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Polyolefin based materials are essential to todayôs society in both simplistic commodity 

plastics to complex nanostructured materials and optoelectronic devices. In order to better 

understand these materials and make new impactful innovations, there is a barrier of fabrication, 

scalability, versatility, and programmability. The answer to the worldôs plastic waste problem lies 

not in removing our use of polymers but relies in better understanding their properties, utilizing 

them as building blocks in advanced materials, and creating a long-lasting advanced material.  

Towards the goal of overcoming limitations in fabrication and scalability the work herein 

presents on utilizing a toolbox of living polymerization techniques such as living chain transfer 

polymerization (LCCTP) where new functionalities, stereochemical microstructures, optical 

properties, and physical properties of the polyolefin can be designed and systematically controlled. 

The polyolefins made through these techniques are scalable and versatile with end-group 

functionalization creating a seemingly endless choice of polymer building blocks and polymer 



  

materials. In line with creating new technologies that are programable the polyolefin building 

blocks made herein are utilized in multiple conjugates to create and understand methods and 

mechanisms of solid-state nanostructured self-assembly and access rare nonclassical phases that 

are highly desirable for their properties and uses in a plethora of applications. The conjugates 

investigated involve either a sugar-based head group covalently bond to a polymer tail to access 

rare and misunderstood Frank Kasper phase order-order transitions, or a perylene chromophore 

core covalently bond on both sides of the core in a linear fashion to polymer domains to create 

highly florescent or optically active materials that are useful in organic technologies such as  solar 

cells,  light emitting diodes, or nanotechnology. These perylene based conjugates can self-

assemble into unique columnar phases and single gyroid phase. These results with conjugates 

provide methods for reliable and programmable access to rich phase behavior through the design 

of the polyolefin domains.     
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Chapter 1: Introduction to Polymerization and Polyolefin 

Materials     

 

 1.1 Introduction to Polymerization 

 

 1.1.1 Ziegler-Natta  

  

 It is inarguable that most technological advancements of this 20th century have 

been the development of plastics. So much so that as a society we produce over 350 

million metric tons annually.1 There is no limit to how we utilize plastics in everyday 

life, from the more obvious packaging, toys, shipping, to the less obvious medical 

equipment, electronics, and textiles. It is this versatility that allows us to make new 

material developments and make new advancements. Though the plastic revolution 

began as early as 1920s we owe our thanks to Karl Ziegler and Giulio Natta who 

discovered group 4 transition-metal catalysis which made polymerizing ethene and 

propene industrialized. Their methods used milder conditions such as decreases 

temperatures and pressure restrictions. Ziegler and Nattaôs work has led to the design 

of a large variety of catalysts that have influenced the industrial scale production of 

commodity plastics such as high-density polyethene (HDPE) from a titanium-based 

catalyst.2-4 In 1963 they were awarded the Nobel Prize in Chemistry for their efforts 

and discoveries that have made the world we live in today possible.  

 The first generation of Zeigler catalyst dates back to 1953 were titanium 

tetrachloride (TiCl4) with diethyl aluminum chloride (Et2AlCl) was utilized as a co-
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catalyst for the production of polypropylene with a 90% isotactic microstructure.2,4 The 

most widely accepted mechanism for the Ziegler-Natta process was proposed by 

Cossee and Arlman,5,6 Scheme 1.1, were the insertion of a single ethylene monomer, 

into a growing polymer, is polymerized with TiCl4 followed by the transfer of one of 

the ethyl groups from the AlEt3. First, coordination to the “-conjugated olefin to the 

metal center occurs and forms a ɖ2-olefin adduct. Next Migratory insertion of the olefin 

into a polymer chain through a four-membered transition state facilitates the chain 

growth and generates an open coordination site for the next ethylene unit. This process 

repeats until chain termination occurs by quenching or by another chain terminating 

process. 

 

 There were many generations of TiCl3 based catalyst developed due to the wide 

success of Ziegler-Natta work. Such as catalyst were MgCl2-supported were the MgCl2 

had improved activity, stereoselectivity, and allowed for reduction in the amount of 

titanium needed to do polymerizations thanks to its internal and external donors. While 

these heterogenous catalyst played an important role in the industrial production of 

polyolefins it was not until developments with group IV transition metals that the 

production of polymers of high yield, low polydispersity, and lowed by-products was 

achieved. Despite the success of heterogeneous catalysis there are many limitations: 

 
Scheme 1.1  Cossee and Arlman mechanism for the Zeigler-Natta process, showing the 

insertion of ethene monomer using heterogeneous TiCl4 catalyst.  
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(1) lack a defined active site, (2) tailored catalyst design is difficult, and (3) polymers 

produced often suffered broad molecular weight distribution and were difficult to 

characterize.7  

 

1.1.2 Homogeneous Metallocene Complexes 

 

 In an effort to provide better control over polymer architectures and 

compositions the development of metallocene based catalysis began in the 1980s.8 To 

start Sir Geoffrey and Wilkinson developed titanocene dibromide zirconocene 

dibromide (Cp2Br2), and since then the discoveries of metallocene for polymerization 

has been extensive.7,9 Generally, metallocene catalysts have a formula of Cp2MX2, 

(Cp= cyclopentadienyl; M = metal often time Ti, Zr, of Hf based; X = can be either a 

methyl or a halide group). The catalyst is activated by an alkyl aluminum co-catalysts 

such as triethyl aluminum (AlMe3) through the process of alkyl group abstraction. 

However, there was many issues when it came to polymerization with metalloceneôs 

including decreased rates, inability to polymerize propene, and failed polymerizations 

of any higher olefins.12 It was not until Sinn and Kaminsky work with 

metallocene/AlMe3 systems and small amounts of water that there was increased 

activity.7,10 The breakthrough with water allowed the formation of methyaluminozane 

(MAO) to assist with polymerizations and while the exact structure and role of MAO 

is not yet fully understood one function of the MAO is hydrolysis of AlMe3.
7,11  

 As olefins monomers branched beyond ethene, they began to have the attractive 

feature of pendant chains whose orientation along the polymer backbone lead to 
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different stereochemical configuration (tacticity) to occur and with that came a change 

in overall property of the polymer material. Figure 1.1 presents different 

microstructures for polypropylene (PP) and the corresponding characteristics of 

isotactic and atactic PP.13-17  

 

While metallocene systems were groundbreaking they had problems controlling 

the stereoregularity within the polymer thus limiting the scope of properties a single 

monomer type can possess. However, two major developments in stereoselective 

catalysts changed the field of metallocene chemistry and offered control over the 

tailoring of the polyolefin microstructure: (1) incorporating different alkyl groups into 

a cyclopentadienyl ligand allowed for higher levels of enantiomorphic site control to 

produce stereoselective polymer, (2) metallocene symmetry such as chiral or stereo-

rigid nature gave the greatest control over the olefins insertion.18-21 De Rosa and 

coworkers are a great example of ansa-bridging metallocene catalysts that 

 
 

Figure 1.1 Stereochemical microstructures of polypropylene.  
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stereocontrol the insertion of the olefin through the ansa-bridging moiety effect on 

locking the rotation of the configuration thus making it C1-symmetric. Consequently, 

this allowed for isotactic PP to be yielded free from regioerrors thus creating a range 

of stiff-plastics with high melting points and thermoplastics with flexible behaviors, as 

well as thermoplastic elastomers with high tensile strength.7,12,22 While these ansa-

bridged metalloceneôs do offer a range of polyolefin materials, they lack usefulness on 

an industrial scale due to complex synthesis of the catalyst itself and expense of the 

ligand structure. Furthermore, the biggest limitation lies in the óone catalyst, one 

materialô motif where one would have to make multiple expensive synthetically 

difficult catalysis to create stereogradient of materials.  

