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ABSTRACT 

Hyperbranched Polyethylene-based Macromolecule Architectures: 
Synthesis, Characterization, and Self-assembly 

 

Ahlam Alsulami 

 

     “Chain walking” catalytic polymerization CWCP is a powerful tool for the one-pot 

synthesis of a unique class of hyperbranched polyethylene HBPE-based macromolecules 

with controllable topology and composition. This dissertation focuses on new synthetic 

routes leading to HBPE-based macromolecular architectures by combining CWCP 

technique with ring opening polymerization, ROP, atom–transfer radical polymerization, 

ATRP, and “click” chemistry. Taking advantage of end-functionalized HBPE, and a new 

ethynyl-soketal initiator, we were able to synthesize different types of the 

hyperbranched-on-hyperbranched nanostructures, and miktoarm-star-HBPE-based 

block copolymers. The first part of the dissertation provides an introduction to well-

defined polyethylene with the application. In the second part, HBPE with different 

topologies was synthesized by CWCP, using α-diimine Pd (II) catalyst. The effect of the 

temperature and pressure on the catalyst activity and polymer properties, including 

branch content, molecular weight, PDI distribution, and thermal properties was studied. 

Well-defined HBPE-based diblock copolymers with predictable amphiphilic properties 

are studied in the third part. The HBPE-b-poly(N-isopropylacrylamide) and HBPE-b-

poly(solketal acrylate), were successfully synthesized by combining CWCP and ATRP. The 

synthetic methodology includes the following: a) synthesis of multifunctional initiator of 
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HBPE-MI by direct copolymerization of ethylene with 2-(2-bromoisobutyryloxy)ethyl 

acrylate using α-diimine Pd(II), and b) ATRP using the α-bromoester groups on the HBPE-

MI as initiation sites. In the fourth part, a well-defined 3μ-HBPE(PCL)2 was synthesized 

by combining CWCP, ROP, and “click” chemistry. The synthetic methodology includes 

the following: a) synthesis of azido-functionalized HBPE-N3 by CWCP of ethylene with 

the α-diimine Pd(II) catalyst, followed by quenching with an excess of 4-vinylbenzyl 

chloride and transformation of –Cl to the azido group, b) synthesis of in-chain poly(ε-

caprolactone), (PCL)2-C CH by ROP of ε-CL with ethynyl-solketal [3-(prop-2-yn-1-

yloxy)propane-1,2-diol] as a bifunctional initiator, in the presence of P2-t-Bu 

phosphazene super base, and c) “clicking” HBPE-N3 and (PCL)2-C CH using the 

copper(I)-catalyzed alkyne–azide cycloaddition. The fifth part illustrates the self-

assembly behavior of the HBPE-based block copolymers of PNIPAM, and PCL, in water 

and a petroleum ether-selective solvent, respectively. The synthesized copolymers 

revealed either the core-shell nanostructure in spherical or as vesicles micelle, as 

confirmed by combining dynamic light scattering, DLS, transmission electron 

microscopy, TEM, and atomic force spectroscopy, AFM. All the findings were followed 

by the proton nuclear magnetic resonance spectroscopy, 1H NMR, gel permeation 

chromatography, GPC, and Fourier transform infrared, FT-IR, spectroscopy. However, 

differential scanning calorimetry, DSC, and thermogravimetric analysis, TGA, were used 

to record the melting temperature and to study the thermal stability. The summary and 

future work concerning the synthesis of HBPE-based materials with predictable 

properties and applications are discussed in the sixth part.  

http://www.google.com.sa/url?url=http://scholar.google.com/scholar_url%3Furl%3Dhttp://onlinelibrary.wiley.com/doi/10.1002/app.1970.070140518/full%26hl%3Den%26sa%3DX%26scisig%3DAAGBfm0PlJK6Z8fKf84LIdII-0oCwQLx4Q%26nossl%3D1%26oi%3Dscholarr&rct=j&q=&esrc=s&sa=X&ved=0ahUKEwjN55mTkP_ZAhVBU1AKHQpzCTAQgAMIMygAMAA&usg=AOvVaw0DGWpIgMzadrks5GxhZRz1
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Chapter 1: Introduction to the Hyperbranched Polyethylene 

     Polyethylene, PE, is the most popular industrial polymer around the world. There is 

an annual estimated demand of over 100 million tons due to its versatile properties 

ranging from soft plastic bags (highly-branched polyethylene) to robust water pipes 

(low-branched polyethylene) to artificial joint replacements made from (ultra-high 

molecular weight polyethylene) UHMWPE. 

1.1 Polyethylene types 

     According to its properties, PE has been classified into three major classes including 

low-branched polyethylene (high-density polyethylene HDPE), linear low-branched (side 

group) polyethylene (linear low-density polyethylene LLDPE), and hyperbranched 

polyethylene (low-density polyethylene LDPE). Fig 1 illustrates schematically the chain 

structures of the three classes of polyethylene. 

 

Fig (1) Schematic representation of the three classes of polyethylene, (a) HDPE, (b) LLDPE, and (c) LDPE. 

 

1.1.1 High density polyethylene, HDPE   

     HDPE was first developed in the 1950s, and now it accounts for 45 % of the PE market 

[2, 3]. Typically the polymer chain structure is linear with no, or very few, short chain 

branches. The lack of branching is intended by applying an appropriate choice of the 
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catalysts, such as Ziegler-Natta, or chromium-based coordination polymerization 

technology [4]. The long linear structure contains less than one side chain per 200 

carbon atoms in the main chain leading to high crystallinity Tm= 135 °C. The perfectly 

linear molecules packed throughout the crystallization process make HDPE much denser 

and more rigid together to form crystal lattices which give it higher density 0.94–0.96 

g/mL and higher thermal resistance materials [5, 6]. Other properties of HDPE include 

excellent chemical resistance, hardness, and stiffness because of the strength of 

intermolecular forces and tensile strength, which is defined as the ability of a material to 

withstand a tensile force. The materials produced using HDPE are hard and strong 

plastics but are typically brittle at low temperature and tend to crack under sufficient 

physical stress. HDPE is commonly used to make hard hats, water pipes, plastic fuel 

tanks, and laundry detergent bottles [7]. 

 

1.1.2 Linear low density polyethylene, LLDPE 

     LLDPE can be produced by using transition metal catalyzed coordination 

polymerization technology [8]. The LLDPE is synthesized by copolymerizing ethylene 

with a small percentage of α-olefin (e.g., 1-butene, 1-hexene, and 1-octene) at low 

pressure, 20-70 atm, and low temperature, 80-250 °C. Considerably, the LLDPE polymer 

chain contains short chain branches, distributed randomly along with the linear PE 

backbone leading to irregular packing and low amorphous crystallinity. Compared to 

LDPE, the average chain length of LLDPE is longer, and the linear chain topology allows 

chains to be packed closer together. However, the crystallinity, rigidity, and density 

https://en.wikipedia.org/wiki/Ziegler-Natta_catalyst
https://en.wikipedia.org/wiki/Ziegler-Natta_catalyst
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0.91-0.94 g/mL, are low due to the presence of short chain branches [9]. Furthermore, 

the material properties of LLDPE, including flexibility, chemical resistance, hardness, and 

strength, can simply be controlled to the desired applications by controlling the amount 

of short chain branching. LLDPE is used to make plastic bags, plastic wrap, flexible 

tubing, films, container lids, and toys, where flexibility combined with toughness is 

needed [10].  

 

1.1.3 Low density polyethylene, LDPE  

     LDPE is a branched polyethylene homopolymer, and it can be prepared at high-

temperature and high-pressure by free-radical polymerization. The process requires 

extreme conditions and considerable capital investment.  However, Guan et al. [11] 

reported a unique “chain walking” strategy to prepare hyperbranched polyethylene by 

coordination polymerization of ethylene with α-diimine Pd(II) catalysts, which were first 

developed by Brookhart et al. [12]. The LDPE chain structure introduces branches from 

monomer structures which are introduced by the catalyst that controls the position of 

the monomer addition. As the number of branching is increased, the melting point 

temperature is decreased. Consequently, the density also decreases to a value of 0.910-

0.925 g/mL. The material becomes very flexible and amorphous indicating that the 

packing becomes less efficient. Branching with a long or short chain also affects the 

mechanical properties of the material such as its tensile strength because of the 

strength reduction of intermolecular forces, but it continuous to have good chemical 

resistance. The short chain branches reduce the degree of crystallinity, resulting in a 
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flexible product with a low density, high clarity, and impact resistance [10], whereas, the 

longer chain branches give processability characters such as high melt strength and low 

viscosity. LDPE is mostly used as sandwich bags, cling wrap, car covers, power cables, 

and squeeze bottles [8, 9]. 

1.2 Traditional methods for ethylene polymerization 

1.2.1 Free radical polymerization 

     The first production of solid polyethylene was in 1933 in the research laboratories of 

the ICI in England, and it was developed by E. W. Fawcett and R. O. Gibson [13]. These 

two scientists were able to produce polyethylene polymer only at extremely high 

pressure and temperature using pure ethylene gas. This reaction is very rapid and also 

quite exothermic in the presence of a small amount of oxygen gas. However, they found 

that it follows a free radical polymerization mechanism Fig 2.  

 

Fig (2) (a) initiator fragments used for free radical polymerization, (b) the initiation step under pressure and 
temperature. 
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     This classical polymerization mechanism has three main steps, including initiation, 

propagation, and the termination step. The carbon-carbon double bond in the ethylene 

gas monomer has a pair of electrons which is very easily attacked by the free radical 

molecules. Active radicals, with one unpaired electron, come from molecules such as 

benzoyl peroxide or 2,2'-azo-bis-isobutyrylnitrile AIBN, called initiators,  which start 

polymerization where ethylene units are continuously added at the end of the growing 

polyethylene chain. Until the active site dies or transfers to other species in the reaction 

medium as a termination step, the radicals continue to attack the π-bonds of ethylene 

monomers and propagate the polymerization. These high-pressure and high-

temperature (e.g., 1000 atm and 300 °C) are needed to generate the free-radical 

polymerization process and to produce LDPE containing short and long chain branches 

[13, 14]. However, the high production costs associated with the extremely high 

reaction conditions hinder the full potential of PE based materials. The development of 

coordinative polymerization processes with the use of transition metal catalysts, 

including Ziegler-Natta and metallocene catalysts, has enabled efficient ethylene 

polymerization at mild reaction conditions. 

  

1.2.2 Ziegler-Natta catalyst 

     One of the most important discoveries in chemistry and in the chemical industries in 

the last century for the polymerization of olefins is that of Ziegler-Natta catalysts [4, 15, 

16]. Ziegler-Natta and Phillips catalysts in the 1950s had a remarkable impact on the 

development of olefin polymerization. Based on the coordination polymerization, they 
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reduced the activation energy in order to speed up the reaction and allowing it to 

proceed even under mild conditions. Compared to high pressure free radical processes, 

these catalysts allow the production of essentially linear polyethylene at low pressure 

and temperature, and they are widely used in the polyethylene industrial process at 

very low costs [13]. The Ziegler-Natta catalyst, in its broad definition, is composed of 

two components: transition metal salt from groups IV-VIII as a catalyst, and a metal alkyl 

from group I-III as a co-catalyst.  1953 Karl Ziegler discovered the catalyst based on 

titanium tetrachloride TiCl4 and diethylaluminium chloride [(C2H5)2AlCl] as a co-catalyst 

for the polymerization of ethylene [17]. The catalyst is possessed of more than one 

active site type with each site type having a distinct ratio of chain transfer to 

propagation rates and comonomer reactivity ratios. Because of this multi-site, these 

catalysts yield a polymer with broad molecular weight distribution, MWD, and 

sometimes multimodal microstructural distributions Fig 3 [18]. The subsequent 

development of soluble, well-defined single-site organometallic olefin polymerization 

catalysts also focused on the group IV metals, especially titanium and zirconium [19-22]. 

Metallocene catalysts contain a single type of active site that is employed to produce 

polyethylene and polypropylene with entirely different microstructures from those 

produced by Ziegler-Natta and Phillips catalysts. Polyethylene and polypropylene 

produced by metallocene catalysts have uniform microstructures, with narrow 

molecular weight distribution and chemical composition distribution Fig 3. 
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Fig (3) Illustration of the typical uni-modal (dashed) and two different bimodal molecular weight distributions (solid). 

 

1.2.3 Metallocene catalyst 

     The first revolution in the ethylene polymerization was in the late 1970s; Kaminsky et 

al. observed a dramatic increase in the catalyst activity when a small amount of water 

was added to the polymerization mixture. Mainly, the water reacts with the 

alkylaluminum to form a significantly more effective cocatalyst, alkylaluminoxane such 

as, methylaluminoxane MAO, which in turn improves the productivity of this 

polymerization system [23]. Fig 4 shows the traditional sandwich-style of the 

metallocene catalyst structure of Ti(IV) which is coordinated in between two 

cyclopentadienyl ligands, and halogen atoms of Cl to stabilize the transition metal 

center. The initial step is the transmethylation between the Ti catalyst and the Al co-

catalyst which is then followed by the abstraction of the methyl group. The Al co-

catalyst, which is a Lewis acid, removes the methyl group to create a vacant site that can 

be used to coordinate the ethylene (or propylene) monomer by π bond complex. A 

migratory insertion then will happen with the attack on the Me group to the π-bound 
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ethylene to create a vacant site again. This process is repeated to form a long chain 

polyethylene which is then terminated by a β-elimination chain transfer.  

 

Fig (4) Schematic representation of the mechanism for ethylene polymerization using metallocene Ti(IV) catalyst. 

 

     The high efficiency and high productivity of metallocene catalysts in the 

polymerization of PE would not be possible without an effective co-catalyst. The most 

commonly used co-catalyst in metallocene polymerization is MAO. During the activation 

process, MAO acts as an alkylation agent. It replaces the coordinating halogens of the 

transition metal with alkyl groups and subsequently removes one of the coordinating 

alkyl groups to generate a cationic active site with a vacant orbit ready for monomer 

insertion and polymerization. Compared to heterogeneous multi-site Ziegler-Natta 

catalysts, homogeneous single-site metallocene catalysts offer much higher productivity 

and better control of polymer chain microstructures and properties by tuning the ligand 
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structures and polymerization conditions. The molecular weight distribution is 

approximately 2, and the polymer is much narrower than the polymer that was 

produced by Ziegler-Natta catalysts with PDI between 5 and 30 [24].    

 

1.2.4 Late-transition metal 

     In 1995, Brookhart et al. discovered a new class of highly active α-diimine-ligated 

single-site Ni(II) and Pd(II) catalysts for ethylene polymerization [12]. Similar to 

metallocenes, these catalysts are single-site type catalysts with significant differences in 

microstructure and the polymer properties. Fig 5 shows the chemical structure of a 

typical cationic α-diimine Pd(II) catalyst with a SbF6 counter anion. Polymers made with 

the Ni(II) and Pd(II) based catalysts cover broad range grades of polyethylene from 

highly branched, and completely amorphous to a linear semi-crystalline polymer. The 

steric bulkiness of α-diimine ligands on both Ni(II) and Pd(II) catalysts produce a unique 

square planar structure with four isopropyl-groups on the aryl rings and lead to the 

high-molecular-weight of polyethylene. Compared to Ziegler-Natta and metallocene 

catalysts, this new type of single-site late-transition metal catalysts have three 

outstanding polymerization features, including chain walking mechanism, olefin 

copolymerization with polar functional comonomers, and living polymerization. With a 

higher chain walking ability compared to Ni(II)-catalysts, Pd(II) -catalysts produce a novel 

class of branched polyethylene known as hyperbranched polyethylenes, HBPE. Typically, 

HBPE has branching densities reaching up to 110 branches/1000 carbons, which are 

higher than those found in ordinary types of LDPE and LLDPE [25]. Polymerization 
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conditions, such as ethylene pressure and reaction temperature play an important role 

in controlling the microstructure. Branching increases with the increase of temperature 

and decreases with an increase of ethylene pressure. This strategy has been applied for 

the convenient synthesis of polyethylenes with properties varying from elastomers and 

semicrystalline polymers, to totally amorphous hyperbranched oils (with branch-on-

branch structures).  

 

Fig (5) Chemical structure of α-diimine cationic acetonitrile Pd(II) catalyst with a SbF6 counter anion. 

 

1.3 Chain walking catalytic polymerization, CWCP, mechanism 

     The key features of typical cationic α-diimine Pd(II) polymerization catalysts with SbF6 

counter anions Fig 5 are: (1) highly electrophilic, cationic palladium metal center, results 

in rapid rates of olefin insertion, (2) steric bulkiness α-diimine ligands perform a 

favorable insertion over the chain transfer. As a result, the chain transfer is quite slow 

compared to the chain propagation, and thus, a high molecular weight polymer is 

produced, (3) non-coordinating counter ions of SbF6, provide an accessible coordination 

site for the incoming olefins for a livingness character of the polymerization system. 
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     Unlike early-transition metal, Ti, Zr or Cr, based metallocene catalysis, with α-diimine 

Pd(II) catalyst systems, the active catalytic site is not fixed at the end of the polymer 

chain, but moves along the growing polymer chain Scheme 1. The chain walking 

mechanism has an impact factor on the polymer chain topologies. However, the 

ethylene concentration is easily manipulated by controlling ethylene pressure, whereas 

varying polymerization temperatures, and catalyst structure, are much more critical [26-

29].  

 

Scheme 1. Illustration of a simplified platform of the chain walking mechanism to form methyl, ethyl and butyl 
branches. 

