copolymer PE(PCL)3-2. 

In Figure A6, the GPC traces of the macroinitiators PE-OH, in addition to those of 

the 4-miktoarm star PE(PCL)3-2  are illustrated. The peak of PE(PCL)3-2  (PDI = 1.31) 

is shown to have shifted to a higher molecular weight (lower elution volumes) 

compared to the precursor polymer PE-OH (PDI = 1.23). 

 



146 
 

Figure A7. 1H NMR spectrum of the precursor PE-O-CH2-Si-(OH)3 of 4-miktoarm 

stars copolymer PE(PCL)3-1, PE(PCL)3-2, in toluene-d8 at 80 oC (600 MHz). 

 

 

Figure A8. 1H NMR spectrum of 4-miktoarm star copolymer PE(PCL)3-1 in toluene-

d8 at 80 o C (600 MHz). 
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Figure A9. 1H NMR spectrum of 4-miktoarm star copolymer PE(PCL)3-2 in toluene-

d8 at 80 o C (600 MHz). 

In Figures A7, A8 and A9, it can be seen that the 1H NMR spectra of PE(PCL)3-1 and 

PE(PCL)3-2 exhibit all peaks of the 4-miktoarm star: (600 MHz, Tol) 3.95-4.1 (-CH2-

O- in PCL), 3.38 (CH2-OH, end group of PE), 2.23 (–C(O)-CH2), 2.5 (CH2-Si), 1.40-

1.36 (-C(O)-CH2-CH2-CH2-CH2-CH2-O-), 1.00 (CH3 of PE). The disappearance of the 

0.3 (CH3 of PE) is clear. From the integration of protons, the calculated number average 

molecular weights Mn of PE-OH, PE(PCL)3-1 and PE(PCL)3-2 were 2000, 12200 and 

13000 respectively. The theoretical molecular weights of PE-OH, PE(PCL)3-1 and 

PE(PCL)3-2 were 1400, 10200 and 11410, in good agreement with the experimentally 

determined molecular weights. 
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Figure A10. FT-IR spectra of a) ω-hydroxy-polyethylene, along with the 

corresponding  b) ω-trihydroxy-polyethylene and c) PE-O-CH2-Si-(PCL)3. 

 

Further evidence for the successful synthesis of the 4-miktoarm star PE(PCL)3-1 was 

provided by the FT-IR spectra (Fig. A10). In addition to the PE peaks: 3000-2800, 

1550-1400 and 750-650 cm-1 (Fig. A10 a), new peaks appeared, after transformation to 

the macroinitiator, at 1200-950 cm-1, attributed to (Si-C) (Fig. A10 b). Following ROP 

of the ε-CL new peaks appeared at 1721 cm-1, attributed to the vibration stretching of 

carbonyl groups (C=O), and at 1165–1468 cm-1 to deformation of (CH2 of PCL) (Fig. 

A10 c). 
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 Figure A11. HT-GPC chromatograms of α,ω-hydroxy-polyethylene and the 

corresponding H-shaped copolymers. 

In Figure A11, the GPC traces of the macroinitiators α,ω-hydroxy-polyethylene HO-

PE-OH, as well as of H-shaped copolymer (PCL)2PE(PCL)2-2 are illustrated. The peak 

of (PCL)2PE(PCL)2-2 (PDI = 1.32) is seen to have shifted to a higher molecular weight 

(lower elution volumes) compared to the precursor polymer HO-PE-OH (PDI = 1.2).  
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Figure A12. 1H NMR spectrum of the precursor HO-PE-OH of H-shaped copolymer 

in toluene-d8 at 80 oC (600 MHz). 

 

Figure A13. 1H NMR spectrum of HO2-PE-OH2 the precursor of H-shaped 

copolymer (PCL)2PE(PCL)2 in toluene-d8 at 80 °C (600 MHz). 
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Figure A14. 1H NMR spectrum of H-shaped copolymer (PCL)2PE(PCL)2-1 in 

toluene-d8 at 80 o C (600 MHz). 

 

Figure A15. 1H NMR spectrum of H-shaped copolymer (PCL)2PE(PCL)2-2 in 

toluene-d8 at 80 oC (600 MHz). 
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In Figures A12, A13, A14, and A15, The 1H NMR spectra of α,ω-hydroxy-polyethylene 

HO-PE-OH, tetra-hydroxy-polyethylene, (PCL)2PE(PCL)2-1 and (PCL)2PE(PCL)2-2 

are shown. In Figures A14 and A15, all peaks of the both H-shaped copolymer 

(PCL)2PE(PCL)2-1 and (PCL)2PE(PCL)2-2: (600 MHz,Tol) 3.95-4.1 (-CH2-O- in 

PCL), 3.38 (CH2-OH, end group of PE), 2.23 (–C(O)-CH2), 2.5 (CH2-Si), 1.40-1.36 (-

C(O)-CH2-CH2-CH2-CH2-CH2-O-), 0.3 (CH3 of PE) are exhibited. Additionally, the 

disappearance of the 1.00 ppm (CH3 of PE) in both linear and (PCL)2PE(PCL)2-1 and 

(PCL)2PE(PCL)2-2 comparing to both PE(PCL)2-1, PE(PCL)2-2, PE(PCL)3-1 and 

PE(PCL)3-2 is clear. From the integration of protons, the calculated number average 

molecular weights of HO-PE-OH, (PCL)2PE(PCL)2-1 and (PCL)2PE(PCL)2-2 were 

2800, 14000 and 15800 respectively. The theoretical molecular weights α,ω-hydroxy-

polyethylene, (PCL)2PE(PCL)2-1 and (PCL)2PE(PCL)2-2 were 2600, 12000 and 13970, 

in good agreement with the experimentally determined molecular weights.  
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Figure A16. FT-IR spectra of a) α,ω-hydroxy-polyethylene, along with the 

corresponding b) α,ω-dihydroxy-polyethylene along and c) (PCL)2-Si-CH2-O-PE-

O-CH2-Si-(PCL)2. 

The successful synthesis of the H-shaped copolymer (PCL)2PE(PCL)2-1 was carried by 

the FT-IR spectra in (Fig. A16), In addition to the PE peaks: 3000-2800, 1550-1400 

and 750-650 cm-1 (Fig. A16 a), new peaks appeared after transformation to 

macroinitiator, at 1200-950 cm-1 attributed to (Si-C), at 800 cm-1 attributed to (Si-CH3) 

(Fig. A16 b), after ROP of the polycaprolactone (ε-CL) at 1721 cm-1, attributed to the 

vibration stretching of carbonyl groups (C=O) and at 1165–1468 cm-1 attributed to 

deformation of (CH2 of PCL) (Fig. A16 c). 

 

Figure A17. SEM image of 3-miktoarm star copolymer PE(PCL)2-1 
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Figure A18. SEM image of 4-miktoarm star copolymer PE(PCL)3-1 
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Figure A19. SEM image of H-shaped copolymer (PCL)2-PE(PCL)2-1 
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