 

1.1.3 Living Polymerizations  

 

 Modern synthetic polymer chemistry is contingent upon living polymerizations. 

Description of living polymerization are those where chain growth occurs at the same 

rate for all polymer chains and will continue without irreversible chain transfer or 

termination pathways. When these conditions are met it allows for precise control over 

the molecular weight of the polymer and introduces the possibility of end-group 

functionalities to be added through quenching methods. The earliest description of 

polymerization described as living date to Floryôs polymerizations of ethylene oxides 

and since then has been applied to a wide range of different polymerization 

techniques.23-29 Within the current work living coordinative polymerizations will be 

discussed and are categorized as such through seven criteria. It is important to note that 
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if these criteria are met polymer materials resulting will contain narrow molecular 

weight distributions where the dispersity, ņ, approaches but never can reach 1.00.25   

 1. Rate of initiation (ki) must be greater than rate of propagation (kp) thus 

polymerization will proceed until all monomer is consumed, and the addition 

of subsequent monomer will result in further chain growth.  

2. The number average molecular weight (Mn) increases linearly as a function 

of monomer consumption.  

3. The number of active sites present remains consistent for the length of the 

polymerization.  

4. Molecular weight can be precisely controlled stoichiometrically.  

5. Polymers yielded have narrow molecular weight distributions where Mw/Mn 

~ 1.00  

6. Block copolymers can be polymerized through sequential monomer addition.  

7. End-group functionalization is attainable.  

The ability to have polymers with narrow dispersity is the most defining attribute of 

living polymerizations. The number average molecular weight is described as the total 

weight of the sample divided by the number of molecules within the sample, Equation 

1.1. Where the ordinary arithmetic mean is labeled as Ni, and polymer chains molar 

mass is labeled Mi.
30 The weight-average molecular weights is described as the 

weighted mass fraction of each molecule relative the whole sample, Equation 1.2.  

Dispersity is defined by the ratio of the weight average molecular weight and number 

average molecular weight, Equation 1.3.31 
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 The overall molecular weight and dispersity withing the polymer strongly 

influences the physical properties of the material, such as melting point (Tm), glass 

transition temperature (Tg), solubility, viscosity, chain entanglement, radius of 

gyration, and mechanical strength.32,33 Therefore, it is important when considering a 

polymerization method to consider the system/ property relationship.  Tying it back to 

heterogeneous Ziegler-Natta catalysts they generally had ņ values that ranged from 3 

- 20.Whereas, stereoselective metallocene catalysts accessed materials with  ņ values 

closer to 3.00. While ólivingô systems have been able to target ņ closer to 1.00.    

 It is important to note that the rate of chain transfer will always be greater than 

the rate of propagation but as the reaction proceeds with time the rate of propagation 

will change. Specifically, the rate of propagation will slow down toward the end of the 

reaction thus generally speaking the dispersity of the material also changes as a function 

of time. Even at incredibly low degrees of polymerization one can achieve low 

monodispersity. Furthermore, the dispersity will become even more narrow as 

propagation slows.  
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1.1.4 Living Coordinative Polymerization 

 

 Living coordinative polymerization (LCP) is distinguished by the ability to 

control the polymer in terms of dispersity, molecular weight, microstructures, and 

molecular architecture of the polymer. Difficulties in LCP development arose from 

early termination pathways.34,35 Scheme 1.2 presents several chain termination 

pathways from the LCP of ethylene. To begin, 

 

(A) and (B) in Scheme 1.2 depicts ɓ-hydrogen elimination that process either through 

transfer to the metal (A) or direct transfer to monomer (B). Presented in (C) is the 

pathway for chain termination through ů-bond metathesis called transmetalation.34,35,36 

 
 

Scheme 1.2 Examples of termination pathways from LCP.   
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To utilize LCP without these early termination pathways the use of borate co-catalyst 

in place of alkyl aluminum has proven successful.37  

 In 1979 Doi and co-workers reported the first LCP from group IV vanadium 

catalysts with a general form of [V(acetylacetonate)3] activated through Et2AlCl and 

produced syndiotactic PP with narrow molecular weight distribution.38,39  Limitations 

in this study were that living character was only achievable below -65 °C, had very few 

monomer insertions, and only 4% of vanadium centers were active.38,39 More recently, 

the development of group VI transition metal catalysts with LCP has been reported for 

a number of Ŭ-olefins, Ŭ,-nonconjugated dienes, and cyclic monomers.37 Such as 

systems developed by McVonville,40,41 Kol,42 Schrock,43 Coates,44 and Sita.45 The Sita 

group present not only LCP systems but also utilize ethene, propene, higher carbon 

number linear and branch chain Ŭ-olefins, and also Ŭ,-nonconjugated dienes through 

a family of group VI cyclopentadienyl amidinate complexes (CpAM). These CpAM 

catalyst act as initiators for LCP to produce high yielding, one-pot synthesis, that 

provides narrow dispersity, tunable degrees of polymerization (DPn), and targeted 

molecular weights. With such a system employed it offers considerable control over 

tailoring stereochemical microstructures of the polyolefin materials.  

 Within the Sita Group the general structure for CpAM catalysts is presented in 

Figure 1.2A where these initiators are activated by a borate co-initiator 
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[PhNMe2H][B(C6F5)4] (B1) at ambient and sub-ambient conditions. The design of the 

C1-symmetric Zr pre-initiator, [Cp*ZrMe2{ N-(tBu)C(Me)N(et)}], in Figure 1.2B, 

preforms stereoselective LCP to produce isotactic polymers.45-47 This pre-initiator with 

LCP technique has led to not only a number of homopolymers but also di- and tri-block 

copolymers.48,49  LCP technique with Zr pre-initiator only lead to stereoregular 

polyolefins and it was of interest to modulate that stereoerrors in the polyolefin 

microstructure to generate a range of polyolefins with different stereochemical grades. 

Thus two-state stereomodulated LCP was developed.46,50-57  These techniques of 

stereomodulated LCP is a degenerative group transfer process where a fast reversible 

methyl or chloro group transfer occurs between a population of x active propagators 

and a population of 1-x dormant species that are created due to sub-stoichiometric 

activation of the pre-initiator species, Scheme 1.3. The dormant species metal-center 

 
 

Figure 1.2 General structure of CpAM catalysts.   
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can epimerize and therefore change stereo-directive control and inserts stereoerrors into 

the polymer chain.50-57 When utilizing this system, it has been shown to produce 

stereoblock polyolefin materials with tunable block length.  