 

     Generally, the proposed mechanism for α-diimine Pd(II) catalysts, shown in Scheme 

2, can be split into three steps after catalyst initiation: (1) chain propagation, (2) chain 

transfer, and (3) chain isomerization or chain walking [30]. The first two steps are typical 

in most ethylene oligomerization or polymerization catalysts. However, the chain 

walking process is rather rare for most early transition metal catalysts but is a major 

pathway in α-diimine Pd(II) catalyzed olefin polymerization and copolymerization 

javascript:void(0)
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reactions. Basically, chain walking and chain propagation are competing reactions. Thus, 

under low concentrations of the ethylene monomer, the dissociated-Pd-complex (2) 

center can further undergo isomerization/walking along the polymer backbone. As a 

result, Rw(rate of chain walking) is much greater than Rp(rate of propagation).The reactions involve β-

hydride elimination followed by bond rotation and re-addition of the hydride to leave a 

branched alkyl behind. Subsequently, under such conditions, the chain walking along 

the polymer chain leads to the formation of longer branches and generates extensive 

branch-on-branch structures. In contrast, when Rp is much higher than Rw under high 

concentration of the ethylene monomer, the associated-Pd-complex (1) center can 

further undergo chain walking with a limit distance to be much shorter. As a result, 

more linear chain topology with primarily short chain branches is appeared [26, 28, 29]. 

 

Scheme 2 Illustration of the chain walking mechanism steps.  
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1.4 Incorporation of functional groups into the hyperbranched polyethylene  

1.4.1 Hyperbranched polymer, HBP  

     A variety of polymerization strategies have been developed for the synthesis of 

hyperbranched polymers, HBP, including (1) classic step-growth ABn polycondensation 

SGPC [31], (2) self-condensing vinyl polymerization SCVP [32], (3) self-condensing ring 

opening polymerization SCROP [33], and (4) dialkyne polycyclotrimerization DPCT [34]. 

These strategies often require the design of special multifunctional co-monomers to 

succeed in having a construction of hyperbranched architecture in multistep of 

synthesis. Exclusively, the hyperbranched polyethylene HBPE synthesized with the 

“chain walking” catalytic polymerization CWCP is a great development in the field of 

transition-metal catalyzed reaction [26,29]. Complex topologies of hyperbranched 

polymers include two major types; linear-hyperbranched, and hyperbranched-

hyperbranched structures. Linear-hyperbranched polymers consist of both a linear 

moiety and a branched part, such as tadpole-like, dumbbell-like, mop-like, star-like, 

necklace-like, hyperbranched linear, and hyperbranched cyclic parts Fig 6a–f. The 

hyperbranched-hyperbranched polymer is composed of different branched spheres or 

hemispheres, including branch-on-branch polymers, HBP-cross-linked particles, and 

unsymmetrical HBP Fig 6g–i.  
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Fig (6) Illustration of the complex topologies of HBP [35].  

     End-functionalized HBP display many useful features such as highly reactive groups, 

low or no crystallization, high solubility and processability in solvents with low viscosity, 

among others. Therefore, they have the potential to be applied to numerous rapidly 

evolving technological fields including photoelectric materials, nanotechnology, 

biomedicine, composites, coatings, adhesives, and modifiers Fig 7[35]. 

 

Fig (7) Illustration of the potential application of end-functionalized HBP.  
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1.4.2 Hyperbranched polyethylene, HBPE 

     HBPE is another class of uniquely branched macromolecule architecture. The highly 

compact chain architecture can be grafted using a “from” or “to” strategy to make a 

core-shell-structure or block copolymers, or soft star polymer nanoparticles NPs [36]. 

Potential applications in numerous rapidly evolving technological fields including 

nanomedicine DNA, siRNA, drug delivery vector[37], coatings [38], catalysis (e.g., 

recyclable catalyst and nanoreactor [39]), and emulsifiers [36] are examined. 

 

1.4.3 End-functionalized HBPE 

     End-functionalized HBPE is one of the most researched topics in the chemical 

industry. Over the last 15 years, extensive work has been focused in the area of early-

transition metal Ti, Zr or Cr based metallocene catalysis. However, because of the high 

oxophilicity of these catalysts, their use in the copolymerization of ethylene with polar 

monomers has been limited. For this reason, end-functionalized polyethylene is still 

produced industrially by the free-radical polymerization technology. In contrast, late-

transition metal catalysts have low oxophilicity, so they have greater tolerance towards 

functional groups than early-transition metals. This feature mainly highlights two 

strategies to synthesize building blocks on HBPE. Consequently, the easy combinations 

of CWCP with “grafting from” techniques including living/controlled polymerizations of 

functional monomers like anionic polymerization [40], atom-transfer polymerization, 

ATRP [41,42], reversible addition-fragmentation chain transfer, RAFT [43],  and ring 

opening polymerization, ROP [44] or “Click” coupling reactions are made Fig 8.  
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Fig (8) Illustration of the strategies of building blocks on HBPE.  

 

1.4.4 Building blocks on HBPE 

1.4.4.1 Copolymerization of HBPE  

     The most interesting feature of the CWCP is their capability to copolymerize ethylene 

with polar monomers such as acrylates in an efficient manner. Fig 9 introduces some 

examples for functionalized acrylates that are located on the HBPE and provide sites for 

building blocks or grafting chains [45,46]. After 2,1-insertion of a functionalized acrylate 

molecule is followed by the re-arrangement to a six-membered chelating Pd complex 3. 

This stable six-membered chelating ring structure, under ethylene pressure, can be 

opened when ethylene coordinate on the Pd center, followed by ethylene insertion into 

a Pd-C bond. Cationic Pd–diimine catalysts such as 1 and 3 have been reported [47, 

48,49 ] to typically catalyze “living” polymerization of ethylene due to significantly 

reduced chain transfer reactions leading, in time, to a linear increase of polymer 

molecular weight, along with a low polymer polydispersity index PDI. As a result, end-

functionalized HBPE with narrow molecular weight distribution can be used as 

macromonomers in a graft copolymerization in a one-pot synthesis [50].  
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Fig (9) Polar acrylates monomer incorporated on HBPE structure.  

 

1.4.4.1.1 Combination of CWCP and ATRP  

     The combination of two living CWCP polymerization techniques of ethylene and ATRP 

can be achieved in two main steps. In the first step, the end-functionalized HBPE-

macroinitiator can be introduced by direct copolymerization of ethylene with 

heterobifunctional monomers of acrylate, using α-diimine Pd(II) catalysts. In the second 

step, the HBPE-macroinitiators can be used for the successful formation of the HBPE-

based block copolymer using the Cu(I) catalyst for ATRP Fig 10. 
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Fig (10) General procedure for the synthesis of modified HBPE through the combination of CWPC and ATRP.  

     ATRP is extensively used for grafting block synthesis on to HBPE. The main reason is 

that α-diimine Pd(II) catalysts are tolerant towards ATRP initiation sites, which 

eliminates the need for protection and deprotection steps [51-54]. The first synthetic 

report for the synthesis of ethylene grafted block copolymers containing polystyrene or 

polyacrylate segments, using CWCP and ATRP, was highlighted in 1999 by Matyjaszewski 

and his co-workers [55]. The mechanism of ATRP includes the generation of a radical Pn
* 

through the homolytic cleavage of an alkyl halide bond Pn-X by the transition metal 

complex Mtn. Due to the continuous radical effect [56] in reversible conversion between 

the propagating radicals and corresponding dormant species, the radical concentration 

remains low, so that irreversible radical termination is reduced Fig 11. 

 
Fig (11) Illustration of the ATRP mechanism using metal complex Mt. 
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     Hong et al. succeeded in synthesizing poly(n-butyl acrylate)-graft-polyethylene with 

relatively narrow molecular weight distributions (Mw/Mn ∼ 1.4) by introducing 

methacrylate end group into HBPE under “living” conditions Fig 12 [57].  

 

Fig (12) Preparation of poly(n‐butyl acrylate)‐g‐polyethylene through the combination of CWCP and ATRP. 

     Moreover, graft poly(methyl methacrylate) PMMA arms are generated on the HBPEs 

which containing ATRP initiation sites of 2-(2-bromoisobutyryloxy) ethyl acrylate 

(macro-inimers) [51]. HBPE with the corresponding functionality under “living” 

polymerization conditions were introduced, wherein their acryloyl groups serve as 

polymerizable sites while the 2-bromoisobutyryl groups serve as ATRP initiating sites Fig 

10 (comonomers a and b). Zhang et al. designed a new inorganic particle of the POSS-

supported Pd-diimine catalyst for use in the preparation of end-functionalized HBPE 

with polyhedraloligomeric silsesquioxane POSS nanoparticles [58]. Chen et al. developed 

a tandem CWCP/ATRP approach to introducing a functionalized chain of poly 
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(oligo(ethylene glycol) methacrylate) POEGMA to prepare dendritic nanoparticles with 

tunable size and reactive surface functionalities [59]. They reported another example of 

a macro-initiator to synthesize an amphiphilic block copolymer of HBPE-POEGMA by 

copolymerizing ethylene with functionalized 1-alkenes bearing α-bromoester sites using 

α-diimine Pd(II) catalyst Fig 10. Zhang et al. modified HBPE by grafting poly (oligo 

(ethylene glycol) methacrylate) POEGMA to make it both water-soluble and thermo-

sensitive with a core-shell structure, using ATRP [52]. During the heating process, I356 

increases sharply and at the same time, the hydrodynamic diameter decreases from 59 

to 32 nm, thus proving the temperature-sensitivity properties of the HBPE-b-POEGMA 

Fig 13.   

 

 Fig (13) Preparation of amphiphilic HBPE‐b‐POEGMA through the combination of CWCP and ATRP. 

 

    As a result, the HBPE with pendant 2-bromoisobutyryl functionalities can be used as a 

macroinitiator for the synthesis of block copolymers with HBPE segment and 
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polystyrene (PS) or poly(n-butyl acrylate) PBA segment [60]. Also, a fluorescent pyrene 

can be introduced into HBPE for detection usage [61]. 

     In addition to functionalized acrylate, the vinyl functionality can also serve as a 

comonomer. Chen et al. applied α-diimine Pd(II) catalyst to synthesize the end-

functionalized HBPE copolymer containing multiple groups of ether, ester, hydroxyl, and 

epoxide, as well as a saccharide (comonomer c to f) Fig 14. The topology of the 

copolymers can be adjusted by changing the ethylene pressure, as well as the 

concentration of the vinyl polar comonomers. 

 

Fig (14) Vinyl functionalized comonomers used as macro-inimers for CWCP and ATRP. 

 

1.4.4.1.2 Combination of CWCP and RAFT 

     RAFT polymerization provides an alternative technique to graft an HBPE segment to a 

“living”/controlled polymerization. A unique feature of the RAFT polymerization is the 

reversible addition-fragmentation mechanism Fig 15. When the thiocarbonylthio 

compounds are used as transfer agents, it will produce polymeric products in a living 

manner.  
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Fig (15)  Illustration of the RAFT polymerization mechanism steps. 

        RAFT polymerization is widely employed to synthesize various block copolymers [62-

64]. Macro HBPE-based RAFT agents, connected to a thiocarbonyl moiety were 

prepared and used in the polymerization of N,N-dimethylaminoethyl methacrylate 

DMAEM, and N-isopropylacrylamide NIPAM Fig 16 [65].  

 

Fig (16) The synthetic route for HBPE-g-PNIPAM polymer hybrid through the combination of CWCP and RAFT. 

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


42 
 

      Well-defined hyperbranched polyethylene HBPE-g-PNIPAM and HBPE-g-PDMAEMA 

block copolymers are synthesized by a combination of CWCP and RAFT. Multi-HBPE-OH 

was first introduced by chain walking polymerization with protected hydroxyl groups. 

The acrylate group in CWCP and the catalyst's tolerance towards the protected 

hydroxyls allow a successful copolymerization of ethylene with the polar comonomer of 

2-hydroxyethyl acrylate with a hydroxyl protected by trimethylsilyl, HEA-TMS. After the 

deprotection of -OH by treating the copolymers with tetrabutylammonium fluoride 

TBAF, multi-HBPE-OH copolymers were obtained. Then, multifunctional HBPE macro-

RAFT agents were prepared by an esterification reaction between trithiocarbonate acids 

and HBPE-OH by using dicyclohexylcarbodiimide DCC and 4-(dimethylamino)pyridine 

DMAP as coupling agents at room temperature. The effectiveness of RAFT agents was 

controlled by the substituents R and Z, and the selection of the RAFT agent (ZC(=S)SR) 

for the monomers and reaction conditions is critically important in the pre-equilibrium 

stage for the success of a RAFT polymerization experiment. For example, it is well known 

that trithiocarbonate 3-benzylsulfanylthiocarbonyl sulfanylpropionic acid BSPA in 

conjunction with 2,2′-Azobis(2-methylpropionitrile) AIBN allows for the synthesis of 

PDMAEMA in a controlled fashion [66]. The binding of BSPA to HBPE by its Z group 

ensures that the RAFT polymerization proceeds through the Z-group grafting approach 

[67]. 
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1.4.4.1.3 Combination of CWPC and ROP 

      ROP is a promising “grafting from” technique for CWCP because of its suitability for a 

variety of monomers and control over the chain length. However, in the post-

modification of the HBPE using RAFT or ROP, protection and deprotection steps of 

hydroxyl groups are critically required. A unique nonpolar hyperbranched polyethylene 

HBPE, followed by anionic ring opening polymerization of glycidol to graft a hydrophilic 

hyperbranched polyglycerol HBPG shell is reported in Fig 17 [68]. 

 
Fig (17) Synthetic route for HBPE-co-PG of core-shell copolymer through the combination of CWCP and ROP. 

      Multi-HBPE-OH was initially introduced by the copolymerization of ethylene and 

siloxy-functionalized comonomer by CWCP, followed by the deprotection of the siloxy 

group to afford hydroxyl-functionalized hyperbranched copolymer 1. The multi-HBPE-

OH  macroinitiator was used for the anionic ROP of glycidol in the presence of alkoxides. 

Intra as well as intermolecular transfer steps after the ring-opening reaction can lead to 

the formation of a primary alkoxide as an active site Fig 18, which further propagates, 
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resulting in branched structures of unimolecular nanocarrier hyperbranched 

polyethylene-polyglycerol HBPE-co-PG [69].   

 

Fig (18) Mechanism of the anionic ROP polymerization of glycidol.  

 

 1.4.4.1.4 Combination of CWCP and “click” coupling reaction 

     Although “grafting from” approaches such as ATRP and RAFT provide the simplest 

way to build graft chains on HBPE, the radical coupling reaction is a major problem in 

using them. On the other hand, the “click” chemistry seems to be an efficient way to 

achieve a “grafting to” approach. The efficiency with a quantitative yield and the 

selectivity under mild reaction conditions are the main points to consider [70]. Gao et al. 

reported a highly efficient “grafting to” approach, taking advantage of CWCP in 

combination with azide-alkyne “click” chemistry to prepare the core-shell structure of 

hyperbranched polyethylene-graft-poly(ethylene oxide) HBPE-g-PEO Fig 19 [71]. 
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Fig (19) Micelle morphologies of HBPE-g-PEO self-assembled in selective solvents of hexane. 

     Alkynyl-terminated HBPE was quantitatively obtained by the esterification reaction of 

multi-HBPE-OH with pentynoic acid. Then, PEO-N3 with a terminated azido group was 

introduced to the HBPE core with high efficiency by the azide-alkyne “click” coupling 

reaction using CuBr / (N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine PMDETA) as the 

catalyst in toluene at 100 °C. Interestingly, the study of the self-assembled 

nanostructures of this amphiphilic core-shell  HBPE-g-PEO in selective solvents such as 

water and hexane is helpful for a better understanding the potential applications. TEM 

images and DLS studies revealed that the nanostructures exist as unimolecular micelles 

as Fig 19 shows. 

 

1.4.4.2 End-capped HBPE   

     Another notable feature of the CWCP is their living characteristic to form HBPE with a 

controllable structure [72]. A one-step approach to synthesize the HBPE macroinitiator 

has been developed by using a terminal functionalized group [73]. As the metal-carbon 
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bond in the active catalytic center is cleaved by adding the chain quenching agent CQA, 

the binding of its vinyl group leads to chains end-capped by a functional group. 

 

Fig (20) Synthesis of end-capped HBPE using the chain quenching agent CQA of VBC.   

     Ye et al. found that the presence of effective and quantitative quenching agents, 

including 4-vinylbenzyl chloride VBC, methyl styrene MS, and divinylbenzene DVB, can 

quickly end-cap the ‘‘living’’ HBPE chains [74]. The end-capping chemistry, as shown in 

Fig 20, starts with the 2,1- enchainment of the styrenic compound to form a π-benzyl 

complex, followed by the benzyl transfer reaction with an excess of the styrenic 

compound to end up with the end-capped polymer and a new benzyl complex. Narrowly 

distributed telechelic HBPE-VBC with the terminal benzyl chloride group were obtained 

by using 4-vinylbenzyl chloride VBC as a chain quenching agent. The low-dispersity of 
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telechelic HBPE can be used as macroinitiators or macromonomers for the building of 

other complex architectures [74, 75].  