 

 

1.1.5 Living Coordinative Chain Transfer Polymerization  

 

Despite all that LCP and living degenerative group-transfer offers, there is still 

a limitation and dependence on expensive transition metal catalysts and óone chain per 

active siteô motif. When the addition of a chain transfer agent (CTA), such as diethyl 

zinc (ZnEt2), is added to the polymerization system it increases the number of polymer 

chains a single cite can produce, thus acting as a surrogate metal to the catalyst. This 

process  is known as living coordinative chain transfer polymerization (LCCTP), 

Scheme 1.4. LCCTP allows for much larger quantities of narrow dispersity, tunable 

molecular weight, polymers to be synthesized. In 2008, Sita and co-workers 

demonstrated that LCCTP with Cs-symmetric hafnium catalyst 

[Cp*HfMe2[N(Et)C(Me)N(Et)], Figure 1.2C,  activated by the borate co-initiator with 

 
Scheme 1.3 Mechanism of two-state stereomodulated LCP.  
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ZnEt2 produced completely atactic amorphous polypropylene.58,59 The success of the 

LCCTP process relies on the fast and reversible polymeryl group transfer between 

active Hf center and the CTA. The rate of chain transfer (kct) is much greater than the 

rate of chain propagation (kp). In order to target a molecular weight for the polymer  

(Mw) Equation 1.4 can be used where equivalents (eq.) of monomer and CTA, and M 

monomer molecular weight, and ni number of chain sites on CTA are important.  

 One of the most useful aspect of LCCTP is the ability to produce end-group 

functionalized poly(Ŭ-olefinate) (xPAOs) through various X-Y reagents talked about 

in in detail the next section.  

 

 

 

 

 

 
 

Scheme 1.4 Mechanism of LCCTP 

Equation 1.4  ὓ  
Ȣ  

Ȣ
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1.2 Introduction to Polyolefin Building Blocks 

 

 The precise polyolefins made through LCCTP can act as non-polar building 

blocks to be utilized in molecular conjugate systems, to create a larger recyclable 

polymer, or as unique homopolymer materials. In general, end-group functionalization 

is of great importance because they offer further opportunities to create unique 

molecules with a wider range of applications. Within the work herein polyolefins 

synthesized through LCP and LCCTP are utilized as building blocks, if functionalized, 

or unique polyolefin materials if not functionalized.  

 

1.2.1 End-Group Functionalization  

 

 In this work the most common end-group functionalization involves 

termination with elemental iodine (I2) for further substitutions to azido-termination, 

and reduction to amino termination, see Figure 1.3. More specifically, the azido-

terminated polyolefins were utilized with sugar head-groups to establish the sugar 

polyolefin conjugates.  While the amino terminated polyolefins were used with 

perylene chromophore cores to establish the perylene bisimide conjugates. Each aspect 

of the polyolefin is tuned for specific properties and treated as a building block that can 

be used with another molecular component.  
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 Proven here, and in previous studies done by this group, the xPAOs can function 

as non-polar building blocks for a variety of conjugate systems. These materials have 

shown to undergo microphase segregation to several classical and nonclassical phases 

discussed herein. 60-65 More recently, these xPAOs have been synthetically engineered 

to contain bifunctionality meaning that there are functional groups on both end of the 

polyolefin domain.66 This was accomplished through utilizing diphenyl zinc  (ZnPh2) 

CTA while iodo quenching the reaction. This allowed for a phenyl group to end cap 

one end of the chain and an iodine the other. From there simple synthetic modifications 

allowed for an alcohol group to take the place of the iodine, more information in 

Chapter 5. These telechelic polyolefins can also act as non-polar building blocks and 

have been investigated for the purpose of creating reversible/ recyclable polymers that 

 
 

Figure 1.3  Synthetic routes for xPAOs from LCCTP.  
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break back down into the telechelic polymers rather than all the way to the monomer 

unit. This allows for a faster and more energy efficient recyclability where the 

polymerization step can be skipped.  

 

1.2.2 Characterization  

 

 The key factors to determine physical properties within polymers are: (1) 

chemical composition which can be elucidated through nuclear magnetic resonance 

(NMR), (2) molecular weight and dispersity which can be understood through gel 

permeation chromatography (GPC), and (3) glass transition temperature or melting 

temperature which can be observed through differential scanning calorimetry (DSC). 

NMR is used frequently throughout the investigation in this work to explain the 

microstructure of the polymer chain. Since the goal of many studies is to influence the 

stereoregularity of the polymer it is important to note that not all carbon NMR studies 

can do so quantitatively and sometimes can only offer a qualitative analysis. When it 

comes to functionality of the polymer NMR offers the ability to track the change in 

functionality due to the shift of the alpha protons peak located next to the functionality, 

see SI for each chapter for peak shifts and peak profile changes. Lastly, NMR offers a 

rough estimate of the molecular weight of the polymer using the alpha peak integrated 

against the broad peaks for the rest of the polymer chain. This is extremely useful for 

polymers that are insoluble in solvents and unable to be characterized by GPC.  

When it comes to a more accurate measurement of molecular weight of the 

polymer GPC is useful not only in telling the length of the polymer chain but the 
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dispersity of the polymer material itself. Take Figure 1.4 for example, despite having 

the same number-average molecular weight, red line and black line, the high molecular 

weight chains in the broad sample (red line) have a higher dispersity and effect the 

polymers overall physical properties such as viscosity, chain-entanglement, and can 

limit its use in certain applications or as a xPAO building block.67 The green line 

represents a bimodal profile which even more so represents completely two 

different species of polymer existing within the material. Other than molecular weight 

and dispersity of the polymer GPC can also help understand the polymerization 

conditions and if anything is incorrect. For example, if the molecular weight does not 

match the targeted molecular weight for the reaction this can mean several things 

including that the polymerization did not go to completion, that the catalysts system 

was not fully activated, or the monomer feedstock was not properly added to the 

reaction mixture. If the dispersity of the materials is large this could be due to improper 

 
Figure 1.4  Weight distribution curves for three theroetical samples. Red and black 

lines represent samples of equivalent number-average molecular weight but 

different dispersities while green lines represents a bimodal separate species.  
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activation or inhomogeneous reaction mixing. It is important to note that the disparities 

of lower molecular weight polyolefins are higher since the rate or propagation is at its 

fastest at the beginning of the polymerization. Even though the rate of chain transfer 

will be greater than propagation the ratio is larger due to the speed of propagation. 

Lastly, if the polyolefin has difficulty with solubility the dispersity can also be 

incorrectly measured by the GPC to be larger than it is. High temperature GPC can be 

utilized instead from materials that are insoluble at room temperature.  

The mechanical properties,  processability, and phase separation of the 

polymers and conjugates  have a strong dependency on the temperature transitions 

within the polymer. For example, within hard-soft block copolymers if the hard domain 

has a low melting temperature (Tm) and the soft domain has a high glass transition 

temperature (Tg) there might not be enough dissimilarity between the two domains to 

phase separate. Additionally, cold crystallization temperature (Tc) can be observed in 

semicrystalline to crystalline polymers, Figure 1.5. 

 

 
Figure 1.5  DSC trace of theroetical amorphous (blue) and semicrystaline (red) 

polymers with glass transition temperture (Tg), melting temperture (Tm), and cold 

crystallization temperture (Tc) labeled, where exo is up. 
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 All three of these characterization techniques are utilized to understand the 

physical characteristics of the polymers made and are employed as a way to design the 

physical properties or phase behavior of the materials. These techniques help problem 

shoot the design of the polymers themselves as well as the synthesis.  

 

1.3 Introduction to Self-Assembly  

 

 All living creatures are depended on the self-assembly and complex folding of 

proteins and DNA. Furthermore, advancements in supramolecular chemistry are reliant 

on self-assembly of the material as a multitude of applications rely on this behavior: 

technology, catalysis, medicine, biomedical engineering, nanopatterning, and much 

more.68-74  This being known the structure and function of a material are heavily 

intertwined with the  self-assembly on a molecular or macromolecular scale. 

Understanding and observing self-assembly within a material is not a trivial pursuit. 

Even the smallest of differences within the structure or properties of a compound can 

result in drastically different microphase separations. In order to design new self-

assembling materials, it is important to understand what governs self-assembly and be 

able to utilize that knowledge to apply it to a designable motif.  

 This introduction will present briefly different types of packing systems and 

models for óclassicalô and ónon-classicalô phases. The polyolefin-based conjugates and 

materials made within the body of this work are classified as thermotropic solid-state 

soft matter materials and systems described within this introduction will focus on 

materials of the same or similar classification. It is important to note that many past 
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investigations into phase separation have relied upon óshooting in the dark and hoping 

to hit a targetô method to formulate predictions or theories and it is of importance to 

understand the rules and requirements of self-assembly in a more systematic way to 

help advance technologies among many other applications.  

 Molecular self-assembly is reliant upon spontaneous association of molecules 

through noncovalent interactions, without external driving force, to result in stable 

phase separated óaggregatesô.71 Some of those non-covalent interactions could be 

forces such as hydrogen bonding, hydrophobic interactions, electrostatic interactions, 

“ “ interactions, van der Waals forces, and others, Table 1.1.75,76 The fundamental 

thermodynamic principle of self-assembly is the presence of favorable enthalpic 

driving force that is strong enough to overcome an unfavorable

 

entropic contribution from the increase in organization, leaving the structure existing 

at a thermodynamic minimum at equilibrium.75 This ultimately lowers the free energy 

of the arrangement compared to the unordered system.76,77 

 

Table 1.1 Summary of supramolecular interactions for macromolecular self-

assemblies. Adapted with permission from Su, Z. B. et al. The role of architectural 

engineering in macromolecular self-assemblies via non-covalent interactions: A 

Molecular LEGO approach. Prog. Polym. Sci. 2020, 103. Copyright 2020 Elsevier.   
  
 

Interactions Length Scale Energy (kJ/mol) 
Van der Walls Several Å < 5 

Hydrogen Bonding 1.5 ς 2.5 Å 40 ς  60 
Halogen Bonding 2.6 ς 3.6 Å 10 ς 150 

Ion-Ion interactions  1 ς 100 Å 100 ς 350 
Ion-dipole interactions   1 ς 100 Å 50 ς 200 

Dipole-Dipole Interactions  1 ς 100 Å 5 ς 50 
“ “ Interactions 3 ς 4.5 Å 0 ς 50  
Hydrophobic Effect N/A  N/A 
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1.3.1 Surfactants  

 

 Surfactants are a class of amphiphilic molecules that readily self-assemble and 

are one of the most common and simplest examples of self-assembled systems. The 

term amphiphile comes from the concept that amphi- means óbothô in Greek, and -phile 

from philia means óloveô. Amphiphiles contain both hydrophilic and lipophilic parts 

meaning a portion of the compound is ólovesô water and the other portion of the 

compound ólovesô organic solvents.78  Within this body of work sugar polyolefin 

conjugates closely resemble surfactants as the polar sugar head covalently bound to a 

non-polar polyolefin building block domains creates an amphiphilic material that phase 

separates in the solid-state.  

 To begin most surfactants, tend to be small organic molecules that contain a 

polar head-group that can be zwitterionic, cationic, anionic, or nonionic.79 Self-

assembly studies of surfactants often take place in solution to help induce the phase 

separation due to the incompatibility between a hydrophobic region and polar solvent. 

When above the critical aggregation concentration (CAC) these surfactants will 

reversibly and dynamically adopt different conformations in order to minimize 

unfavorable interactions. For example, in aqueous solutions the polar head-group of the 

surfactant will orient itself on the exterior and self-assemble so that the interior of the 

structure, made up of the hydrophobic region, avoids interaction with that solution. 

This dispersal of the cohesive energy is favored during this self-assembly.79 There are 

many shapes these aggregates can form, Figure 1.6, and the shape is strongly influenced 

by the environmental parameters such as temperature, concentration of solution, and 

pH.80 Because of the behavior and ability to reduce interfacial tension within liquids is 
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why they are called surfactants, ósurface active agentsô and are often utilized in cleaning 

products, personal-care products, detergents, emulsifiers, and drug delivery 

systems.81,82  

 Today, the self-assembly of surfactants proposed methodology has been headed 

by two groups, first being Tanford and the second being Israelachvii and co-workers 

Mitchell, and Nanham. Tanford proposed the concept of opposite forces in order to 

formulate a quantitative expression for the free energy change during aggregation.83-85  

 
Figure 1.6  (A) Surfactant self-assemblies based on packing parameter p. (B) 

General structures of glycolipides where red represents the polar head group and the 

black represents the non-polar polymer chains. 

 

 



 

 

22 

 

While Israelachvii et al. clarified how the molecular structure of surfactants control the 

shape and size of the aggregates observed.86 This proposal relied on a geometry-based 

molecular packing parameter, and allowed one to predict the size and shape off the 

aggregate from a combination of the molecular packing parameters and thermodynamic 

principles.75 This parameter is known as the packing parameter p, which is equal to the 

volume of the tail (v) divided by the product of area of the polar head group (ao) times 

the length of the tail (lc). Therefore, p = v/aolc and the ratios between these variables 

predict the corresponding self-assemblies, Figure 1.6. Each self-assembled structure 

contains a different way in which the material can be utilized. For example, micelle 

and vesical aggregates are particularly useful in drug delivery systems.  Relevant to 

todayôs continued pandemic with Covid-19 one of the major limitations to getting the 

vaccine to be distributed world-wide was its stability at room temperature. The 

vaccination had to be delivered in specific packaging and kept cold even when 

transportation would take it through all different outdoor climates. A surfactant that is 

safe for the human body that could encapsulate the vaccination for Covid-19 could 

propose as a helpful tool in the overall stability and handling of the vaccination. This 

is just one relevant example of how surfactants and the self-assembly of the materials 

can affect our society.  

 There are cases were amphiphiles (other than surfactants) can self-assemble 

without solvent known as amphitropic. Regardless, these types of amphiphiles that are 

amphitropic follow similar packing parameters proposed by Israelachvii and co-

workers.87 For a lyotropic system, as amphiphile concentration increases the phases 

observed can change from micellar (Pmσn, Imσm, Fmσm, and Fdσm), to columnar, to 
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lamellar, then cubic ( Iaσd, Pn3m, and Imσm). When it comes to thermotropic 

amphiphiles there is less understood, and no proposed phase diagram has been 

documented. In general, for liquid crystal amphiphiles there is a suggested correlation 

with the increase in interfacial curvature. The proposed relationship follows that a 

smectic A phase will be first observed, then bicontinuous cubic phase, followed by a 

columnar phase, and ends with a micellar cubic phase.88 However, there are many 

factors that change the mesophase for a thermotropic systems such as chemical 

composition and temperature of the material.    