 

1.4.4.2.1 Combination of CWCP and ATRP  

     A linear-hyperbranched block copolymer structure can be achieved using the end-

capped strategy of CWCP in combination with the “grafting from” approach of ATRP Fig 

21. W. J. Wang et al. reported the synthesis of the end-capped macroinitiator of HBPE-

VBC by using a successive ATRP of styrene to make hyperbranched polyethylene-block-

polystyrene (HBPE-b-PS), or polyethylene-block-poly(methyl methacrylate) HBPE-b- 

PMMA, using CuCl/(N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine, PMDETA) as a 

catalyst [76]. Ye et al. applied the HBPE-VBC macroinitiator for the ATRP synthesis of 

HBPE-b-PS, using styrene as a monomer and CuBr/PMDETA as a catalyst with a high 

[CuBr]/[macroinitiator] molar ratio of 10 to maximize the initiator efficiency [77]. ATRP 

polymerization demonstrates a chain extension with the VBC-quenched polymers to 

obtain the block copolymers of the HBPE block and the linear-functionalized polymer 

block. However, a slow initiation was found in the ATRP systems, attributed to the steric 

hinder effect of the initiator moieties caused by the HBPE structure [76]. Meanwhile, a 

significant broadening in the molecular weight distribution can be found [77, 78]. On the 

other hand, an amphiphilic block copolymer of hyperbranched polyethylene-b-

poly(acrylic acid) HBPE-b-PAA was prepared by ATRP of tert-butyl acrylate tBuA 

monomer using CuCl/PMDETA as the catalyst and HBPE-VBC as the macroinitiator [79]. 

Compared to the HBPE-VBC macroinitiator, the elution peak of HBPE-b-PtBuA shifted 
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towards a higher molecular weight, indicating an effective ATRP reaction. The resultant 

HBPE-b-PtBuA was then hydrolyzed to HBPE-b-PAA. 

 

Fig (21) Synthetic route of linear-hyperbranched block copolymer structure of HBPE-b-PS and HBPE-b-PMMA using 
end-capped HBPE-VBC as a macroinitiator for ATRP. 

     In the above cases, end-capped HBPE-VBC with terminal benzyl chloride quenching 

agent was used as a macroinitiator for ATRP post-polymerization. Meanwhile, the 

terminal 4-methylphenyl can be converted into a stable anion for the living 

polymerization of styrene [80]. Also, the DVB-quenched polymers can be used as the 

macromonomer for subsequent polymerization by various techniques or can also be 

transformed into anionic macroinitiator for anionic polymerization Fig 22 [81]. 
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Fig (22) Synthetic route for anionic graft-from polymerization to prepare polyolefin-g-PS graft copolymer. 

 

1.4.4.2.2 Combination of CWCP and “click” coupling reaction 

     Compared to “grafting from” strategies, including ATRP, using the “click” coupling 

reaction as a “grafting to” strategy provides precise control of the resulting block 

copolymer with a quantitative yield. Regardless of the chain extension that can be 

achieved with the VBC-quenched polymers to obtain the block copolymers, the low 

reactivity and slow initiation of the benzyl chloride group, even with a fairly small 

quantity of ATRP-macroinitiator, remains a challenge [76]. However, diblock copolymers 

consisting of a long HBPE block and a short water-soluble block were successfully 

synthesized by the combination of CWCP and “click” chemistry to afford 

hyperbranched-linear diblock of hyperbranched polyethylene-b-poly(ethylene oxide) 

HBPE-b-PEO [79].  
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1.4.5 Star PE 

     Star polymers contain multiple arms joined together in the central point and they 

have a special chain architecture which functions as a unimer nanoparticle core with 

unique properties, including high solubility, a low melting point, and high viscosity.  A 

well-defined arm length can be achieved with the ‘‘living’’/controlled polymerization 

techniques through three different synthetic aspects, including “arm-first”’, “core-first,” 

and “coupling-onto” strategies. 

     In the above cases, the star polymers are synthesized by the “core-first” strategy, as 

long as the star polymers are accomplished by HBPE cores and arms of the other 

monomers. However, these star polymers are synthesized by ATRP with the use of 

HBPE, which contains multiple 2-bromoisobutyryl groups as multifunctional 

macroinitiators, which are often prepared by α-diimine Pd(II) nonliving ethylene 

copolymerization [82,83,84]. In some other cases of the ‘‘core-first’’ strategy, the star 

polymers are constructed exclusively with HBPE, which are generated through α-diimine 

Pd(II) “living” ethylene polymerization by tuning the structures of ligands on the catalyst 

Fig 23 [85]. However, the preparation is tedious and requires pre-designed and pre-

synthesized catalysts. 
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Fig (23) Synthetic route of 3-arm star PE using ‘‘core-first’’ strategy by tuning the structures of ligands on the catalyst.   

     On the other hand, “arm-first” strategy, is involved with the synthesis of the 

macroinitiator first as arms, and then it follows up with the cross-linking polymerization 

of divinyl monomers. Thus, the star polymers obtained from the “arm-first” are 

containing a cross-linked core [86]. However, there are currently only very limited 

reports dealing with the use of α-diimine Pd(II) catalytic ‘‘living’’ ethylene 

polymerization in order to synthesize star-HBPE. Among the three strategies, the 

synthesized star-HBPEs through both “core-first” and “arm-first’’ strategies have been 

demonstrated. Only, the “coupling-onto” strategy has not yet been reported.  

 

1.5  The aim of the dissertation  

Since the physical properties of the synthetic polymers depend on the molecular 

weight, distribution, microstructure and branching content, it was expected that the 

unique class of well-defined HBPE-based architectures will attract considerable 
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attention in academia and industry. End-functionalized PE has been a challenging 

area for several years. “Chain walking” catalytic polymerization, CWCP, can be the 

method of choice to synthesize controllable end-functionalized HBPE. Consequently, 

the main goal of the thesis is to design and develop new facile strategies to 

synthesize HBPE-based block copolymers. The combination of living CWCP using the 

α-diimine Pd(II) catalyst, and efficient polymerization strategies, including ring 

opening polymerization ROP, atom–transfer radical polymerization ATRP, and “click” 

chemistry leads to HBPE-based materials with different and controllable topologies.  

Furthermore, designing a new star-linking agent for a novel path towards a star-

HBPE-based polymer is targeted throughout the study. A sub-goal of our work is to 

explore the self-assembly of the synthesized HBPE-based polymers. 

To achieve the dissertation’s aim, we: 

1- Investigate the CWCP as a valuable method to synthesize new classes of HBPE-

based macromolecular architectures such as the branches-on-branches structure 

with core-shell nanostructures, block copolymers, and miktoarm-star-HBPE-

based polymer.  

2- Synthesize and characterize end-functionalized HBPE, such as HBPE-MI end-

functionalized with 2-(2-bromoisobutyryloxy)ethyl acrylate as multi-functional 

initiators, and HBPE-N3 end-functionalized with azido group, either by modifying 

the end group(s) or designing specific linking-agents. 
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3- Prepare different HBPE-based macromolecular architectures by combining CWCP 

with other polymerization techniques, including ROP, ATRP, and “click” 

chemistry.  

4- Investigate the self-assembly behavior in selective solvent.  

The molecular weight and molecular structures of all final and intermediate 

products were confirmed using proton nuclear magnetic resonance spectroscopy 1H and  

13C NMR, gel permeation chromatography GPC, Fourier-transform infrared FT-IR, 

differential scanning calorimetry DSC, thermogravimetric analysis TGA, dynamic light 

scattering DLS, transmission electron microscopy TEM, and atomic force spectroscopy 

AFM. 

  

1.6  Outline of the dissertation  

     The dissertation is divided into six chapters; the first chapter represents the 

introductory information of the hyperbranched polyethylene and “chain walking” 

catalytic polymerization CWCP. The combination of CWCP with different techniques, 

including ROP, ATRP, and “click” chemistry, are introduced in chapter 1. Chapters 2-5 

are based on journal paper drafts under preparation for publication submission. Chapter 

2, broadens the effect of the temperature and pressure on the catalyst activity and 

polymer properties, including branching content, molecular weight, PDI distribution, 

and thermal properties, leading to well-controlled polymerization conditions. Chapter 3, 

presents the synthetic route of amphiphilic HBPE-based graft copolymers through 

combination of CWCP and ATRP using the “grafting from” strategy. Chapter 4, 
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introduces a novel linking-star agent with a tri-functionalized initiator to synthesize a 

new miktoarm-star-HBPE-based polymer. All the micellization studies including the self-

assembly behavior and future applications for the related research work are highlighted 

in chapter 5. Future applications and further proposed works are introduced in chapter 

6. 
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Chapter 2: Synthesis of the Hyperbranched Polyethylene Using α-Diimine 

Pd(II) Catalyst with Controlled Topologies 

2.1 Introduction 

     Over the past decades, transition-metal catalysts have played and will continue to 

play critical roles in making important polymeric materials. Whereas early transition 

metal catalysts, including Ziegler–Natta and metallocene catalysts, remain the main core 

to synthesize polyolefins, late-transition metal catalysts, including “chain walking” 

polymerization α-diimine-Pd(II) and Ni(II) catalysts have made significant advances 

recently [1]. The most important difference between the late-transition metal 

polymerization and the early transition metal systems is the control of the polymer 

topology [2]. As long as the most significant feature of early-transition metal olefin 

polymerization catalysts is their ability to control the stereochemistry of α-olefin [3], the 

most notable feature of late-transition metal polymerization catalysts is the exact 

control they have over polymer topology Fig 1 [2, 4]. 

 

Fig (1) comparing the early and late-transition metals rules in controlling the polymer topologies. 

http://onlinelibrary.wiley.com/doi/10.1002/1521-3765(20020715)8:14%3C3086::AID-CHEM3086%3E3.0.CO;2-L/full#bib17
http://onlinelibrary.wiley.com/doi/10.1002/1521-3765(20020715)8:14%3C3086::AID-CHEM3086%3E3.0.CO;2-L/full#bib39
http://onlinelibrary.wiley.com/doi/10.1002/1521-3765(20020715)8:14%3C3086::AID-CHEM3086%3E3.0.CO;2-L/full#bib17
http://onlinelibrary.wiley.com/doi/10.1002/1521-3765(20020715)8:14%3C3086::AID-CHEM3086%3E3.0.CO;2-L/full#bib19
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     The polymer properties greatly depend on the catalyst structure, metal and diimine 

ligand types, as well as the polymerization conditions, including the ethylene pressure 

and the reaction temperature.  In 1995, Brookhart et al. discovered a new class of highly 

active α-diimine-ligated single-site Ni(II) and Pd(II) chain walking ethylene 

polymerization catalysts [5]. Unlike Ni(II)-based catalysts, the α-diimine Pd(II) catalyst 

system has a direct impact on the polymer chain topologies. Under the given conditions, 

polyethylenes provided by the α-diimine Ni(II) catalyst are less branched than 

polyethylene derived from their Pd(II) polymers [2]. There are two reasons behind this. 

Firstly, the barriers for insertions in the nickel complexes are in the range of 13-14 

kcal/mol, which is lower by about ca. 4-5 kcal/mol compared to those of the palladium 

systems. 17-18 kcal/mol is the barrier for insertions in the palladium complexes, so, the 

β-hydride elimination is less favored in the Ni(II) catalysts compared to the Pd(II) 

catalysts [1].  

     Secondly, the mechanistic and kinetic studies reported by Brookhart and coworkers 

have shown that, for the α-diimine Pd(II)-catalyzed ethylene polymerization, Rp has a 

zero-order dependence on the ethylene concentration, whereas Rw has an inverse first-

order dependence, as shown in equation 1. 

 

Rp/Rw = kp[ethylene]0/kw[ethylene]= (kp/kw)[ethylene] ………………………………….…….. 1 

 

 



62 
 

     During the living polymerization, all polymer chains are initiated simultaneously 

without significant chain breaking reactions, such as termination or chain transfer. 

However, the ethylene concentration can be easily adjusted by controlling the ethylene 

pressure. Under Brookhart and Guan’s chosen conditions, where Rw is much higher than 

Rp, the catalyst will randomly walk longer distances on the polymer chain before 

trapping and inserting an ethylene unit. Under such conditions, the catalyst will 

generate branch-on-branch structures with hyperbranched chain topologies. In contrast, 

when Rp is much greater than Rw, the catalyst chain walking will be shorter and result in 

more linear chain topology Scheme 1 [2, 5, 6].  

 

Scheme 1 α-diimine Pd(II) chain walking catalyst ability to synthesize different branched PE topologies. 

     With a higher chain walking ability compared to the α-diimine  Ni(II), the Pd(II) chain 

walking catalyst produces a novel class of branched PE known as hyperbranched 

polyethylenes, HBPE. Typically, HBPEs have branching densities reaching up to 110 
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branches/1000 carbons, which are significantly higher than those found in ordinary 

types of LDPE and LLDPE [7]. Moreover, under fixed polymerization conditions, α-

diimine Pd(II) catalysts with electron-deficient ligands provide PE with more compact 

chain topologies, while the catalysts with electron-rich ligands produce PE with more 

linear topologies. It was proposed that electron-rich ligands can better stabilize the 

catalyst transition state for ethylene insertion/propagation [8]. However, controlling 

ethylene pressure is a straightforward and very effective strategy to tune PE chain 

topology due to the different relative dependencies of Rp and Rw on the ethylene 

concentration. 

In this chapter, we report a comparative study concerning the synthesis of HBPE using 

the α-diimine Pd(II) catalyst. We show the effects of changing polymerization conditions 

(ethylene pressure, and temperature) on catalyst activity and polymer properties.   

     In contrast to previous studies, our work explores the effect of a range of 

temperatures from 5, 15, to 35˚C under pressure of 5atm, and the effect of range 

pressures 1, 5, and 27atm under the temperature of 5˚C on polymer properties. The 

broadest effect on the final polymer properties such as branching content, molecular 

weight, and distribution, as well as thermal characteristics are explained.  

 

2.2 Experimental Section 

2.2.1 Chemicals 

    All manipulations of air or water-sensitive compounds were used under inert gas 

Schlenk techniques. The ultra-high purity of N2 and ethylene grade gases were purified 
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more effectively by passing through a CuO column and a 3 Å molecular sieve column. 

Toluene and diethyl ether Et2O were distilled under Argon over a 

sodium/benzophenone solution. Dichloromethane CH2Cl2 was also distilled under Argon 

over CaH2. PdCl2(cod), 2,3-butadienone, 2,6-diisopropylaniline, formic acid, 

tetramethyltin Me4Sn, MeOH (HPLC grade) and AgOTf were purchased from Aldrich and 

used without further purification. 

2.2.2 Preparation of α-diimine Pd(II) complex catalyst 

The α-diimine-Pd(II) complex catalyst synthesized according to the literature [9,10] as 

follows: 

Preparation of Ligand 

     Bis(2,6-diisopropylphenyl)butane-2,3-diimine ligand was synthesized by preparing a 

solution of 1.21 g, 14.1 mmol, 1.23 mL of 2,3-butanedione in 2.5 mL of MeOH. Then, it 

was added drop by drop to a 50mL flask containing 5.00 g, 28.2 mmol, 5.32 mL of 2,6-

diisopropylaniline and 5% of 0.053 mL of formic acid, as a catalyst at 80˚C. The product, 

diazadiine, was precipitated at room temperature in the solution after 20 h. The crude 

product was then washed with cold MeOH, and the precipitation was dissolved in 

pentane. The solution was dried with Na2SO4, filtrated and the solvent evaporated 

under reduced pressure. Recrystallization with MeOH/EtOH produced a yellow solid 

with 76% yield of 8.65 g. The 1H and 13C NMR results are in agreement with the 

literature values in Fig 2. 
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Fig (2) Synthesis of diimine ligand at room temperature. 

 

Preparation of [PdClMe(cod)] 

     [PdCl2(cod)], 1.00 g, 3.50 mmol was charged into a 250mL flask, and around 68 mL of 

CH2Cl2 was introduced under Ar. The mixture was stirred, and 0.626 mL, 1.29 eq of  

Me4Sn was added by syringe. The mixture was refluxed under 60˚C for 21h until the 

yellow color disappeared. In the glovebox, the solution was filtered through 

diatomaceous earth, and the solvent evaporated to leave a white solid. The solid was 

washed with 4 mL three times with diethyl ether and dried under a vacuum to yield 95% 

of 0.88 g product. 

Preparation of [diimine-Pd(Me)(Cl)] complex, I 

    The [diimine-Pd(Me)(Cl)] complex I was prepared using the following procedure in 

good yields >95%. In the glovebox, 11.4 mL of Et2O was added to a flask containing 2.05 

mmol [PdClMe(cod)] and 2.07 mmol with a slight excess of bis(2,6-

diisopropylphenyl)butane-2,3-diimine ligand. Depending on the mixing time an orange 

precipitate was formed. The reaction mixture was stirred overnight, and the free 1,5-

cyclooctadiene and Et2O were removed by filtration. The product was washed with an 
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additional 5 mL of Et2O and then dried overnight under a vacuum. A pale orange powder 

was isolated in 95% yield, 0.795 g.  

Preparation of [diimine-Pd(Me)(NCMe)]+ complex, II 

     Acetonitrile Adduct of [diimine-Pd(Me)(NCMe)]+ complex II was prepared with good 

yields >95% using AgSbF6. 5.34 mmol of [diimine-Pd(Me)(Cl)] complex I, and  5.34 mmol 

of AgSbF6 were added to the acetonitrile solution, and an immediate precipitation of 

AgCl was noticed at room temperature. This mixture was stirred overnight. AgCl was 

removed by filtration, and the solvent evaporated. The solid was dissolved in 15 mL of 

CH2Cl2. Pentane, 120 mL was subsequently added to precipitate the product. The 

resulting solid was filtered, washed with 15 mL of pentane two times, and dried under a 

vacuum, Fig3. 