 

 

1.3.2 Model for Classical Phases in Block Copolymers  

 

 Block copolymers (BCP) make up a large classification of molecules with the 

general definition being, made up of two or more immiscible or chemically distinct 

blocks covalently linked together. Figure 1.7 displays the wide array of structures BCPs 

can possess. The structural covalent bond that links the immiscible or chemically 

distinct domain together prevents macrophase separation and instead microphase 

separates into many unique morphologies. The simplest and comprehensible study of 

AB-type BCP allows one to predict and understand what  óclassicalô morphologies a 

material can obtain. For BCP that contain hydrophilic and hydrophobic blocks that 
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repel one-another, without solution, one can see the formation of block-selective 

separation and self-assemblies as a result of this unfavorable mixing enthalpy and small 

mixing entropy.89 Flory-Hugginôs theory explains coil -coil binary polymer mixtures to 

model  and describe the mixing and de-mixing of polymers through the Flory-Huggins 

interaction parameter, ɢ, Equation 1.5. This parameter describes the nonideal mixing 

free energy or in other words the degree of incompatibilty between blocks within a 

BCP by the free energy cost of the contact between disimilar blocks, A and B.30,90,91 

Where z represents the number of nearest-neighboring monomers. The symbols ‐ , 

‐ , ‐  are the interaction energies between the differeing monomer types, while kBT  

 
 

Figure 1.7  Different molecular architectures for block copolymers. Adapted with 

permission from Su, Z. B. et al. The role of architectural engineering in 

macromolecular self-assemblies via non-covalent interactions: A Molecular LEGO 

approach. Prog. Polym. Sci. 2020, 103. Copyright 2020 Elsevier.   
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is the Boltzmann constant and T is the temperture. The value of ɢ is usually very small 

and positive and inversly related to temperture of the system  since increases 

tempertures promotes the mixing of the system.   

 

 Leibler in 1980s proposed a new model for coil-coil BCPs and it was based on 

three main factors.  Leibler utilized the parameters ɢN  and volume fractions for each 

block to generate a phase diagram that predicts the morphologies of BCPs.92 

 1. The sum of the degree of polymerization of the blocks (N) is equal to the 

degrees of polymerization for each repeating monomer unit within each block 

where A and B are different blocks : N = NA + NB . 

 2. Flory-Hugginôs interaction parameter, ɢ.  

 3. The volume fraction for each block adds up to 1: fA + fB = 1 

To describe additional morphologies that can be observed with BCP self-

consistent mean field theory provides a more complete depiction of diblock copolymer 

phase behavior where bicontinuous gyroid phase is now included.93,94 Masen et al. 

developed the phase diagram adapted in Figure 1.8, which includes a graphical 

representation of the competition between interfacial energy of incompatible block 

interactions and resulting mesophases observed. These phases are driven by both 

enthalpically effects and entropy loss due to chain stretching and organization during

Equation 1.5    …
 
 ‐  ‐  ‐     
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phase separation process.95 Because the ɢ value tends to be so small Leibler proposed 

that the total ɢN  needs to be greater than 10.5 for phase separation to occur.92 That 

being said, the smaller the polymer chains the smaller the feature size of the 

morphological pattern is. Therefore, specifically morphologies with sub-10nm domain 

spacing have been found to be useful in microelectronics with few examples in the 

literature able to achieve such small spacing.96 

 
Figure 1.8  Theoretical phase digram for linear AB-type BCPs predicted by self-

consistent mean-field theory. Surronding the graph is the classical morphologies: 

body centered cubic (S), columnar hexagonal or hexagonaly packed cylinders (C), 

bicontinous gyroid (GYR), and lamellar (LAM) as a function of volume fraction of 

block A in the AB-BCP.   
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 Within this body of work many materials, including BCPs, are explored for 

their self-assembly were the careful design of non-polar polyolefin building blocks are 

utilized to tune the phases observed. The self-assembly of the materials takes up two 

main goals of this work were (1) is to show the versatility of our scalable functionalized 

polyolefin (xPAOs) building blocks to systematic effect on phase separation, and (2) 

utilize the xPAOs with sugar-based conjugates and perylene-based conjugates to access 

rare and rich phase behavior while creating a methodology to access the phases 

observed.  

 

1.3.3 Frank Kasper Phases  

 

 There are many types of materials that self-assemble and amongst those are 

metal alloys or other óhardô matter systems. These types of systems can self-assemble 

into ónon-classicalô phases such as Frank-Kasper (FK) phases.97 These FK phases are 

classified as topologically close packing of atoms with different atomic radii, electronic 

states, shapes, or sizes. Frank and Kasper as early as 1950ôs studied these systems 

solely in óhardô sphere phases where they discovered that these spheres most efficiently 

sort and pack into a coordinate number (CN) of 12 with three possible arrangements. 

The first being face-centered cubic (FCC) which is a cuboctahedra shape. The second 

involving a twinned cuboctahedra shapes for hexagonal close packing (HCP). The third 

being a topologically close packing (TPC) phase with icosahedron shape which comes 

from a distortion of the central atom in CN 12 to give a free energy minimum. This 12-

coordination distorted icosahedra occurs when a polyhedra of larger coordination 
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number is grouped with it. These larger polyhedra have triangular faces and basic 

intersections of tetrahedral arrangement with slight distortions of atomic positions 

giving rise to CN of 14, 15, and 16, Figure 1.9. The FK phases contain a minimum of 

two of the four possible polyhedra, as the CN 12 distorted icosahedra alone does not 

have 6-fold symmetry. Within these polyhedra there are two types of bonds, or contact 

points, labeled as either a 6-fold or 5-fold vertices, Figure 1.9.97,98  

 

 

 
Figure 1.9  Frank-Kasper polyhedras (top) with CN 12, 14, 15, and 16. The 6-folg 

close connection are between the red spheres and neighboring atoms, and the 5-fold 

close connections are bewteen the red spheres and other colored spheres. The CN 

12 icosahedron (middle) has 20 faces with no 6-fold connections. CN 14 (middle) 

has 24 faces with two 6-fold connections. CN15 has 26 faces (middle) and theww 

6-fold connections. CN16 has 28 faces (middle) with four 6-fold connections.   
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 Frank Kasper original metal alloys were found to have 27 known phases. For 

example, the cubic FK A15 phase contains the CN 12 and CN 14 polyhedra comprised 

of 8 atoms grouped into two sets, A3B (Nb3Sn).  Other phases such as Laves C14 and 

C15 contain the CN 12 and CN 16 with general stoichiometry of AB2, such as MgZn2 

and MgCu2. When it comes to the tetragonal ů phase there are 30 atoms grouped into 

five sets with CN 12 and CN 14, and the other set is CN 15 polyhedra, (CrFe).99 These 

metallic alloy phases are of important interest due to their useful properties in use in 

superconducting materials, such as in the FK A15 of Nb3Sn material.100  

 Branching away from metallic alloys FK phases also have been observed in soft 

matter systems where the spheres are now comprised of deformable/ squishable cells 

that can form these complex phases, Voronoi or Wigner Seitz micelles. Overall, FK 

phases are thought to result from subtle competitions between thermodynamic 

enthalpic and entropic driving forces and molecular shape. FK phases in soft matter 

materials remain relatively rare with a difficulty resting in oneôs ability to 

systematically target phases and have those phases be long lasting. That being said FK 

phases such as A15, ů, C14 and C15 Laves, and Z phase are reportedly found in liquid 

crystals101,102, dendrons103, ógiantô molecules104,105, block copolymers106, small-

molecule surfactants107-109, and colloidal nanoparticles.110 Within soft matter materials 

the most common FK phases to be observed include FK A15 and ů phase. These two 

phases both come from periodic approximations of different quasicrystals with 

rotational symmetry but no long-range translational periodicity.111,112  

 Within this body of work sugar polyolefins are observed to self-assemble into 

FK A15, ů, and dodecaquasicrystalline (DDQC) phases. The methodology behind the 
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phases observed within sugar polyolefin conjugates set new presidents for order-order 

transitions hypothesis. Dendritic liquid crystals provide a method for how materials can 

transition into hexagonal cylindrical phases then into spheres for the FK A15 phase. 

Generally, the molecular shape of the dendrimer or dendron controls the resulting 

supramolecular assembly which in-turn changes the yielding phases. For example, 

dendrons that have an overall wedge-shape generally assemble into columnar phases, 

whereas other form conical shapes.113 An example of an early thermotropic dendritic 

liquid crystal, in 1997, was of a crown-ether tapped molecules that formed wedge 

shapes into columnar phases, and conical monodendrons formed spheres into FK A15 

phase.114,115 Since then, it has been widely excepted that having a material that has 

flexibility to both adopt a wedge and conical shape allows for FK phases to emerge.  

 While many soft matter materials can access FK phases and pieces of their 

methodology can be parallel the sugar polyolefin conjugates discussed herein. The 

sugar polyolefin conjugates represent the first soft matter thermotropic material with 

both remarkable stability and accessibility to many classical and non-classical 

morphologies such as FK phases .  

 

1.3.4. Liquid Crystals 

 

Liquid crystals belong to a unique group of soft materials because they exhibit 

a molecular organization that resembles aspects of both the solid state and the liquid 

state. To further understand this difference, in crystalline solids the molecules will 

display a long-range ordering at fixed positions at regular distances with a very specific 
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orientation. However, liquid crystalline materials demonstrate a unique intermediate 

state between anisotropic solids and isotropic liquids were the molecular shape of the 

material plays a significant role in the ordering and behavior of the materials.116,117 It 

was believed that only rod-like molecules could display liquid crystalline 

mesomorphism, but in 1977 Chandrasekhar and co-workers reported a thermotropic 

single-component disc-like molecule.118  This discovery opened up new understandings 

behind liquid crystal research. Disc-like molecules with polyaromatic molecules as a 

centered rigid cored that are surrounded by flexible tails often yield discotic phases, 

such as triphenylenes, hexabenzocoronene, and carboxyldiimido-perylenes. Materials 

with a perylene core are talked about in the investigations herein and fall under the 

category of disc-like liquid crystals. The morphology of these materials is due to the 

microphase segregation of the central rigid cores and the flexible tails. There are two 

main mesophases that are observed within these disc-like molecules: (1) nematic 

discotic (ND), and (2) columnar phases (Col). In nematic ordering the molecules exhibit 

only orientational ordering whereas in columnar phases the molecules display both 

orientational and positional ordering. These columnar phases are often seen in these 

perylene based discotic phases due to the arrangement of the “ “ stacking 

interactions within the columns. Depending on the molecular organization and packing 

within these columns there are several subclasses of columnar phases such as columnar 

plastic, columnar rectangular, columnar oblique (Colob), columnar helical, columnar 

hexagonal (Colhex), and columnar lamellar, Figure 1.10. Columnar hexagonal phase is 

the most common in disk-like molecules where several molecular columns arrange in 

a hexagonal fashion.119,120 The columnar oblique phase consists of molecular columns 
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arranged in an oblique manner in which the columns are tilted. The occurrence of this 

phase is often dictated by the shape of the cores and is uncommon since it demands a 

strong core-core interactions within each column.121-123  

For the work discussed in Chapter 7 with perylene bisimide polyolefin conjugates these 

two phases are seen within a library of conjugates.  

 Within this work it is important to note that thin films are studied in which 

columnar hexagonal and columnar oblique phases are observed. These columnar 

phases can orient perpendicular (homeotropic alignment) to the chip or parallel (planar 

alignment) to the chip represented in Figure 1.11. Depending on the orientation of the 

columns depends on where the electrodes need to be in organic photovoltaics. 

Columnar discotic liquid crystals have significant potential for use in opto-electronic 

applications because of the extensive “ “ overlaps that aid in high charge-carrier 

 
 

Figure 1.10  Schematic representation of different types of columnar mesophases 

(A) nematic discotic, (B) columnar hexagonal, (C) columnar oblique, (D) columnar 

rectangular, (E) columnar helical, and (E) columnar lamellar.    
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mobilities. Generally speaking, having columnar phases that orient homeotropically 

would yield most useful in such devices. One of the envisioned applications of the 

perylene bisimide materials is in organic photovoltaic solar cells, where liquid 

crystalline materials offer several benefits like spontaneous long-range ordering. The 

effectiveness of the conductivity along these liquid crystal columns depends on the 

ordering both in the column as well as laterally, and on internal reorganization energy 

for electron transfer,  and size of aromatic system, and the “ “ distance of the 

cores.124-128 

 

1.3.5. Ⱬ Ⱬ Stacking  

 

Pi-stacking (“ “) refers to the noncovalent interactions between pi bonds of 

aromatic rings. The stacking of aromatic rings is electrostatically repulsive in sandwich 

stacking. The commonly observed in either a staggered stacking (parallel displaced) or 

pi-teeing (perpendicular T-shaped) interaction are both electrostatically attractive, 

Figure 1.12.129 Within perylene cores sandwich stacking is referred to as H-coupling 

 
 

Figure 1.11  Schematic representation of a (left) homeotropic alignment and (right) 

planar alignment.  
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where there is 0 Å longitudinal slip and J-coupling is where there is greater than or 

equal to 7 Å longitudinal shift.130  The self-assembly of chromophores exhibit optical 

properties that arise for the aggregation of either bathochromic

 

or a hypochromic shift of the absorption maximum caused by the coupling of the dyesô 

transition dipole moments (TDM). Depending on the direction of the shift these 

aggregates are either called J-aggregates or H-aggregates.130 In order for chromophores 

to exhibit J-type excitation coupling they need to self-assemble into a slip-stacked 

arrangement. This is uncommon for perylene chromophores due to their larger “-

systems and they tend to maximize dispersion interactions between the pi-scaffolds by 

co-facial (sandwich) stacking. It is important to note that while perylene in this pi-

stacking formation contains properties such as high fluorescence, and photochemical 

and thermal stability the J-aggregates also possess useful properties. Such as 

cooperative self-assembly, usefulness in photonics and organic electronics, and exciton 

 
 

Figure 1.12  Represenative confomations of benzene pi-stacking (A) sandwich, (B) 

T-shaped, and (C) is parallel-displaced. (D) Black circles represent where polyolefin 

taiks would be attached, were H-coupling of perylene core and J-coupling are 

displayed with transition dipole moments (TDMs) as green arrows.  
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migration. The self-assembly of the perylene based materials investigated within this 

body of work can offer insight as to how the perylene core “ “ stacking is oriented.  