 

Fig (3) Synthesis route of α-diimine Pd(II) complex catalyst. 
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2.2.3 Polymerization Runs 

2.2.3.1 Ethylene polymerization with the α-diimine Pd(II) complex catalyst at 27atm.  

     The polymerization was carried out in a 20 mL ILS high-throughput glass reactor, Fig 

4, equipped with a magnetic stirrer under 27 atm ethylene pressure. The dry solvent of 

CH2Cl2 and α-diimine Pd(II) complex were introduced into the reactor under Argon 

atmosphere. The reactor was evacuated and pressurized with ethylene. After 

equilibrium for 15 minutes, a prescribed amount of catalyst solution was injected to 

start the polymerization, under 5˚C temperature. The reaction temperature and 

ethylene pressure were kept constant throughout the reaction. After 2-4 h, the reactor 

was vented and quenched by injecting methanol to collect the polymer, washed with an 

acidic methanol solution, and then dried under a vacuum for 16h. 

 

Fig (4) Online high-throughput glass reactor connected to a thermostat controller temperature. 
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2.2.3.2 Ethylene polymerization with the α-diimine Pd(II) complex catalyst at 5atm.  

     The polymerization was carried out in a 20 mL ILS high-throughput glass reactor 

equipped with a magnetic stirrer under 5atm of ethylene pressure. The dry solvent of 

CH2Cl2 and the α-diimine Pd(II) complex were introduced into the reactor under Argon 

atmosphere. The reactor was vented and pressurized with ethylene. After equilibrium 

for 15 minutes, a prescribed amount of catalyst solution under 5, 15, or 35˚C 

temperature runs was injected to start the polymerization. The reaction temperature 

and ethylene pressure were kept constant throughout the reaction. After 2-4h, the 

reactor was vented and quenched by injecting methanol to collect the polymer, then 

washed with an acidic methanol solution, and then dried under a vacuum for 16h. 

2.2.3.3 Ethylene polymerization with the α-diimine Pd(II) complex catalyst at 1atm.  

     The polymerization was carried out in a 250 mL glass reactor equipped with a 

magnetic stirrer, online with the ethylene gas cylinder, Fig 5, under 1 atm of ethylene 

pressure. The dry solvent of CH2Cl2 and the α-diimine Pd(II) complex was introduced into 

the reactor under an Argon atmosphere. The reactor was evacuated and pressurized 

with ethylene. After equilibrium for 15 minutes, an amount of catalyst solution under 5 

and 20˚C was injected to start the polymerization. The reaction temperature and 

ethylene pressure were kept constant throughout the reaction. After 2-4h, the reactor 

was vented and quenched by injecting methanol to collect the polymer, then washed 

with an acidic methanol solution, and then dried under vacuum for 16h. 
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Fig (5) Online glass reactor with the ethylene gas cylinder. 

 

2.2.4 Polymer characterization 

     triple-detection HT-GPC measurements were carried out on a Viscoteck HT-GPC 

module 350 instrument with two PLgel 10 μm MIXED-B columns equipped with a 

refractive index, and light scattering (λ = 670 nm), and viscometry detectors. TCB was 

used as an eluent (0.8 mL/min) at 150 °C. The tri-detector HT-GPC system was calibrated 

with a PS standard, Mw = 115 × 103 g/mol, PDI = 1.05. The 1H and 13C NMR spectra were 

recorded with a Bruker AVANCE III-500 or 600 MHz, and the analysis was conducted on 

a CDCl3 solvent using tetramethylsilane as an internal standard. The spectra required 

more than 5000 scans to obtain an acceptable signal-to-noise ratio. The DSC 

measurements were performed using a Mettler Toledo DSC1/TC100 system under an 

inert atmosphere. The sample was heated from room temperature to 200°C for 5 min to 
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erase any previous thermal history and directly cooled to -100°C, and finally heated 

again to 200°C with a heating/cooling rate of 10 °C/min. The second heating curve was 

used to determine the glass transition temperature Tg, melting temperature Tm, and 

degree of crystallinity.  

 

2.3 Results and Discussion 

2.3.1 Studying the effect of temperature and pressure on the catalyst activity and 

polymer properties 

     The performance of the α-diimine Pd(II) catalyst at different temperatures and 

ethylene pressures was applied to understand the broadest effect of temperature and 

pressure on the catalyst activity and polymer properties. 

 

2.3.1.1 Studying the effect of temperature and pressure on the catalyst activity  

     In order to study the effect of the reaction conditions on the catalyst activity, we 

have synthesized sample runs, PE1- PE8 as it is shown in Table 1. All samples as shown 

in Fig 6, are monomodal distribution with narrow PDI<2. Although three samples are 

running under the same conditions at 5 atm, only one sample has shown bimodal traces 

in GPC. In contrast, at fixed polymerization conditions under 5 atm, sample PE-2, which 

was prepared under high temperature of 35˚C has shown a broad PDI≈4, where samples 

PE-3 and PE-4 have narrow PDI≈1.2. Also, increasing the temperature under the same 

pressure of 5 atm (PE-4, PE-3, PE-2) from 5 to 15 and 35 ˚C, the Mn affected negatively 

to be lowers, as shown in Table 1. These observations suggest that increasing the 
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polymerization temperature increases the rate of chain transfer. However, this 

temperature approach to control PE chain topology is limited due to the deactivation 

process at high polymerization temperatures [2, 5, 6]. 

 

polymer 
P 

(atm) 
T 

(
0
C) 

Weight 
polymer 

(g) 

t 
(h) 

Mn
 a

 
(Kg mol

-1
) 

PDI 

PE-1 1 20 1.8 17 57 1.2 

PE-2 5 35 1.10 2 23 3.9 

PE-3A 5 15 1.00 2 17 1.2 

PE-4A 5 5 0.99 2 57 1.2 

PE-5A 1 5 0.12 2 6.6 1.3 

PE-6B 5 15 1.09 4 11 1.6 

PE-7B 5 5 1.4 4 15.8 1.1 

PE-8B 1 5 0.17 4 13 1.1 

Table 1 The effect of the polymerization conditions on the catalyst activity. 

*a: Other reaction conditions for sample runs PE2 to PE4, and PE6 to PE7 are: 0.05 mmol of α-diimine 
Pd(II),  the CH2Cl2 solvent is 3.5mL. For sample runs under 1 atm including PE5 and PE8, 0.05 mmol of α-
diimine Pd(II), the CH2Cl2 solvent is 20mL. For sample run PE1, 0.1 mmol α-diimine Pd(II), the CH2Cl2 
solvent is 20 mL, stirring at 1500 rpm. 
*b: Activity in kg PE/(mol Pd x hr) 

     On the other hand, at a fixed temperature, the catalyst activity increased with the 

ethylene pressure which can be explained by the expositor of the catalyst active sites to 

higher ethylene concentrations at higher pressures. This effect is observed by 

comparing samples PE-4, PE-5 under 5 and 1 atm, consecutively. Moreover, the activity 

of the catalyst and the molecular weight of polymers are dropped when increasing the 

time from 2 to 4h to be lower by half as shown in samples (PE-3, PE-4, PE-5)A, and 

samples (PE-6, PE-7, PE-8)B.  
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Fig (6) GPC traces for the effect of the temperature on the catalyst activity. 

 

2.3.1.2 Studying the effect of temperature and pressure on the polymer properties  

     In order to investigate the relationship between the reaction conditions and the 

polymer properties, we have synthesized sample runs from PE9- PE12 as it is shown in 

Table 2.  

 

polymer 
P 

(atm) 
T 

(
0
C) 

t 
(h) 

DB/1000C 
 

Tg Crystalinity % 

PE-9 27 5 2 100
b
(90.5)

c
 -73.05 54 

PE-10 5 5 2 103(95.9) -73.24 36 

PE-11 5 15 2 104(97.08) -74.18 32 

PE-12 1 5 2 110(110) -75.38 28 

Table 2 The effect of the polymerization conditions on polymers properties. 

*a: Other reaction conditions for sample runs PE9 to PE11 are: 0.05 mmol of α-diimine  Pd(II), the CH2Cl2 
solvent is 3.5mL. For sample run under 1atm PE12, 0.05 mmol of α-diimine  Pd(II), the CH2Cl2 solvent is 20 
mL, stirring at 1500 rpm. 
*b: DB calculated from 

1
H NMR. 

*c: DB calculated from 
13

C NMR. 
*d: Tg and crystallinity are determined from DSC measurement; crystallinity based on 293 J/g for a 100%  
crystalline PE. 
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     The degree of branching DP of HBPE according to definition of Brookhart et al. is the 

number of branches per 1000 of the total methylene (–CH2–) groups in the polymer. 

These methylene groups include those in the main chain and the branches [11]. 

Mulhaupt et al. offered another definition of DB, as the sum of the number of branched 

tertiary carbon atoms in the polyethylene chain and the carbon atoms of the n-alkyl 

branches in 1000 C atoms of the polyethylene backbone [12].  

However, we decided to calculate the DB according to Hawker et al. as equation 2 is 

shown [13]. 

 

𝐷𝐵 =
T+D

T+D+L
    ………..(2) 

 
 
D=dendritic (–CHCH2–), T=terminal (–CH2CH3), L=linear (–CH2CH2–) 
 

We can measure the integral areas of the –CH–, –CH3– and –CH2– peaks from the 1H 

NMR spectra. Also, the branch concentration and distribution is determined using a 

quantitative 13C measurement from the integral intensities of main-CH2 and β-CH2 

peaks, using equation (3) 

 

𝑁 (𝑡𝑜𝑡𝑎𝑙
𝐶𝐻3

1000
𝐶) =

𝑰𝜷

5𝑰𝜷+𝟐𝑰main+3𝑰𝜷
𝑥1000    ………..(3) 

 
 
 

Where N is the branch concentration, Imain is the integral intensity of the main-CH2 peak 

and Iβ is the integral intensity of the β-CH2 peak. 

However, newly identified branches peak assigned to HBPE of the sample PE-13 under a 

lower pressure of 1atm at 5˚C appeared as shown in Fig 7 and Table 3. 
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Methyl the methyl carbon resonance is 
approximately 20 ppm 

 

Ethyl the methyl carbon resonance is 
approximately 8 and 11 ppm 

Propyl the methyl carbon resonance is 
approximately 14.6 ppm 

n-butyl the resonance of the first CH2 from 
the branch end is approximately 23 

ppm 

n-pentyl and 
longer 

the resonance of the second CH2 
from the branch end is approximately 

33 ppm 

Table 3 Chemical shifts assigned to the type of branches using 
13

C NMR spectra [14]. 

 

 

Fig (7) Appearance of new peaks in PE-12 under 1atm at 5˚C using quantitative 
13

C NMR. 

 

     Similar to those reported by Brookhart et al.[15] and Guan et al.,[16] these polymers 

showed little change in total branch and short chain distribution. 

     The GPC traces as a function of intrinsic viscosity IV are shown in Fig 8. Three 

polymers PE9, PE10, and PE13 have been prepared at different pressures 27, 5, and 1 

atm, respectively, at the same temperature of 5°C. By decreasing the reaction pressure 

from 27 to 1 atm, the intrinsic viscosities significantly decreased at the same molecular 



75 
 

weight. A significant difference in the slope with shifts downward was observed, 

indicating the change of chain topology from relatively linear to a hyperbranched 

structure.  

 

Fig (8) Intrinsic viscosity IV as a function of MW using HT-GPC. 

 

     Moreover, the effect of different DBs of the HBPE samples PE9-PE12 on the thermal 

properties is determined by DSC. The melting peak of HBPE samples became weak and 

widened gradually with increasing DB, Fig 9, indicating that the crystallization ability of 

HBPE chains is reduced by increasing the content of the branched structure.  As a result, 

the glass transition Tg, and the degree of crystallinity of HBPE decreased by increasing 

DB as shown in Table2. 
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Fig (9) DSC thermograms for sample runs PE9-PE12 at different conditions. 

 

2.4 Conclusions 

     This work examined the thermal properties of a series of HBPE samples prepared 

with a α- diimine Pd(II) catalyst system. It was revealed that either decreasing the 

ethylene pressure or increasing polymerization temperature leads to an increase in the 

degree of branching DB. The exhibition of high DB is correlated with a considerable 

reduction in the glass transition Tg, melting temperature Tm, and degree of crystallinity, 

consecutively. The change in the chain topology from linear hyperbranched to highly 

hyperbranched leads to polymers with a much higher viscosity with low glass transition 

Tg. Overall, DB has a strong effect on the physical properties of the HBPE samples and it 

is important in controlling the polymer application.  
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Chapter 3: Synthesis of Amphiphilic Copolymers of Hyperbranched 
Polyethylene-based Core through a Combination of Living CWCP and 

ATRP  

 
 

3.1 Introduction 

     Synthesis and self-assembly of hyperbranched polymer HBP with unique structures 

have recently attracted considerable research interest due to their compact spherical 

shape nanostructures in selective solvents, which are completely different from their 

linear analogues [1]. The compact nanostructures can be designed by tailoring 

amphiphilic blocks parameters, including chemical composition, microstructure, 

molecular weight, topology, and functionality of the joined blocks. The potential 

applications in various fields due to the formation of unique microphase separation, 

which enhances stability and flexibility, is the most desirable function of amphiphilic 

block polymers [2]. Numerous amphiphilic block copolymers have been developed and 

used as advanced materials in applications such as emulsion stabilization [3], and drug 

delivery [4], as well as template [5] and nanoreactor [6] materials. 

     Indeed, polyolefins with excellent hydrophobicity segments are of particular interest 

[7-9]. The incompatibility between the olefinic part and the water-soluble monomers is 

a remarkable combination in the synthesis of amphiphilic block polymers. There are a 

small number of well-defined amphiphilic block polymers containing olefinic blocks 

reported in the literature. In general, multiple reaction/modification steps are required, 

such as post-hydrogenation of the polymers produced by “living” anionic polymerization 

of 1,4-butadiene and/or 1,4-isoprene and the sequential transformation of olefinic chain 
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end to desirable functionality [9-11]. An additional chain extension with various 

hydrophilic monomer was carried out with a combination with “living” ring-opening 

polymerization ROP [12-14], atom-transfer radical polymerization, ATRP [11,14,15], 

reversible-addition fragmentation transfer polymerization, RAFT [9], or combined ROP 

and RAFT technique [16]. Our group [17, 18] developed a novel class of linear 

polymethylene PM-based polymers and well-defined amphiphilic polymethylene-b-

poly(ethylene glycol) PM-b-PEG diblock copolymers by combining Diels-Alder reaction 

with polyhomologation. 

     It is agreed that it is highly desirable to develop more accessible methods to 

synthesize polyethylene based amphiphilic block copolymers with narrow PDI from 

direct ethylene stock. However, there are only a few reports of amphiphilic block 

copolymers synthesized directly from ethylene and propylene stocks. Chung et al. [19] 

reported the first synthesis of PE and PEO block copolymer through a borane–H chain 

transfer in metallocene polymerization. The interconversion of the borane chain end to 

an anionic (–O–K+) group is initiated for further ROP of ethylene oxide with PDI > 2. Very 

recently, Zhu et al. [20] synthesized narrowly distributed amphiphilic block copolymers 

PDI= 1.21 with linear crystalline PE block and hydrophilic PEO by the “click” coupling 

reaction. Recently, our group synthesized novel well-defined polyethylene-based 

random, block, and bilayered molecular cobrushes through the macromonomer strategy 

"grafting through" by combining polyhomologation and ring-opening metathesis 

polymerization ROMP using Grubbs catalyst [14, 21]. A series of polymethylene-based 

cobrushes have been synthesized with different segments and molecular weights with 
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PDI less than 1.18 as shown in Fig 1. Multi-step modifications of the olefinic blocks were 

also required for the chain extension. 

 

Fig (1) Synthesis of PM-based cobrushes by combining polyhomologation and ROMP.   

     The development of advanced nanostructured functional materials has been a 

research area of interest, especially with a controlled molecular weight, composition, 

topology, and functionality [22]. Due to the unique topological structure and interesting 

physical/chemical properties of the highly branched polymer, HBP, especially with a 

three-dimensional dendritic architecture, has attracted wide attention from both 

academia and industry. Yan et al. [23,24] firstly reported amphiphilic HBP consisting of 

hydrophobic hyperbranched poly[3-ethyl-3-(hydroxymethyl)oxetane], HBPO and 

poly(ethylene oxide), PEO as star polymer HBPO-star-PEO, as shown in Fig 2. 

Subsequently, many vesicles have been generated from amphiphilic polyester or 

polyether based HBP in aqueous solution. However, the reversible-thermosensitive 

phase transition at a lower critical solution temperature LCST around 32°C was observed 

javascript:void(0)
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on the HBP as poly (N-isopropylacrylamide), PNIPAM, which was grafted from the 

hydrophobic core of HBPO using ATRP strategy Fig 2 [25]. 

 

Fig (2) Core-shell typed of amphiphilic HBP based on the hydrophobic HBPO cores using ATRP “grafting from” 
strategy.  

     Due to the excellent hydrophobicity of HBPE, the self-assembly of HBPE-based 

macromolecules can also be accomplished in aqueous solution. HBPE-based polymers 

containing a range of functionalities were obtained by “chain walking” catalytic 

polymerization CWCP of simple olefinic monomers [26]. Brookhart et al. [27] and then 

Guan et al. [28] reported the formation of HBPE by CWCP process in the presence of α- 

diimine Pd(II) catalyst. As a type of novel late-transition metal catalyst, α- diimine Pd(II) 

javascript:void(0)
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catalyst has two unique characteristics. One is the active Pd(II) center that can migrate 

along growing chains by CWCP mechanism (see chapter 1 part 1.3), and the other is the 

tolerance towards polar functional groups [29, 30]. As shown in Scheme 1, after 2, 1 

insertion of the functionalized acrylate the unstable chelate would be rearranged to be 

in the six-membered chelating complex. Under ethylene pressure, the chelating ring 

structure can be opened to allow ethylene to be coordinated on the Pd(II) center. Then, 

ethylene insertion into a Pd-C bond will offer an active site for the propagation step. The 

incorporated functional group on the HBPE structure can be easily precipitated using an 

acetified methanol solution to terminate the catalyst. In the combination of CWCP with 

“living”/controlled polymerization including ATRP or RAFT, various structures of HBPE 

containing polystyrene PS, polyethylene glycol PEG, poly methyl methacrylate PMMA, 

poly(oligo((ethylene glycol) methacrylate) POEGMA [31-34] were synthesized.  