For perylene bisimide the HOMO, LUMO, and transition density distribution 

that the “-conjugated core possess is not electronically connected to any substituents 

that are attached to the imide nitrogenôs on either end of the perylene core.131 However, 

the substituents at core positions have a pronounced influences on the redox potentials 

and absorption properties within perylene dyes.131 This can open up possibilities to tune 

the dyeôs properties while maintaining self-assembly properties within a given 

material.  

 

 

1.3.6 Characterization 

 

  One of the most powerful methods used to confirm the presence and type of 

microphase separation in materials made herein is X-ray scattering. For this work, two 

types of X-ray sources were utilized, and three types of x-ray scattering were used. 

First, a Cu KŬ lab scale Xenocs Seuss SAXS/WAXS/GISAXS systems. Due to the 

lower energy of this system, ɚ = 1.542 ¡ the exposure times on samples tend to be 

longer. The other x-ray source was Brookhaven National Labs (BNL) synchrotron x-

rays where ɚ = 0.9184 ¡. Due to this high-power, samples often had ten orders of 

magnitude greater signal to lab scale x-ray source and allows for sample to be measured 

for only 10 ï 30 seconds exposure while the sample stage is rostered as to measure a 

new location of the sample in case there is sample beam damage.  When the sample 
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contains atoms or crystals that are closely packed wide angle x-ray scattering (WAXS) 

is utilized. When the scattering occurs on a much larger scale, such as polymer domain 

structures, the detector is located farther away from the sample to collect the 

information known as small angle x-ray scattering (SAXS). The general layout for 

sample experimentation is illustrated in Figure 1.13. For SAXS experiments they are 

referred to as transmission because the incident beam directly passes through the 

sample for analysis of the bulk material. From Braggôs Law, Equation 1.6, where ɗ is 

the scattering angle, ɚ is the wavelength of the X-ray, and d is the lattice spacing. The 

domain periodicity can be determined by Braggôs law equation and the scattering wave 

vector equation, Equation 1.7, where d is domain spacing, and n is a n integer.  

 

 

 

 
 

Figure 1.13  Schematic layout of SAXS where incident beam is produced from X-

ray source. The beam passes through sample, illustrated here in a Kepton filmed 

wafer mounted to the gold heating block located on the grey Linkam stage. The 

beam then travels to the detector where it is blocked by the beamstop to preserve 

the detector and the material scatters the beam with a scattering angle, ɗ, which can 

be converetd into a scattering wavevector, q.  

Equation 1.6    ὲ‗ ςὨίὭὲ—    

 

 
Equation 1.7               ▀  

Ⱬ
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 The first scattering peak observed is labeled as the principle peak q*, and 

generally indicated the domain spacing within the nanostructure as well as is utilized 

to find analyze the phases observed. The ratio between the scattering peaks and the q* 

are very indicative of the morphology of the bulk material. For example: lamellar phase 

(LAM) is a 1, 2, 3, 4, é q* ratio; double gyroid (GYR) Ѝσ, Ѝτ, Ѝχ, Ѝψ, Ѝρπ, é 

q(Ѝφ)/q* ratio;  hexagonally packed cylinders (HEX) 1, Ѝσ, Ѝτ, Ѝχ, Ѝω, é q/q* ratio; 

and body centered cubic (BCC) 1, Ѝς, Ѝσ, Ѝτ, Ѝυ, é q/q* ratio. The other type of X-

ray technique is grazing incident small-angle x-ray scattering (GISAXS) where it is a 

reflection-based mode of SAXS best used in thin-films. For GISAXS the incident beam 

is directed at an angle toward the substrate with sample on it and can range from angles 

of 0.1 ï 0.3°, within this work typically 0.15°. These X-ray scattering techniques are 

heavily relied upon to elucidate the self-assembly within many materials within this 

work including block copolymers, sugar polyolefin conjugates, and perylene bisimide 

polyolefin conjugates. 

 Atomic force microscopy (AFM)  is utilized to analyze the morphologies within 

thin-films through tapping of a sharp tip located on a cantilever of lengths 100 ï 300 

‘m. The detector within the AFM measures the deflection as the tip scans the samples 

surface thus generating an image of sample height and stiffness. AFM is useful for only 

surface level analysis.  
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1.4 Goals and Scope of this Work  

 

 Within the past several years of research the Sita Group has developed a toolbox 

of synthetic techniques that allow access to functionalized polyolefins, such as LCP 

and LCCTP. These techniques rely heavily upon the initiators chosen, percent of 

activation, presence of chain transfer agent, and monomer choice. This body of work 

can be broken down into these main goals: 

 1.     Stereomodulate polyolefins to study the structure/ property relationship for 

possible new applications in thermoplastic elastomers, compatibilizers, or anti-

plasticizers. 

 2.     Utilize the functional polyolefin domains (xPAOs) with sugar head groups 

to expand the sugar polyolefin conjugate library and access new complex 

phases.  

 3. Create a functional polyolefin-based material with perylene to create 

optoelectronic relevant materials to further show xPAOs versatility. 

 4. Design self-assembly of conjugates employing xPAOs domains in a 

systematic and programable way . 

Within this work the first goal is achieved by using the toolbox of living 

polymerization techniques to investigate neglected olefins such as 4-methyl-

1pentene, 1,5-hexadiene, and 1,6-heptadiene microstructures. Through using 

living polymerization methods stereomodulation of poly(4-methyl-1-pentene) 

(PMP) has provide new fundamental forms in which thermal phase transitions, 

Tg  and Tm can be adjusted over a wide range thus producing many polyolefin 
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materials from one catalytic system, Figure 1.14.  In another study, 1,5-

hexadiene is copolymerized with 1,6-heptadiene to break-up crystallinity while 

obtaining a high Tg characteristic within the material.  

 

Furthermore, a chiral catalyst can be utilized at different ratios to achieve optically 

active poly(1,3-heptadiene) (PMCH) and poly(1,3-hexadiene) (PMCP).  

 

The second goal is achieved through utilizing atactic PMP domains with sugar-

head groups to access FK phases thus developing a new methodology to access these 

rare phases. The discoveries made within the initial serendipitous FK phase allowed 

for systematic design of further FK phases such as ů phase. The change in xPAO 

domain allows for FK phases to be observed at ambient temperatures and is the first 

 
 

Figure 1.14  Cartooned radio to represent all the gears in the toolbox that can be 

adjusted to change the stereomodulated PMP materials produced.  
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documented FK A15 at room temperature within soft mater materials. These studies 

also tackled goal number 4 since the sugar-polyolefin self-assembly was influenced by 

the polyolefin domain type, molecular weight, and temperature conditions.  