     Unlike previous work, we are reporting a direct and simple approach of the 

copolymerization of HBPE with α-bromoester groups of 2-(2-bromoisobutyryloxy) ethyl 

acrylate BIEA that serve as initiation sites for ATRP without need for protection and 

deportation steps. Diblock copolymers with predictable amphiphilic properties of 

hyperbranched polyethylene-b-poly(N-isopropylacrylamide), HBPE-b-PNIPAM, and 

hyperbranched polyethylene-b- poly(solketal acrylate), HBPE-b-PSA, were successfully  

synthesized by combining CWCP and ATRP. Two different monomers, a hydrophilic N-

isopropylacrylamide NIPAM, and protected diol solketal acrylate SA, which by 

deprotection leading to hydrophilic polymer have been used. The polymerization 

process involves two-steps which combine “living” polymerization of ethylene with 
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ATRP of NIPAM or SA as shown in Scheme 1. The first step takes advantage of the chain 

walking α-diimine Pd(II) catalyst that polymerizes ethylene in a “living” manner to form 

HBPE with a controllable structure and chain topology [35-39]. Well-defined HBPE-MI 

macroinitiators bearing 2-bromoisobutyryl terminal group and having linear 

hyperbranched topologies were obtained by applying of 27 atm at 5˚ C. The HBPE-MI 

macroinitiators were subsequently used to initiate ATRP of the hydrophilic monomers in 

the second step targeting different molecular weights to make amphiphilic 

nanostructures of HBPE-b-PNIPAM and HBPE-b-PSA with a narrow molecular weight 

distribution. 

 

3.2 Experimental Section 

3.2.1 Chemicals 

  All manipulations of air or water-sensitive compounds were used under inert gas 

Schlenk techniques. The preparation of the α- diimine Pd(II) catalyst has been described 

previously in chapter2, part 2.6.2. The ultra-high purity of N2 and ethylene grade gases 

was further purified by passaging through a CuO column and a 3 Å molecular sieve 

column to remove moisture and oxygen. Toluene and diethyl ether Et2O were distilled 

under Argon over a sodium/benzophenone solution. Dichloromethane CH2Cl2 was 

distilled under Argon over CaH2. CuBr (99.99%, Aldrich) was purified before being used 

by stirring in glacial acetic acid, followed by washing with methanol and drying under a 

vacuum. Acryloyl chloride was distilled under reduced pressure just before use. Other 

chemicals, including, N-isopropylacrylamide NIPAM 97%, 2,2-dimethyl-1,3-dioxolan-4-
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yl)methanol (solketal) 98, CuBr2 >99%, Aldrich, N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine PMDETA 99%, Aldrich, α-bromoisobutyryl bromide BIBB 

98%, Aldrich, triethylamine TEA >99%, Aladdin, anhydrous tetrahydrofuran THF, Fisher 

Scientific, and methanol, Fisher Scientific, were all used as received. 

 

3.2.2 Monomer synthesis and polymerization  

The α-Diimine Pd(II) complex catalyst was synthesized according to the literature [40, 

41] as reported in Chapter 2, part 2.6.2. 

 

3.2.2.1 Synthesis of N-isopropylacrylamide NIPAM monomer 

NIPAM was recrystallized from a mixture of benzene and n-hexane v:v = 1:3.  

 

3.2.2.2 Synthesis of solketal acrylate SA monomer 

     SA was prepared by the reaction of ketal with acryloyl chloride according to the 

method reported [42]. The typical preparation procedure is as follows, 30.0 g, 330 

mmol, of acryloyl chloride was added drop by drop to a solution of 66.1 g, 500 mmol, of 

ketal and 50.5 g, 500 mmol, of triethylamine in 200 mL dichloromethane. The reaction 

mixture was heated to 80˚C and stirred for 4h. Then, it cold down and it was kept at 

room temperature for 24h. The triethylamine, which was precipitated as a 

hydrochloride salt, was removed by filtration. The solution was washed three times with 

50 mL of distilled water, and saturated with sodium chloride aqueous solution two 

times. Then, it was dried with anhydrous sodium carbonate overnight, and the 
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dichloromethane solvent evaporated in the presence of hydroquinone as an inhibitor. 

SA was collected at 68-71˚ C/1 mmHg with a yield of 85%. 400 MHz 1H NMR 

(CDCl3) 6.43-6.49 (1 =HC, cis); 6.12-6.21 (1H, OC-CH=), 5.85-5.89 (1H, =HC, trans), 3.75-

4.39 (5H, OCH2CHCH2), 1.44, 1.38 (6H, C(CH3)2); as shown in Fig 3. 

 

Fig (3)
 1

H NMR of solketal acrylate SA monomer. 

 

3.2.2.3 Synthesis of 2-(2-bromoisobutyryloxy)ethyl acrylate BIEA comonomer 

     BIEA was synthesized according to the procedure reported in the literature [43]. 

Under Argon, a solution of α-bromoisobutyryl bromide BIBB 20.01 g, 348 mmol in 50 mL 

of CH2Cl2 was added drop by drop to a solution of 10.13 g, 348 mmol of 2-hydroxyethyl 

acrylate HEA and 10.70 g, 383 mmol of triethylamine TEA in 250 mL of CH2Cl2, which 

was stirring. The reaction was cooled in ice during the addition. The reaction was then 

stirred at room temperature for 3h. The white precipitation of TEA-HBr was then 

filtered, and the CH2Cl2 evaporated. The oil and CH2Cl2 wash were combined and 
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washed with water (50 mL × 3) and then dried over MgSO4. Distillation of the oil product 

at 80°C/0.02 mmHg gave a colorless liquid with a yield of 66%. 400 MHz 1H NMR (CDCl3) 

6.43 (d, 1H), 6.14 (dd, 1H), 5.89 (d, 1H), 4.43 (s, 4H), 1.94 (s, 6H), as shown in Fig 4. 

 

Fig (4) 
1
H NMR of 2-(2-bromoisobutyryloxy)ethyl acrylate BIEA comonomer. 

 

3.2.2.4 Synthesis of HBPE-MI macroinitiator 

     The polymerization was carried out in a 20 mL ILS high-throughput glass reactor 

equipped with a magnetic stirrer under 27 atm of ethylene pressure at 5 ˚C. A weight of 

0.05 mmol of the α-diimine Pd(II) catalyst was dissolved separately in 3.5mL of CH2Cl2 

followed by the addition of BIEA while stirring. The solution was introduced into the 

reactor under an Argon atmosphere. The reactor was evacuated, and then pressurized 

with ethylene for 15 min. After equilibrium, the solution of the catalyst and comonomer 

of BIEA at 5˚C was injected to start the polymerization. The reaction temperature and 

ethylene pressure were kept stable throughout the reaction. After a period as shown in 
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Table 1, the reactor was vented and quenched by injecting methanol. The collected 

polymer was dissolved in THF, and it passed through a 0.2 μm Teflon syringe filter, 

followed by the precipitation in methanol. This dissolution-precipitation procedure was 

repeated until the polymer product was clear. Then, it was dried under a vacuum for 

16h at 30˚C. 

 

3.2.2.5 Post-polymerization of HBPE-MI macroinitiator using ATRP 

3.2.2.5.1 Synthesis of HBPE-b-PNIPAM block copolymer 

     Run 3 of Table 2 is a typical example of ATRP post-polymerization using a NIPAM 

monomer, where 0.120 g of HBPE-MI was dissolved in 3 mL of toluene. Then, 3.07 g of 

NIPAM, 300 eq to HBPE-MI, and 35.6 mg, 0.4 mmol of PMDETA were transferred into a 

50 mL Schlenk flask, sealed with a rubber septum and purged with N2 for 30 min. The 

mixture was subjected to three freezing and de-freezing cycles. Under N2 protection, 88 

mg, 0.2 mmol of CuBr was added to the solution in order to initiate the ATRP. After 

stirring at room temperature for several minutes, the frozen solvent was fully melted. 

The reactor was placed in the oil bath, and the reaction was carried out at 80°C for more 

than 7h. Throughout the polymerization, the reaction system was protected by dry 

nitrogen. Samples were taken at different polymerization times during the 

polymerization process to monitor the monomer conversion with 1H NMR and the 

molecular weight by GPC. The block copolymer precipitation was obtained by methanol, 

and then it dissolved in THF. Then, it passed through a neutral alumina column to 
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remove the copper catalyst. The final product was dried overnight under a vacuum at 

30˚C. 

3.2.2.5.2 Synthesis of HBPE-b-PSA block copolymer 

Run 6 of Table 2 is a typical example of ATRP post-polymerization using a solketal 

acrylate SA monomer, where 0.150 g HBPE-MI was dissolved in 3 mL of toluene. Then, 

3g of SA, 300 eq to HBPE-MI, and 35.6 mg, 0.4 mmol PMDETA were transferred into a 

50mL Schlenk flask with a magnetic stir bar, sealed with a rubber septum, and purged 

with N2 for 30 min. The mixture was subjected to three freezing and de-freezing cycles. 

Under N2 protection, 88 mg, 0.2 mmol CuBr was added to the solution in order to 

initiate the ATRP. After stirring at room temperature for several minutes, the frozen 

solvent was fully melted. The reactor was placed in the oil bath, and the reaction was 

carried out at 100°C for more than 22h. During the polymerization, the reaction system 

was protected by dry nitrogen. Samples were taken at different polymerization times 

during the polymerization process to monitor the monomer conversion with 1H NMR 

and the molecular weight by GPC. The block copolymer precipitation was obtained by 

methanol, and then it dissolved in THF. Then, it passed through a neutral alumina 

column to remove the copper catalysts. The final product was dried overnight under a 

vacuum at 30˚C. 

3.2.3 Polymer characterization 

     The molecular weight, MW, and molecular weight distribution, MWD, were 

measured at 150 °C in 1,2,4-trichlorobenzene, TCB, as an eluent at a flow rate of (1.0 
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mL/min) using a high-temperature gel permeation chromatography, HT-GPC, an Agilent 

PL-GPC 220 instrument equipped with one PLgel 10 μm MIXED-B column and a 

differential refractive index, DRI detector. The system was calibrated with PS standards. 

Triple-detection HT-GPC measurements were carried out on a Viscoteck HT-GPC module 

350 instrument with two PLgel 10 μm MIXED-B columns equipped with a refractive 

index, a light scattering (λ = 670 nm) and a viscometry detector. TCB was used as an 

eluent (0.8 mL/min) at 150°C. The tri-detector HT-GPC system was calibrated with PS 

standard, Mw = 115 × 103 g/mol, PDI = 1.05. The nuclear magnetic resonance, 1H and 13C 

NMR spectra, were recorded with a Bruker AVANCE III-400 or 600 MHz spectrometers. 

The Fourier transform infrared spectra, FT-IR, were obtained with a Nicolet Magna 6700 

FT spectrometer. The thermal properties of all products were studied by differential 

scanning calorimetry, DSC, measurements using a Mettler Toledo DSC1/TC100 system 

under an inert atmosphere. The sample was heated up from room temperature to 

200°C, cooled to −10°C, and finally heated again to 200°C with a heating/cooling rate of 

10°C/min. The second heating curve was used to determine the glass transition 

temperature Tg, melting temperature Tm, and degree of crystallinity. Thermogravimetric 

analysis, TGA, was carried out on a Mettler Toledo thermal analyzer under N2 

atmosphere.  

3.3 Results and Discussion 

3.3.1 Synthesis of HBPE-MI macroinitiator 

The α-diimine Pd(II) catalysts has been reported to be tolerant of the α-bromoester 

functionality [44]. The successfully incorporation of BIEA into HBPE copolymers through 
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the acrylate group as shown in Table 1, was confirmed by NMR. Two serial running 

samples under a same level of ethylene pressure and temperature, under 27atm at 5˚C, 

have been synthesized. The first run was introduced under the same conditions of 

ethylene pressure, temperature, and the concentration of comonomer of 1.6 g/mol, 

whereas the second run was introduced under the same conditions of ethylene 

pressure, temperature, but with different content of comonomer concentrations. 

 

 

Polymer 
[BIEA] 

(g/mol) 
P 

(atm) 
T 

(
0
C) 

t 
(h) 

BIEA
 b

 
content 

(mmol%) 
NBr

 c
 

Run1 HBPE-MI-1 1.6 27 5 4 0.58 5.2 

HBPE-MI-2 1.6 27 5 4 0.56 5 

HBPE-MI-3 1.6 27 5 4 0.60 5.5 

HBPE-MI-4 1.6 27 5 4:30 0.35 3.2 

Run2 HBPE-MI-5 1.6 27 5 4 0.61 5.4 

HBPE-MI-6 0.8 27 5 4 0.39 3.5 

HBPE-MI-7 0.4 27 5 4 0.22 2 

HBPE-MI-8 0.2 27 5 4 0.16 1.5 

Table 1 Polymerization conditions of the incorporation of BIEA comonomer into HBPE-MI copolymers through 
acrylate group. 

a
 Other conditions are 0.04 g, 0.06 mmol of α-diimine Pd(II)

 
catalyst, the CH2Cl2 solvent volume is 3.6 mL. 

b 
Comonomer % of the copolymers determined using 

1
H NMR. 

c
 The average number of  Br functional groups NBr was determined by 

1
H NMR. 

In general, as Table 1 shows, we can targeting the same average number of Br branching 

NBr under the same pressure, temperature, and also, the same concentration of the 

comonomer, run 1. NBr was calculated by applying 1H NMR analysis as follows: 

  𝐅% =
𝐼𝑓

(𝐼𝐶𝐻2+𝐼𝐶𝐻)0.5
x100/2 

(𝐍𝐁𝐫) =
𝑴𝒏 x 𝐅 %

100 x 28
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     F% is the percentage of the function group Br in the copolymer of HBPE-MI, If is the 

integration of functionality in the copolymer of HBPE-MI. The value of   ICH2 + ICH is the 

integration of the HBPE polymer, and Mn is the molecular weight of the HBPE-MI 

polymer. NBr is the number of Br branching on the HBPE-MI. Fig 5 clearly shows the 

main resonance peak for homo-HBPE at (CH, CH2, CH3), as well as a new characteristic 

peaks resulting from the incorporated BIEA comonomer into HBPE-MI. A broader signal, 

peak c, between the two ester groups of the incorporated BIEA, attributed to the two 

methylene units, has been shifted from 4.43ppm 4.33 ppm in the copolymer spectrum. 

Also, a new triplet resonance, peak h, at 2.28 ppm, which was not seen in the 

comonomers spectra, is recorded. However, the signal peaks corresponding to the 

methyl groups on the bromoester functionality d,e also appeared in the copolymer 

spectrum at 1.93 ppm with a slight shift from 1.90ppm, suggesting the successful 

incorporation of the BIEA polar comonomer into the HBPE-MI chains. 

 

Fig (5) 
1
H NMR of the HBPE-MI incorporated into BIEA comonomer under 27atm at 5˚C. 
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However, as Table 1 shows that the same average of the number of Br branching NBr 

can be obtained by applying the same conditions. Moreover, the effect of time is 

considered, as sample HBPE-MI-4 shows a critical effect of the catalyst activity as time 

runs, and the number of Br branching decreases. 

On the other hand, run 2 shows the effect of the comonomer BIEA concentration on the 

copolymerization content of the HBPE-MI. The percentage content of the comonomer is 

increased by increasing the concentration of the comonomer BIEA. Moreover, a linear 

dependence of the incorporate polar comomnomer upon the comonomer feed 

concentration is illustrated in Fig 6, and it confirms that the polymers condition are 

under a living control polymerization system. 

 

Fig (6) Linear dependence of the incorporation polar comonomer on the comonomer feed concentration. 

 

3.3.2 Post-polymerization of HBPE-MI using ATRP 

     Three representative ATRP runs, conducted using HBPE-MI-1 and HBPE-MI-2 are 

shown Table 2. Scheme 1 illustrates the synthesis route applied to HBPE block 

copolymers. 
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Scheme 1 Synthesis route of amphiphilic HBPE-b-PNIPAM and HBPE-b-PSA through a combination of CWCP and ATRP 
“grafting from” strategy.  

Table 2 summarizes the conditions for the synthesis of HBPE-b-PNIPAM and HBPE-b-PSA 

block copolymers. 

Run Polymer 
[Mon] 

(g/mol) 

[HBPE-MI] 

(g/mol) 

t 

(h) 

T 

(˚C) 

b
Incorporate% 

Run1 

 

HBPE-b-PNIPAM-1 0.42  0.12 7 80 - 

HBPE-b-PNIPAM-2 1 0.12 7 80 - 

HBPE-b-PNIPAM-3 3.05 0.12 7 80 18 

Run2 

 

HBPE-b-PSA-1 0.5 0.15 22 100 3 

HBPE-b-PSA-2 1.5 0.15 22 100 28 

HBPE-b-PSA-3 3 0.15 22 100 52 

Table 2 ATRP conditions for the synthesis of HBPE-b-PNIPAM, and HBPE-b-PSA block copolymers. 

 
*a: Other polymerization conditions are [HBPE-MI]0 : [CuBr]0 : [PMDETA]0 : [Mon]0 = 1 : 2 : 4 : 100, 
toluene solvent is 3Ml, stirring is 1200 rpm. 
*b: Incorporated monomer % on the HBPE-MI after post-polymerization by ATRP  

javascript:void(0)
javascript:void(0)
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3.3.2.1 Synthesis of HBPE-b-PNIPAM block copolymers 

     The common challenges in the ATRP polymerization are the radical coupling reaction 

and incomplete chain initiation. In order to limit these effects, we have chosen a lower 

concentration of the HBPE-MI with condition ratios [HBPE-MI]0 : [CuBr]0 : [PMDETA]0 : 

[Mon]0 = 1 : 2 : 4 : 100. High ratios of [CuBr]0/[PMDETA]0 were used for the purpose of  

having a complete initiation with high-efficiency enhancement. All HBPE-MI are 

completely amorphous at room temperature and have good solubility in toluene, even 

at room temperature. As long as the ratio applied for [HBPE-MI]0 /[Mon]0 was 1/100, no 

initiation of the polymerization happened, as Table 2 shows, with samples HBPE-b-

PNIPAM-1 and HBPE-b-PNIPAM-2. So, the ratio of [HBPE-MI]0/[Mon]0 was enlarged to 

be 1/1000 in the sample of HBPE-b-PNIPAM-3. However, the monomer conversion was 

limited to the range of 18% in order to minimize the chain transfer/coupling reactions, 

as Fig 7 shows.  

 

Fig (7) Overlapped 
1
H NMR spectra of HBPE-MI and the different ratios of NIPAM monomers. 
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      In the 1H NMR analysis, the conversions were determined from the 1H NMR spectra, 

based on the molar ratio between unreacted NIPAM (from the integration of the double 

bond peak) and the reacted double bond for PNIPAM (from the integration of a new 

peak between 1.5- 2ppm with a subtraction of the integration of the double bond for 

the HBPE-MI ). Moreover, a broad new peak between 4.00-4.20ppm determined the 

success of having the block copolymer in sample HBPE-b-PNIPAM-3 rather than samples 

1 and 2. However, the conversions of the HBPE-b-PNIPAM were not very high due to the 

high viscosity of the polymerization medium and the intrinsic incompatibility between 

HBPE segments and the polar backbone [45]. 

 

     In the GPC analysis, the incompatibility effect can be seen by following the GPC 

traces of HBPE-b-PNIPAM as Fig 8 shows. The monomodal and further symmetric shape 

verify a living/controlled characteristic of the ATRP, but the negative enhancement to 

lower Mw with a narrow PDI verifies the effect of viscosity and intrinsic incompatibility 

effect of the compact structure. However, the clear shifting in GPC traces with a 

narrower PDI of 1.35 dramatically supports the copolymer structure and the occurrence 

of the chain extension. 
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Fig (8) GPC traces of the HBPE-MI, followed by the extend block copolymer HBPE-b-PNIPAM. 

     However, the 1H NMR spectrum of the clean precipitation of the sample HBPE-b-

PNIPAM-3, Fig 9, after washing the polymer by water to remove the unreacted NIPAM 

monomer, clearly shows two characteristic resonances of the PNIPAM segment at peak 

g, 4.02 ppm for the methine proton on the isopropyl group and at peak f, 6.26 ppm for 

the amine group. 

 
Fig (9) 

1
H NMR of HBPE-b-PNIPAM-3 copolymer. 
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     In the FT-IR analysis, new absorption peaks for amide bands (1660 cm−1, C=O 

stretching, 3191 and 1550 cm-1, N-H stretching) can be observed in the block copolymer 

Fig 10(c). However, the presence of a characteristic C=O ester peak after post-

polymerization at 1727 cm-1, also confirms the resulting structure of the block 

copolymer. The two bands at 1367 and 1388 cm-1 with almost equal intensity are 

associated with the deformation of the two methyl groups on the isopropyl of NIPAM 

[46]. Some moisture at 3347 cm-1 is observed after purification. The FT-IR spectrum of 

the NIPAM monomer Fig 10(a)  shows characteristic peaks at 1630, 1660, and 3290 cm-1 

due to C=C, C=O, and N-H stretching vibrations, respectively. The sharp peak at 1630 cm-

1 which belongs to the stretching vibration of C=C in the NIPAM monomer, is totally 

absent in the block copolymer structure, demonstrating the successful incorporation of 

PNIPAM from HBPE-MI.  

 

Fig (10) FT-IR traces of (a) NIPAM monomer; (b) HBPE-MI; (c) HBPE-b-PNIPAM after ATRP post-polymeryzation. 
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    In the thermal analysis, the effect of the block copolymer of HBPE-b-PNIPAM on the 

thermal properties of the HBPE-MI was determined by DSC followed by TGA analysis. 

Typically, a new crystallinity point appeared at Tm=143 with a broader peak which 

referred to the presence of dead chains during the polymerization as we have pointed 

out in chapter 3, part 3.3.1.2. However, the Tm of HBPE clearly shifted to the higher 

temperature at 26˚C with Tg=12 which proves the success of having the block copolymer 

of HBPE-b-PNIPAM as Fig 11 shows.  

 

Fig (11) DSC thermograms (a) HBPE-MI, (b) HBPE-b-PNIPAM block copolymer. 

     On the other hand, the thermal stability of the block copolymers was examined by 

TGA in the range of 0-600˚C, as shown in Fig 12. The TGA analysis of the block 

copolymer shows a fairly sharp decomposition peak starting from 329 ˚C, with a 

maximum point at 420 ˚C in the differentiating curve, proving the core and shell 

nanostructure effect of the synthesized block copolymer. However, the vapor from the 
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moisture component appears at 100 ˚C. Also, the incorporated comonomer ratio of the 

NIPAM into the HBPE-b-PNIPAM is in good agreement with that ratio calculated by 1H 

NMR in the range of 21:64, PNIPAM: HBPE, including about 7% of the water vapor and 

6% of the combustion product. 

 

Fig (12) TGA traces of HBPE-b-PNIPAM copolymer. 

 

3.3.2.2 Synthesis of HBPE-b-PSA block copolymers 

        The post-polymerization of HBPE-MI by ATRP was applied in the presence of SA as a 

monomer, as Table 2 shows. We have chosen the concentration ratios of  [HBPE-MI]0 : 

[CuBr]0 : [PMDETA]0 : [Mon]0 = 1 : 2 : 4 : 100. The incorporation contents of SA 

monomers targeting different DP were calculated using equation 2, and it reached up to 

50% after 16h of reaction. Also, the average Mn of each PSA chain can be theoretically 

calculated by the ratio of the increasing Mn to the site number on each chain as follows:   
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𝑀𝑛 (𝑡ℎ𝑒𝑜𝑟𝑦) =
[SA]0

[HBPE−MI]0
𝑥conversion 𝑥100𝑥𝑀𝑤(𝑆𝐴) +  𝑀𝑛(𝐻𝐵𝑃𝐸 − 𝑀𝐼)………..……….(1) 

     However, the ratio applied for [HBPE-MI]0 /[Mon]0 1/100 was enough to initiate the 

polymerization for all the HBPE-b-PSA samples. The "living" polymerization was tested 

during the sample runs at different times, and they were followed by 1H NMR. 

Consequently, after running times of 1, 3, 16h, the monomer content was enhanced 

from 35 to 43 and 52%.   

 

𝑀𝑛 (1𝐻 𝑁𝑀𝑅) = 𝐷𝑝 × 𝑀𝑤 𝑜𝑓 (𝑆𝐴)𝑚𝑜𝑛𝑜𝑚𝑒𝑟 + 𝑀𝑤 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 ………………………………..(2)   

 

     In the 1H NMR analysis, the conversions were determined from the 1H NMR spectra, 

based on the molar ratio between the unreacted SA (from the integration of the double 

bond peak) and the reacted double bond for the PSA (from the integration of the new 

peak between 1.5-2ppm with a subtraction of the integration of the double bond for the 

HBPE-MI). Moreover, a broad new peak between 3.7-4.3ppm determined the success of 

having the block copolymer in the sample HBPE-b-PSA.  

     However, the 1H NMR spectra of the clean precipitation of the sample HBPE-b-PSA, 

Fig 13, shows the characteristic signals h, f, and g of the PSA block at 4.26, 4.04, and 3.73 

ppm, corresponding to the protons of the oxymethine, ester methylene, and 

oxymethylene groups, respectively. The two singlets, i signal peak, of the two methyl 

protons of the PSA were observed at 1.33-1.39 ppm. The signal d at 2.32 ppm and the 

three signal e peaks at 1.6, 1.7, and 1.96 ppm, respectively, which belong to the 

methylene and methine protons of PSA backbone were also observed. As well as the 
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PSA block peaks, the characteristic peaks of the main HBPE backbone were still 

observed between 0.8-1.23ppm.  

 

Fig (13) 
1
HNMR of HBPE-b-PSA block copolymer. 

     In the GPC analysis, the molecular weight distributions of PDI=1.7-1.8, remained 

narrow while increasing the polymer conversion, as Fig 14 shows. We can see that the 

unimodal GPC traces of the resultant block copolymers shifted to the higher molecular 

mass position through an increase in the feeding ratio of the monomer. So, the 

molecular weights of the SA segments in the block copolymers increased where no 

homopolymer of the SA was observed. The typical example is sample HBPE-b-PSA-2, the 

MnHBPE-MI=23 kg mol-1, the resulting MnNMR=24.7 kg mol-1 and MnGPC=27.8 kg mol-1. 

However, the same observation was found for the chain extension after the post-

polymerization in sample HBPE-b-PSA-3 with MnHBPE-MI=23 kg mol-1, the resulting 

MnNMR=26.6 kg mol-1 and MnGPC=29.3 kg mol-1. 
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Fig (14) GPC traces of  (a) HBPE-b-PSA-2 and (b) HBPE-b-PSA-3 block copolymer. 

     In the FT-IR analysis, the HBPE-b-PSA block copolymer was tested by FT-IR, as shown 

in Fig 15. The sharp peak at 1630 cm-1 which belongs to the stretching vibration of C=C 

in the SA monomer, is totally absent from the block copolymer spectra while the CH2 

stretching vibration at 2922 cm-1, from the polyethylene block and backbone, is 

maintained. New absorption peaks of the ether linkages in the ketal group (C–O–C) at 

1218 and 1086 cm-1 are observed in the block copolymer. However, the continued 

presence of a characteristic C=O ester peak after post-polymerization at 1727 cm-1 with 

a deeper and longer shift, also confirms the resulting structure of the block copolymer.  
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Fig (15) FT-IR traces of HBPE-b-PSA after ATRP post-polymerization. 

     In the thermal analysis, the effect of the block copolymer of HBPE-b-PSA on the 

thermal properties of the HBPE-MI was determined using DSC. Accordingly, the melting 

peak of the HBPE-MI sample is widely weak and broad as Fig 16 shows, with a glass 

transition of Tg of -75. However, a new crystallinity peak appears sharply at 18˚C with a 

slight Tm shifting from -35 to -38 with a lower Tg of -77, which supports the formation of 

the block copolymer HBPE-b-PSA. 
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Fig (16) DSC thermograms (a) HBPE-MI, (b) HBPE-b-PSA block copolymer. 

 

3.4 Conclusions 

      In summary, diblock copolymers consisting of hydrophobic segments of HBPE block 

incorporator with a hydrophilic NIPAM with a lower molecular weight than HBPE have 

been synthesized. Also, diblock copolymers of HBPE incorporator with a protected diol 

SA block of 50% content have been incorporated. We have demonstrated and 

highlighted the synthesis conditions of HBPE-b-PSA, which can be readily hydrolyzed in 

water in order to study its micellization (in progress) for our future work. The synthesis 

of HBPE-based core polymers has been achieved and proved by the combination of 

CWCP and ATRP.  
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Chapter 4: Synthesis and Micellization of 3-Miktoarm Star Copolymers of 

Hyperbranched Polyethylene and Poly(ε-caprolactone), 3μ-HBPE(PCL)2  

 

4.1  Introduction 

     Miktoarm (mikto from the Greek word μικτός, meaning mixed) [1] star polymers, 

which contain chemically different arms, have attracted considerable attention in the 

past decades. The PE-based polymeric material is one of the most valuable synthetic 

and industrial polymers in the world. Based on the strong relationships between 

structure and property, the unique 3D microstructure of the miktoarm star PE-based 

structure has opened the gate for many studies including drug delivery [2], micellization 

[3], and bulk self-assembly [4]. As long as the structure mainly enhances the mechanical 

properties, including  good crystallinity, thermal stability, mechanical strength and so on 

[5], the hyperbranched polymeric structure that contains multiple arms joined together 

at the central core provide properties, including high solubility, low melting points, and 

solution viscosities. Undoubtedly, developing new topologie structure will broaden the 

applications of HBPE-based polymers since polymer properties, such as elasticity, 

density and viscoelastic behavior, are highly influenced by polymer microstructure. 

Reversible-aggregation and re-dispersion properties, including the dispersion of 

graphene and carbon nanotubes [6-10], thermal stability, CO2-stimuli responsive 

polymers [8, 11, 12], a nanocarrier for drugs delivery [13, 14], and cancer therapy [15] 

are examples of the versatility of HBPE-based polymers. Moreover, introducing end-

functionalized HBPE, will offer structures with important roles such as compatibilizers, 
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emulsifiers, and thermoplastic elastomer polymeric material [16, 17]. Additionally, well-

defined PE/polar block copolymers with perfectly linear PE have been provided by the ROP 

of cyclic ethers/esters in a high molecular weight homogeneity [21-23]. A novel multi-

hetero-functional initiator is presented for the synthesis of A2B, (A: PE chain; B: PS or PMMA 

chain) 3-miktoarm star co/terpolymers using the “core-first” strategy and a combination of 

polyhomologation with ATRP [24]. Hydroxyl-terminated polyethylenes have been 

reported to synthesize polyethylene-b-poly(ε-caprolactone) through a controlled chain 

transfer reaction, in combination with ethylene coordination polymerization [25,26] as 

effective compatibilizers, blends for medicine packages, and bio-degradable film [25, 27, 

28]. AB2 star-shaped copolymers are largely described using the combination of 

different polymerization techniques [29].  

     The subject of this chapter is to prepare copolymers of two polymeric content, of the 

HBPE and PCL into 3μ-HBPE(PCL)2 structure. A novel ethynyl-functionalized bifunctional 

initiator is used for ROP. We demonstrate the first report on the synthesis of AB2 type 3-

miktoarm star polymers through a combination of CWCP, ROP and ‘‘Click’’ chemistry. 

 

4.2  Experimental Section 

4.2.1 Chemicals 

     Toluene and dichloromethane, DCM, solvents were purchased from Fischer Scientific 

and were refluxed for 24h, then distilled under an inert atmosphere before being used. 

The ultra-high purity of N2 and ethylene grade gases was purified further by passing 

through a molecular sieve column. The α- diimine Pd(II) catalyst was synthesized 
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according to the literature [30]. A phosphazene base (P2-t-Bu; 2 M solution in THF), 

acetic acid, 99.7%, (2,2-dimethyl-1,3-dioxolan-4-yl)methanol, propargyl bromide, 

tetrabutylammonium iodide TBAI, N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

PMDETA, and 4-vinylbenzyl chloride were used as received. ε-caprolactone, 99% Alfa 

Aesar, was stirred with CaH2 overnight and distilled under reduced pressure. 

4.2.2 Synthesis of mono-vinylbenzyl chloride end-capped HBPE-VBC 

     HBPE-VBC was synthesized according to the method reported by Li and Ye [31]. 0.05 

mmol of the α- diimine Pd(II) catalyst Scheme 1 was introduced to the glass reactor, 

containing a dichloromethane solvent under 5atm of ethylene gas. The reactor 

temperature of 15˚C was maintained by passing water through the thermostat jacket 

using a temperature-controlled circulating water bath. After a period, 300 eq to the 

catalyst, VBC was introduced to allow the end-capping of PE chains for 1h under 

condition of 15˚C. The volatile components were removed under a vacuum in order to 

yield a yellow product. The product was redissolved in petroleum ether, filtered through 

a short plug containing neutral alumina to remove the catalyst residues, and 

precipitated in a significant amount of methanol three times before it dried in the oven 

under a vacuum overnight at 30˚C. 

4.2.3 Synthesis of Azido end-capped HBPE-N3 

     To a solution of 1.00 g of HBPE-VBC in DMF/toluene 2:3 v/v at 80˚C, 1eq of sodium 

azide NaN3 was introduced under inert gas with continuous stirring. After 20h, the 

polymer solution was washed with water three times, and the organic layer was dried 
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over anhydrous MgSO4. The solvent was removed under a vacuum, yielding a colorless 

oily product. 

 

4.2.4 Synthesis of in-chain functionalized poly(ε-caprolactone) (PCL)2-C CH  
 

4.2.4.1 Synthesis of 2,2-dimethyl-4-((prop-2-yn-1-yloxy)methyl)-1,3-dioxolane 

(ethynyl-solketal) 

     In the 250 mL flask, 1eq of (2,2-dimethyl-1,3-dioxolan-4-yl)methanol in dry THF was 

treated with 10 mmol of sodium hydride at 0˚C in the presence of tetrabutylammonium 

iodide, TBAI, and 2eq of propargyl bromide was added drop by drop at room 

temperature. Then, it was stirred for 20h before it was quenched with water. The 

organic layer was separated and concentrated. Then, the aqueous phase was extracted 

three times using dichloromethane. The organic extract was combined with the 

concentrated layer after it was dried with MgSO4 and then concentrated under reduced 

pressure. The structure was confirmed by 1H NMR and 13C NMR as Fig 3 shows. 

4.2.4.2 Synthesis of 3-(prop-2-yn-1-yloxy)propane-1,2-diol (de-protected ethynyl-

solketal) 

      A 0.5 mL of hydrochloric acid 6N was added slowly drop by drop to a solution of 2,2-

dimethyl-4-((prop-2-yn-1-yloxy)methyl)-1,3-dioxolane, ethynyl-solketa, in THF with 

continuous stirring for 24h. The turbid solution was treated with drops of NaOH untill it 

neutralized to PH 7. The aqueous solution was extracted using diethyl ether, then dried 

using magnesium sulphate, and then processed using a Freeze Drying system to remove 
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all the water and obtain the product. The structure was confirmed by 1H NMR and 13C 

NMR, as Fig 4 shows.  

 

4.2.4.3  Synthesis of (PCL)2-C CH  

     A typical run 4 procedure is shown in Table1. The in-chain functionalized poly(ε-

caprolactone) (PCL)2-C CH is synthesized as follows: the polymerization was 

conducted in the  100 mL Schlenk glass reactor with a stopcock. Then 0.1mmol of the 3-

(prop-2-yn-1-yloxy)propane-1,2-diol was introduced as an initiator for 100mmol of 

caprolactone in the presence of t-BuP2 as a catalyst under an Argon flow. The reaction 

was run for 24h with a continuous stirring in toluene at 76˚C. Finally, it was quenched by 

adding acetic acid, and the solution was poured into cold methanol to precipitate the 

polymer. The white powder was collected, dried under a vacuum and used for GPC, 1H 

NMR and DSC analysis. The conversion of (PCL)2-C CH was 78%, while the theoretical 

number-average molecular weight Mntheor in Table1, calculated based on the feed ratio 

of monomer to initiator, is 11.4 kg mol-1 , MnGPC= 10.2 kg mol-1 and Mw/ Mn= 1.1, 

MnNMR= 10.6 kg mol-1 . 

 

4.2.5 Synthesis of 3μ-HBPE(PCL)2 

     1 g of HBPE-N3[16k], 1.2 eq to azido group of (PCL)2-C CH[10k], and 1.5 eq to azido 

group of the CuBr  were combined in a 50 mL Schlenk flask under N2 in the presence of 

20 mL of anhydrous toluene. Degassed PMDETA (1.5 eq. to azido group) was introduced 

by a gastight syringe. In the oil bath, the mixture was placed under a continuous stirring 
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at 100 ˚C for 18h. Finally, the solvent was removed under a vacuum, and the resultant 

solid was dissolved in petroleum ether and precipitated into an excess of water: 

methanol, 1:1, v/v mixture in order to remove the copper catalyst. This dissolution and 

precipitation procedure was repeated until the polymer became colorless. The solvent 

was removed under a vacuum, yielding a colorless oily product.  

 

4.2.6 Polymer characterization  

     The molecular weight, MW, and molecular weight distribution, MWD, were 

measured using a gel permeation chromatography RT-GPC. The measurements at 35°C 

were recorded on a Viscotek TDA 305 instrument equipped with one PLgel 10 μm 

mixed-C column (only used for (PS)3B) or two columns, Styragel HR2 (7.8 × 300 mm) and 

Styragel HR4 (7.8 × 300 mm). THF was used as the eluent at a flow rate of (1mL/min). 

The system was calibrated with PS standards. The nuclear magnetic resonance, 1H and 

13C NMR, spectra were recorded with a Bruker AVANCE III-500 or 600 MHz 

spectrometers. The Fourier transform infrared spectra, FT-IR, were obtained with a 

Nicolet Magna 6700 FT spectrometer. The thermal properties of all products were 

studied by differential scanning calorimetry, DSC, measurements using a Mettler Toledo 

DSC1/TC100 system under an inert atmosphere. The sample was heated from room 

temperature to 200°C, cooled to −100°C, and finally heated again to 200°C with a 

heating and cooling rate of 10°C per min. The second heating curve, was used to 

determine the glass transition temperature Tg, melting temperature Tm, and degree of 
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crystallinity. Thermogravimetric analysis TGA was carried out on a Mettler Toledo 

thermal analyzer under a N2 atmosphere.  

4.3 Results and Discussion       

The synthesis of 3μ-HBPE(PCL)2 is achieved according to the synthetic route in Scheme1. 

 

Scheme 1 The synthetic route for the preparation of the 3μ-HBPE(PCL)2 

 

4.3.1 Synthesis of HBPE-N3 

     The "living" HBPE, prepared by CWCP using the α- diimine Pd(II) catalyst, was 

quenched by vinyl benzylchloride VBC in order to provide HBPE-VBC. The structure of 

the end-capped HBPE–VBC is confirmed by using 1H NMR spectroscopy with the 

appearance of new characteristic signals for the incorporated VBC, which are in good 
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agreement with the literature [32]. The characteristic signals of the methyl, methylene, 

and methine protons of HBPE were observed between 0.80-1.26 ppm. The resonances 

of the terminal benzyl chloride were determined by multiple peaks between 7.0–7.5 

ppm, assigned to the hydrogen of the aromatic ring. The resonance, peak a at 4.56 ppm, 

is attributed to the methylene of CH2-Cl group. The vinyldiene group between the 

terminal benzyl chloride group and the HBPE chain show chemical shifts between 6.21- 

6.27 ppm (beta H), and between 6.31-6.39 ppm (alpha H). The HBPE-VBC obtained was 

then converted to HBPE-N3 by transformation of the terminal chlorine into the azido 

group by the reaction with NaN3. The quantitative end-group transformation from the 

chlorine to the azido group is confirmed by the 1H NMR spectrum with a complete signal 

shift from 4.50 ppm to 4.30 ppm as Fig 1 shows.  

  

Fig (1) 
1
HNMR of (a) HBPE-Cl and (b) HBPE-N3. 

(a) 

(b) 
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     Furthermore, the reaction was monitored by FT-IR spectroscopy, as Fig 2 shows, and 

it was carried out until the cyclic carbonate carbonyl peak of 1800 cm-1 disappeared. The 

characteristic stretching vibrations of HBPE at 2919, 2851, 1460, 726, and 693 cm−1 were 

observed. On the other hand, a characteristic vibration of the azido group at 2100 cm−1 

can be clearly observed in the resulting product.  

  

Fig (2) FT-IR of (a) HBPE-Cl and (b) HBPE-N3. 

 

4.3.2 Synthesis of in-chain (PCL)2-C CH  

     (PCL)2-C CH was prepared using 3-(prop-2-yn-1-yloxy)propane-1,2-diol (de-

protected ethynyl-solketal) as the initiator. A phosphazene super base P2-t-Bu was used 

as a ROP catalyst of ε-caprolactone in toluene, as Scheme 2 shows. 

(a) 

(b) 
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Scheme 2 The synthetic route for the preparation of the in-chain (PCL)2-C CH 
 

4.3.3 Synthesis of 3-(prop-2-yn-1-yloxy)propane-1,2-diol (de-protected ethynyl-

solketal) 

     The tri-functionalized ethynyl initiator of 3-(prop-2-yn-1-yloxy)propane- 1,2-diol was 

produced from the de-protection of the dioxolane of the ethynyl-solketal form, and the 

complete process of the de-protection was confirmed as follos: 1H NMR spectra, Fig 3a, 

shows h peak between 1.36 and 1.46 ppm assigned to the two-CH3 groups of ketal 

moiety in the protected 1,3-dioxolane. Compared to the de-protected 1,2 diol after 

treating the solution with HCl 6N  for 24h at room temperature, the 1H NMR shows a 

complete absence of peaks at 1.36 and 1.46 ppm. However, the presence of the alkynyl 

group is indicated by the peak at 2.44 ppm for both structures, as Fig 3b shows. 

Moreover, 13C spectra, Fig 4a, shows h peak between 25 and 27 ppm that is assigned to 

the two-CH3 groups of ketal moiety in the protected 1,3-dioxolane. In contrast, peak h is 
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completely absent in Fig 4b, indicating the successful synthesis of the de-protected 1, 2 

diol containing alkyne group initiator.  

  

Fig (3) 
1
H NMR of solketal initiator (a) before and (b) after deportation. 

 

 

  

Fig (4) 
13

C NMR of solketal initiator (a) before and (b) after deportation. 

 

(a) 

(b) 

(a) 

(b) 
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4.3.4 Influence of the temperature on the P2-t-Bu catalyzed ROP of ε-CL, using de-

protected ethynyl-solketal as an initiator  

     Table 1 lists the experimental conditions of the P2-t-Bu-catalysed ROP of ε-CL, using 

de-protected ethynyl-solketal as an initiator, as well as the corresponding molecular 

characteristics of the in-chain functionalized poly(ε-caprolactone), (PCL)2-C CH. 

 

Run 
t 

(h) 

P2 In THF 
1M 

(ml) 

Monomer 

(ml) 

Initiator 

(g) 

T 

(
0
C) 

MnThe 

(Kg/mol) 

MnNMR 

(Kg/mol) 

MnGPC 

(Kg/mol) 
PDI 

SOLK-PCL-1 21 3.9 3 4.9 45 4,969 1,183 6,500 1.5 

SOLK-PCL-2 21 1.3 3 1.8 65 7,989 8,633 7,260 1.45 

SOLK-PCL-3 21 2.6 3 0.26 76 13,600 12,102 12,600 1.36 

SOLK-PCL-4 21 3.9 3 0.39 80 11,414 10,640 10,200 1.14 

SOLK-PCL-5 21 3.6(7.2) 1.5(3) 0.5 80 9,131 8,602 6300 1.1 

Table 1 Molecular characteristics of the in-chain (PCL)2-C CH. 

 

     During runs 3-5, the MnNMR values of in-chain (PCL)2-C CH are in good agreement 

with those calculated based on the initial ratios of [ε-CL]0/[P2-t-Bu]0/[solketal]0 = 

100/1/0.1, indicating that the initiation efficiency of the de-protected ethynyl-solketal 

initiator alcohol is practically 100% at a high temperature of 76-80˚C. The success of ROP 

was also confirmed by targeting different DP as it was followed by GPC as Fig 5a shows, 

and the elution peaks of the in-chain (PCL)2-C CH shifted to higher molecular weight 

with narrow distribution profiles around 1.1. Compared to the case in entry one at the 

low-temperature of 45˚C, the GPC trace shows that there is a significant shoulder with a 

broad PDI= 1.5. Because of the slight effect of the two types of alcohol in the de-
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protected ethynyl as primary and secondary alcohol, a slight low initiation in the 

secondary alcohol was observed. The affected rate of the polymerization generates a 

big shoulder at the beginning of the polymerization, compared to the fast one which 

comes from the other side of the primary alcohol. This indicates that the temperature 

plays an important role in enhancing the polymerization with different efficiencies of 

the initiating alcohols, as Fig 5b shows. 

 

Fig (5) GPC traces of targeting different DPs of in-chain (PCL)2-C CH prepared at (left) 80 and (right) 45˚C. 

     

 Furthermore, typical 1H NMR spectra, Fig 6, show the presence of the characteristic 

segments of methylene protons of (PCL)2  e, f, g, and h at 1.30, 1.57, 2.25, and 4.00 ppm, 

respectively. Also, the presence of the alkynyl group is indicated by the peaks k and d at 

2.44 and 4.18 ppm, respectively as Fig 3 shows. 

However, the ROP of ɛ-CL, using an alkyne functional hydroxyl initiator, has been 

previously reported, and it was confirmed that the alkyne group remains intact during 

the polymerization [33]. 

http://www.sciencedirect.com/science/article/pii/S0032386109002092?via%3Dihub#bib40
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4.3.5 Synthesis of 3μ-HBPE(PCL)2  

     “Click” coupling reaction of HBPE-N3 with PCL was performed with CuBr/PMDETA as a 

catalyst in toluene at 100˚C for 18 h. Note that an excess of PCL was used to ensure the 

complete consumption of HBPE-N3. The unreacted polymer and the catalyst were 

removed by washing with a large amount of water and methanol. 

    Typical 1HNMR spectra for the star-shaped polymer, recorded in CDCl3, are shown in 

Fig 7. The 1H NMR spectrum for the purified 3μ-HBPE(PCL)2, with the characteristic 

signals of the methyl, methine, and methylene of HBPE protons, can be observed on the 

peak areas at a, b, and c between 0.80-1.26 ppm. However, the characteristic 

methylene protons of (PCL)2 can be detected at 1.30, 1.57, 2.25, and 4.00 ppm in the 

peak areas of e, f, g, and h, respectively. Moreover, an expected new peak of j at 7.51 

ppm, which can be assigned to the triazole group formed by the cycloaddition, 

appeared. At the same time, a decrease of peaks k and d at around 2.44 and 4.18 ppm is 

observed due to the consumption of alkynyl groups Fig 8.   

     However, under these conditions, the thermal cycloaddition will be competitive with 

CuAAC. As well as the stereochemistry of triazoles might be found as a mixture of 1,4 

and 1,5 triazoles. 
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Fig (6) 
1
H NMR spectra of (a) in-chain (PCL)2-C CH and  (b) 3μ-HBPE(PCL)2 . 

 
 
 

(a) 

(b) 
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Fig (7) 
1
H NMR   of (a) in-chain   (PCL)2-C CH and (b) 3μ-HBPE(PCL)2 before and after “click” reaction. 

     Further confirmation of the “click” coupling is taken from the FT-IR spectroscopy, in  

Fig 12 where the strong signal at 2100 cm-1 is completely absent due to the complete 

consumption of the azido group in order to form tri-arm star-shaped copolymer 3μ-

HBPE(PCL)2. 

(a) 

(b) 
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     The characteristic stretching at 2919, 2851, 1460, 726, and 693 cm−1 vibrations of 

HBPE were observed. On the other hand, a characteristic vibration of the azido group at 

2100 cm−1 can be observed in the resulting product.  

 

Fig (8) FT-IR of (a) HBPE- N3, (b) in-chain (PCL)2-C CH, and (c) 3 μ-HBPE(PCL)2 after “click” reaction. 

As shown in Fig 9, the GPC profile of the resultant 3μ-HBPE(PCL)2  reveals a monomodal 

and symmetric peak (Mw/Mn=1.14) and Mn =2.44 x104 g mol-1, which is greater than 

that of the HBPE-VBC-1 precursor. 

(a) 

(b) 

(c) 
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Fig (9) GPC traces of HBPE-N3, in-chain (PCL)2-C CH, and 3μ-HBPE(PCL)2  after the “click” reaction. 

     However, the DSC analysis gives further proof that the two types of primary and 

secondary alcohol can slow down the initiation feature regarding the difference 

between the alcohol efficiency of the samples that prepared at a low temperature of 

45˚C Table 1. As long as two different DSC peaks between 50 and 60˚C appeared, the 

different initiation effects are confirmed in Fig 10. On the other hand, during the 

preparation step, by increasing the temperature to 76-80˚C, the slow initiation feature 

was absent, and one DSC peak was observed. An equivalent initiation was observed for 

both initiation sites as primary and secondary alcohol initiators using an ethynyl-solketal 

initiator. Nevertheless, the Tm for each polymer shows that both of them are crystalline 

since the Tm values are above room temperature. 



126 
 

 

Fig (10) DSC plots for in-chain (PCL)2-C CH synthesized at (a) 45˚C and (b) 80˚C. 

 

4.4  Conclusions 

     In summary, the synthesis of AB2 type miktoarm-star-HBPE-based polymers of 3μ-

HBPE(PCL)2 using a combination of CWCP, ROP and ‘‘Click’’ chemistry was demonstrated 

for the first time in this work. An azide-functionalized hyperbranched polyethylene 

HBPE-N3 clicked onto the alkyne terminal of the in-chain functionalized poly(ε-

caprolactone) (PCL)2-C CH, using a novel designed diol linking-star agent of ethynyl-

solketal. The reaction products were confirmed by the GPC, FT-IR, and NMR 

spectroscopy analysis. However, the novel diols as polyurethane coatings can be tailor-

made to suit the applications as biomaterials for drug delivery, protective coatings and 

fouling release applications, by using various monomers [6-15].   

 

 

 

(a) (b) 
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Chapter 5: Study of the Self-assembly Behaviour of Hyperbranched 
Polyethylene-based Copolymers, HBPE-b-PNIPAM and 3μ-HBPE(PCL)2  

 
 
5.1 Introduction 

     Amphiphilic linear block copolymers are similar to the amphiphilic hyperbranched 

polymers, HBP, and they have various self-assembled supramolecular structures in 

selective solutions or interfacial self-assembly [1]. The molecular self-assembly is a 

common phenomenon in nature. Although the self-assembly of amphiphilic linear block 

copolymers and dendrimers is well-organized in supramolecular objects [2, 3], it was not 

clear for hyperbranched polymers until 2004 [4]. However, due to the irregular 

molecular structures of HBP, their self-assembly was ignored for a long time. Compared 

to their linear construction, HBPs have better solubility and processability. Moreover, 

the influence of the HBP architecture on the synthetic material is mainly shown in the 

following aspects: a) their 3D unique structure which can limit the aggregation effects of 

the selective solvent; b) multiple cavities in the HBP architecture which is useful for 

providing free diffusion and size controlling; c) the presence of enough terminal 

functional groups on the HBP structure to facilitate the synthetic route and control the 

topologies for tailor-made properties. Nowadays, the self-assembly of HBPs is a key 

research focus, due to the developed synthesis methodology and their promising 

potential applications. Hyperbranched polyethers, polyesters, polyphosphates, and 

polysaccharides can be used as candidates for drug delivery, gene transfection, an 

antimicrobial material, and in the bioimaging field [5- 7].   
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Fig 1 shows a variety of self-assembled morphologies of HBP, including micelles 0D [8–

11], fibers or tubes 1D [8, 11, 12], vesicles or films 2D [13, 14], and networks 3D [15, 16]. 

However, the similar architecture of HBP can be self-assembled into different topologies 

of the nanoscale. For instance, hyperbranched polyglycerol HBPG-star-linear polymers 

with the same core of HBPG but different linear polymer segments, such as 

polyethylene oxide PEO [3], polyphenol oxidase PPO[17], and poly[2‐

(dimethylamino)ethyl methacrylate] PMDETA [18], will be self-assembled into different  

nanoparticles, from micelles to vesicles 0D–3D. 

 

Fig (1) Self-assembled structure forms from 0 to 3D by the HBP (a)0D (b–d), 1D (e, f), 2D (g), and 3D (h and i).  

     Yan et al. [19,20] first reported amphiphilic HBP consisting of hydrophobic 

hyperbranched poly[3-ethyl-3-(hydroxymethyl)oxetane] HBPO and poly(ethylene oxide) 

javascript:void(0)
javascript:void(0)
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PEO as star polymer HBPO-star-PEO. Subsequently, many vesicles have been generated 

from amphiphilic polyester or polyether-based HBP in an aqueous solution. 

     Due to the excellent hydrophobicity of hyperbranched polyethylene, the self-

assembly of HBPE-based macromolecules can also be accomplished in an aqueous 

solution. As long as they have a range of functionalities obtained by the “chain walking” 

catalytic polymerization CWCP of simple olefinic monomers [21], various HBPE 

containing polystyrene PS, polyethylene glycol PEG, poly methyl methacrylate PMMA, 

poly(oligo (ethylene glycol) methacrylate) OEGMA [22-25] have been reported  in the 

combination of CWCP with the “living”/controlled polymerization of ATRP or RAFT.  

     Our object is to study the direct effect of the selective solvents on the micellization of 

the HBPE-based block copolymer with different polymeric segments of poly(N-

isopropylacrylamide) NIPAM,  and poly(ε-caprolactone) PCL, which were examined 

under room temperature in the water and petroleum ether as a selective eluent, 

respectively. The self-assembly behaviour of the synthesized  HBPE-b-PNIPAM and 3μ-

HBPE(PCL)2 was investigated by dynamic light scattering, DLS, transmission electron 

microscopy, TEM, and atomic force microscopy, AFM.   

 

5.2 Experimental Section 

5.2.1 Chemicals 

     The HBPE-based block copolymer of the Hyperbranched polyethylene –b- poly(N-

isopropylacrylamide) HBPE-b-PNIPAM and 3-miktoarm star of 3μ-HBPE(PCL)2 
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copolymers were synthesized according to the procedure introduced in chapters 3 and 

4, respectively. 

5.2.2 Self-assembly of HBPE-b-PNIPAM in the water 

The aggregates of HBPE-b-PNIPAM in water were prepared by the solvent evaporation 

method with THF as a co-solvent [26]. Firstly, HBPE-b-PNIPAM was dissolved in THF to 

form a molecular solution at a concentration of 0.5 mg mL-1 at room temperature. 

Subsequently, a certain amount of distilled water was added slowly drop by drop into 

the THF solution, and the resultant solution was transferred into a centrifuge tube and 

dialyzed against distilled water in order to remove the THF using 8000 rpm/min at room 

temperature. 

TEM sample preparation: 1 drop of the HBPE-b-PNIPAM aqueous solution that has been 

used for the DLS measurement was spread on a carbon-coated copper grid. The excess 

solution was swept away by touching the edge of the grid with a small piece of filter 

paper, and the grid was dried under a vacuumed oven at 30˚C just before measurement. 

Nevertheless, non-stained sample preparation was applied. 

AFM sample preparation: The mechanical interaction between the tip and the sample 

provided an excellent structure and mechanical properties reflection. Samples were 

prepared by drying the micelle solution on the freshly cleaved mica sheet on the 

brighter side at 20°C. 
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5.2.3 Self-assembly of 3μ-HBPE(PCL)2 in the petroleum ether  

     The 3μ-HBPE(PCL)2 self-assembled in petroleum ether as a selective solvent, 

following the same preparation steps. All samples were followed by DLS, TEM, and AFM 

analyses.   

5.2.4 Polymer characterization 

     Transmission electron microscopy, TEM, observations were conducted at 25˚C using 

TEM machine of type Tecnai Twin from FEI Company (Hillsboro, OR) using a voltage 

which accelerates to 120 KV. The dynamic light scattering, DLS, measurements were 

conducted, using Zetasizer nano HT system from Malvern. The particle size distribution 

was determined by using the correlation function. The morphological observation of the 

micelles was performed using AFM on the SPA300HV Probe station in a tapping mode. 

5.3 Results and Discussion 

5.3.1 Self-assembly of HBPE-b-PNIPAM in the water 

The study of the micellization and self-assembly behavior of micelles in dried states is 

shown in Fig 2, and it confirms the existence of vesicles, Fig 2(a), as well asworms and 

branched worms, as Fig 2(b) shows.  

 

 

Fig (2) TEM images obtained for the aggregate HBPE-b-PNIPAM block copolymer. 
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      Moreover, smaller particles <35 nm were also present in the background, as  Fig 

3(a,b) shows. These small features were attributed to residual polymeric impurities that 

came from incomplete crosslinking and dead polymeric chains, and they were 

successfully removed by dialysis, as evidenced by DLS and TEM images in Fig 4. The 

observed micelles ranged in size from 58 to 100nm. 

 

 

 

 

 

 

 

 

 
Fig (3) TEM images obtained for the impurities aggregation of HBPE-b-PNIPAM block copolymer. 

 

 

 

Fig (4) TEM images obtained for the micellized HBPE-b-PNIPAM block copolymer in water (0.5 mg mL
-1

). 

      However, the polymer chains tend to organize themselves into a variety of 

structures, from micelles or vesicles to cylinders. The soluble blocks have attempted to 

orient themselves into the solvent medium in corona form, whereas the insoluble parts 
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escaped from the solvent in order to aggregate in the core of the structure, as Fig 2 

shows. After dialysis, it was recognized that the micelle solutions are arranged into 

spherical micelles, as shown in Fig 4. Well-dispersed and well-defined aggregates with 

regular shapes and sizes are formed and core-shell morphology is further confirmed by 

AFM and DLS in Fig 5.  

 

Fig (5) (a)DLS (left) and (b)AFM (right) obtained for the HBPE-b-PNIPAM, self-assembled in water. 

     Nevertheless, the presence of the network structure, as shown in Fig 2 (b), has been 

reported in the CO2-responsive polymers, including polymers such as poly(N,N-

dimethylaminoethyl methacrylate), and poly[(2-(dimethylamino)ethyl methacrylate)-co-

(2-(diethylamino)ethyl methacrylate)]) [27, 28]. It has been referred to as the presence 

of free electron pairs on the amine group effect. Recently, the developed HBPE-star 

copolymers have been rapidly micellized in water through the introduction of CO2 [29]. 

     The study of thermo-responsive behavior was further investigated, and thermo-

sensitivity for the micelles solution was applied. The average micelle diameters at 

(a) 
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different temperatures were recorded. However, a monomodal distribution with its Z-

average diameter of 56 nm and narrow size polydispersity of 0.46 informed the stable 

micelle formation. As shown in Fig 6, the hydrodynamic diameter increased dramatically 

from 56 nm at room temperature up to 230 nm at 35˚C. 

 

Fig (6) The Z-average distribution of the hydrodynamic diameter of HBPE-b-PNIPAM block copolymer at 23, 27, 31, 
35˚C respectively from high to low. 

     A sharp increase in the hydrophobicity of the PNIPAM chains, depends on the  

temperature at its transition point with LCST≈29˚C confirmed, as shown in Fig 7. 
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Fig (7) The Z-average distributions of the hydrodynamic diameter diagram with the temperature LCST change of 
HBPE-b-PNIPAM block copolymer. 

  

5.3.2 Self-assembly of 3μ-HBPE(PCL)2 in the petroleum ether  

     A new class of HBPE-based polymeric material of 3μ-HBPE(PCL)2 was synthesized with 

a non-polar segment block of HBPE and a polar segment block of PCL chains. Because of 

the two different natures of the amorphous HBPE and the crystalline (PCL)2 arms, the 

3μ-HBPE(PCL)2 is expected to undergo and self-assemble into nanosized micelles of 

various shapes and dimensions, induced by the selective solvent systems. However, 3μ-

HBPE(PCL)2 was selected as a candidate to self-assemble in the nonpolar organic solvent 

of the petroleum ether. The 3μ-HBPE(PCL)2 with 40% PCL mass fraction, can easily be 

dissolved in the petroleum ether, but the PCL polymer part cannot. So, the sample 

solution of 3μ-HBPE(PCL)2 was prepared by dialysis of its solution in THF against the 

petroleum ether, and the Dh values were determined by DLS to be 89 nm, under 
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conditions of 25 ˚C and 0.50 mg ml -1, showing good agreement with the AFM diameter, 

as shown in Fig 8.  

 

Fig (8) (left)DLS, (right)AFM, obtained for the 3μ-HBPE(PCL)2, self-assembled in the petroleum ether. 

      The TEM images in Fig 9 show that the morphologies of 3μ-HBPE(PCL)2 in the 

petroleum ether solution are micellar. The transmission in the periphery of the 

nanospheres is higher than the dark core, which can be clearly observed in the TEM 

images, which arises from the shrinkage of the PCL chains. Only one peak was detected 

in the Dh distribution, indicating the aggregation of almost all 3μ-HBPE(PCL)2 chains. 

Note that the micelle diameter of 89 nm, formed by the 3μ-HBPE(PCL)2, is small, which 

is close to the value of the HBPE-N3 size at 71 nm. This suggests that the 3μ-HBPE(PCL)2 

may exist as unimolecular micelles in the petroleum ether at a concentration of 0.5 mg 

mL-1. However, the Dh value of 3μ-HBPE(PCL)2 in the selective solvent of the petroleum 

ether is also smaller than the value of the good solvent in THF with a size of 1018 nm. 

Theoretically, it demonstrates the form of unimolecular micelles of star polymers in the 

petroleum ether. Moreover, TEM images indicate that typical vesicles with diameters 

(a) 
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from 80 to 100 nm are formed. The obvious collapse in the center of the spherical 

nanoparticles with thick wall vesicle might arise from the multilamellar structure of 3μ-

HBPE(PCL)2.  

 

 

 

 

 

 

 

 
 

. 

Fig (9) TEM images of 3μ-HBPE(PCL)2 self-assembled in the petroleum ether (0.5 mg mL
-1

). 

 

5.4 Conclusions 

     Overall, the morphology structure of the self-assembled structures of the core-shell 

block copolymer and the unimolecular micelles of the star-HBPE-based structures were 

investigated. The vesicles micellization of the synthetic HBPE-b-NIPAM and the 

multilamellar structure of the 3μ-HBPE(PCL)2 were debated. The thermos-responsive 

effect of the PNIPAM in the block polymer of HBPE-b-NIPAM with LCST≈29˚C was 

proved by DLS. Further analysis of TEM and AFM was used to follow the morphology 

changes of all polymers. Large application areas of their unique properties, such as the 

solid state and self-arrangements in a solution, pave the way for their use as 

biomaterials for drug delivery or as antibacterial materials [5-7, 30-32]. 
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Chapter 6: Conclusion and Future Work 

 
 

6.1 Conclusion 

     The main goal of the thesis was to develop and design new facile strategies to 

synthesize HBPE-based polymers with different and controllable topologies, by 

combining living "chain walking" catalytic polymerization, CWCP, using an α-Pd(II) 

diimine catalyst, and efficient polymerization strategies, including ring opening 

polymerization, ROP, atom–transfer radical polymerization, ATRP, and “click” chemistry. 

End-functionalized HBPEs with various functionalities further extend their applications 

as a novel class of functional polymeric materials. Due to their unique architectures and 

characteristic physical properties, HBPE-based polymers, in general, have received 

extensive interest for use in applications in various emerging fields, ranging from drug-

delivery to coating to rheology modifiers. Two types of end-functionalized HBPE have 

been implied, including a) encapsulation of multi-functionalities on the HBPE with 

various reactive groups for designing polymers with more complex architectures, such 

as hyperbranched-on-hyperbranched structures; b) building blocks for the construction 

of new polymers for more complex chain architectures such as miktoarm-star-HBPE-

based polymers.  

     The second goal was to design a new star-linking agent for a novel path, in order to 

synthesize miktoarm-star-HBPE-based polymers. Moreover, the sub-goal of our work 

was to study the implied polymers, in order to explore their properties and the 

morphology of the self-assembled polymers. 
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     Due to the unique structure of HBPE-based polymers, with numerous supramolecular 

building structures, the progress of polymer science, with associated rapid economic 

and industrial changes, have created a new potential for the production of novel 

polymeric materials with significant petroleum-based materials. A further aim of this 

work was to study the broadening effect of temperature and pressure on the catalyst 

activity and polymer properties, including the branching content, molecular weight, PDI 

distribution, and thermal properties, in order to determine the well-controlled 

polymerization conditions, as chapter 2 reported. The synthetic route of the amphiphilic 

HBPE-based polymers, through the combination of CWCP and ATRP, using the “grafting 

from” strategy with different polymeric segments of poly(N-isopropylacrylamide) 

PNIPAM and poly(solketal acrylate) PSA was demonstrated in chapter 3. The exploration 

of novel linking-star agent of in-chain ethynyl-functionalized PCL, in order to synthesize 

a new miktoarm-star-HBPE-based polymer was reported in chapter 4. All the 

micellization study, including the self-assembly behavior, was introduced in chapter 5.  

 

6.2 Applications and future work 

HBP has attracted many applications including the following: 

 Nanocrystal stabilizers 

     Several polymerization techniques, including living anionic, living cationic, ring 

opening polymerization, ROP, ring-opening metathesis polymerization, ROMP, and 

controlled or “living” radical polymerization, CRP, have been employed for the 

irreversible functionalization of inorganic nano-materials with the end-tethered polymer 

javascript:void(0)
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chains. Great deals of semiconducting and metal nanocrystals have been prepared for 

many diverse applications, by using HBP as stabilizers. To date, only six major kinds of 

HBP have been employed to prepare nanocrystal hybrid materials, namely 

hyperbranched poly(amidoamine) HPAMAM [1], hyperbranched polyethylenimine HPEI 

[2], hyperbranched polyglycerols HPG [3], hyperbranched poly(amine-ester) HPE [4], 

hyperbranched polyamine HPAM [5], and polyether polyol HPEO [6]. Based on the 

synthesis process of nanocrystals, as Fig 1 shows [7], three approaches have been 

introduced. Hyperbranched polymer "HBP first" was introduced using HPG as stabilizers, 

which is shown in Scheme 1 [8].  

 

 
 

Scheme 1 Three methods for the synthesis of nanocrystals: (a) "HBP first" (b) "ligand-exchange", and (c) "nanocrystals 
first." 
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Fig (1) Images of the aqueous solutions (left) and TEM images of HPG stabilized nanocrystals (right). 

 
 

 Self-healing 

     Moreover, azide and alkyne-ended HBPE with high molecular mobility chains have 

paved the way for many self-healing application.  The advanced function of artificial 

hyperbranched polymers, using CuAAC with the chemical network formed structure,  

could provide further of an economic and industrial support if applied to fixing damaged 

materials in pipes, building bridges, and connected wires. Consequently, the dynamic 

physical-chemical network plays a crucial role in self-healing materials. Hyperbranched 

poly(isobutylene) HPIB, Mn = 25 200–35 400 g mol-1, and Tg= -60 to-70°C, was employed 

to synthesize self-healing HPB through CuAA, as Fig 2 shows [9].  
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Fig (2) Cross-linking hyperbranched azide and alkyne-functionalized PIB through CuACC reaction at 20°C. 

 

 

 Designing complex architecture (dumbbell-like polymer) 

     Utilizing the key feature of the synthesized end-functionalized HBPE, azido-HBPE, 

advanced and complex topologies of HBPE-based polymers can be designed. The 

dumbbell-like HBPE-based polymer has not been reported until now. (This work is 

currently under progress.) Scheme 2 shows the route which has been used to carry 

out the synthesis. 

 
Scheme 2 Dumbbell-like HBPE-based synthesis route.  
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      Accordingly, predictable applications of HBPE as nanocrystal stabilizers and self-

healing can be used in the future to enhance the essential economic and industrial 

needs such as pollution reduction products, filters, and self-healing pipes to fix 

bridges at a very low cost. Specifically, the one-pot synthesis of HBPE is possible and 

suitable for industrial application on a large scale, without step by step sophisticated 

reactions and costly purifications. Furthermore, studying the amphiphilic structure 

of the HBPE-b-PEG-b-HBPE is under investigation as a promising biomedical 

application as a drug-delivering composite material. 
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APPENDICES 

 

Fig (A.1) MALDI-TOF mass spectrum of the in-chain (PCL)2-C CH.  
 

 

 Fig (A.2) 
1
H NMR of the PEO-MS. 

 

 

Fig (A.3) 
1
H NMR of the PEO-N3. 
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Fig (A.4) FT-IR of (a) PEO, (b) PEO- N3, (c) in-chain (PCL)2-C CH, and (d) 3μ-PEO(PCL)2 after “click” reaction. 

 

 

 

Fig (A.5) GPC traces of PEO-N3, in-chain (PCL)2-C CH, and 3μ-PEO(PCL)2  after the “click” reaction. 

(a) 

(b) 

(c) 

(d) 



152 
 

 

 

 

Fig (A.6) (left)DLS, (right)AFM, obtained for the 3μ-PEO(PCL)2, self-assembled in methanol. 

 

 

 

Fig (A.7) TEM image of 3μ-PEO(PCL)2 self-assembled in the methanol (0.5 mg mL
-1

). 
 

 

 

 

 

 

(a) 
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