The third goal is the first documented time that our xPAOs are utilized with a 

perylene based cored. In these studies, many xPAO domains are studied and prove 

evident that they change the properties of the perylene materials as well as the self-

assembly consequently observed. Most notably, these perylene based polyolefin 

conjugates when combined with cobaltocene undergo a radical reduction and the 

radical perylene conjugate species, with optically active PMCP tails, undergoes phase 

separation into the rare single gyroid morphology. Overall, both the sugar polyolefin 

and perylene polyolefin conjugates show the versatility, scope, and effectiveness of 

xPAO domains to change the properties and self-assemblies of the bulk material.   

 One may wonder what ties all these goals, materials, and projects together and 

that is the design and implementation of the polymer domain within a material for a 

wide range of applications. The future of technological advancements relies heavily on 

polymer-based materials due to their adaptive nature, scalable synthesis, 

functionalizable, and programmability. The possibilities with xPAO domains are 

seemingly endless and the work herein covers part the scope at which they can be 

employed.  
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Chapter 2: Stereomodulation of Poly(4-methyl-1-pentene) 

[PMP]: Adoption of Neglected and Misunderstood Commercial 

PolyolefinÀ  

 

Wentz, C. M.; Fischbach D. M.; Sita, L.R., Stereomodulation of Poly(4-methyl-1-

pentene): Adoption of a Neglected and Misunderstood Commercial Polyolefin. 

Angew. Chem. Int. Ed. 2022, e202211992. 
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  2.1 Introductions  

 

 Polyolefins  continue to be one of the most widely used, sought after, and 

crucial materials in todayôs global economy, with a combined production volume of 

over 350 million metric tons annually.1-3 Regrettably our dependency on commodity 

plastics, which arise from mainly polyolefins, has led to a plastic waste crisis.1 In 

response to this predicament new strategies must be conceived and developed that not 

only reduce the barriers for recyclability of polymers, but also, that new polymer

 

À The results, figures, schemes, and tables discussed within this chapter have been 

reused or adapted with permission from Wentz, C. M.; Fischbach D. M.; Sita, L.R., 

Stereomodulation of Poly(4-methyl-1-pentene): Adoption of a Neglected and 

Misunderstood Commercial Polyolefin. Angew. Chem. Int. Ed. 2022, e202211992. 

Copyright @ 2022 John Wiley and Sons. 
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designs can serve as commercially viable replacements for less-environmentally-

benign plastics, such as polystyrene and polyvinylchloride.4-10  The goal presented here 

was to address the use of a commodity monomer, 4-methyl-1-pentene (4M1P) that has 

been utilized in commodity thermoplastic material known as TPX found in materials 

such as food packaging, tuba ware, and  many other commodity plastics.11-13 Generally 

speaking poly(4-methyl-1-pentene) (PMP) has a lot of misconceptions and no formal 

stereoengineering study done on it that is found in the literature. This is quite unusual 

for a largely used material as other commodity plastics such as polypropylene (PP) and 

polyethylene (PE) have extensive studies and known standards are documented. In fact, 

PP and PE materials make up 50% of plastic waste globally each year.14-16 Our goals 

included clearing up misconceptions made about atactic PMP (aPMP), to create a 

programable array of materials utilizing our synthetic toolbox and offer a possible new 

commodity plastic that comes from renewable sources.  

 To begin, it must be noted that our dependency on polyolefins for the 

foreseeable future is guaranteed so instead of focusing our efforts towards using less 

plastics there are other options. Here are a few reasons why polyolefins are guaranteed 

to continued being used in todayôs society: (1) plastics have a wide range of physical 

properties that can be tailored for a large variety of end-use applications so finding a 

replacement that is as versatile and globally available will be difficult, (2) ethene and 

propene are abundant and cheap feedstocks to producing material, and (3) we have 

already, as a civilization, invested so much infrastructure and manufacturing that goes 

into making and distributing these materials world-wide. When it comes to addressing 

waste it is important to note we have already made great strides to impact this problem 
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including; (1) having infrastructure in place that allows people to have access to 

recycling plastics with 30% of recycled plastics being high density polyethylene 

(HDPE) making it highly successful for a circular economy, (2) PE produced now is 

made through ógreenô routes of bio-sourced ethene with a neutral to negative 

environmental carbon footprint, and (3) hydrocarbon unfunctionalized materials have 

many options for disposal that yield products such as fuel that we then use.17 

Altogether, it is clear that new classes of polyolefin materials with expansion of 

physical properties and varied options is a realistic goal. However, what new polyolefin 

materials do we really need?  

 On the one hand, the biggest challenge resides in the fact that only a small 

amount of industrially relevant olefin monomers exists to build new polymers from, 

and this list largely consists of Ŭ-olefins that can be obtained through the controlled 

dimerization or oligomerization of ethene and propene.  Moreover, PMP can be 

synthesized using alkali metal catalyzed dimerization of propylene. On the other hand, 

Natta and coworkers18-21 have developed the concept of polyolefin tacticity which 

provides a basis for creating different ógradesô of common polyolefin structures thus 

changing the physical properties that differ in subtle or dramatic ways. This disparities 

in properties comes from either a difference in linear sequence of relative 

configurations or adjacent stereocenters associated with pendant side groups or the 

overall chain length and repeat units within the given chain, DPn.22,23 In the case of PP,  

the highly stereoregular isotactic form I , where R = methyl, depicted in Scheme 2.1, is 

a semicrystalline, thermoplastic with a high melting temperature, Tm, of 165 °C that 

makes it suitable for the manufacturing of sterilizable cutlery, medical devices, and 
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food packaging. Unfortunately, this crystalline nature requires the material to undergo 

high temperatures for processing, extruding, and molding thus leading to the need for 

more energy to be spent on making the materials. On the complete other end of the 

spectrum, stereorandom atactic form II , Scheme 2.1, is completely amorphous with a 

low glass transition temperature, Tg, of -10 °C thus having very little to no commercial 

value.3 Other limiting forms of tacticity that exist for PMP materials include 

syndiotactic III . The material sold under the trade name TPX is often a blend of PMP 

with other comonomers or plasticizer additives in order to achieve a wider array of 

materials.11  

 
 

Scheme 2.1 Chemical microstructure and synthesis of poly(4-methyl-1-pentene).À  
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 Returning to Nattaôs tacticity strategy comes with the understanding that 

between these two limiting forms, on either side of the spectrum, means there is an 

infinite number of ógradesô that exist between them. This means that there is an infinite 

number of ways to incorporate óstereoerrorsô or change stereoregularity to 

consequently gain a whole new library of polyolefins with different physical properties 

all through the same monomer source. For the PP materials the properties of different 

tacticity grades include plastics that are rigid and plastics that are elastomeric as the 

level of stereoerrors incorporation is systematically increased.18-21 In this work a 

successful endeavor has been achieved were PMP was systematically stereoengineered 

through the use of different strategies such as living coordination polymerization (LCP) 

and living coordinative chain transfer polymerization (LCCTP) to tap into the neglected 

potential of this commercial polyolefin, Scheme 2.1.5  For previous stereoselective and 

stereomodulated LCP of Ŭ-olefins and Ŭ, -nonconjugated dienes that is CPAM group 

4 metal complexed related to these goals presented in this work done previously see22-

30, for previously reports of two- and three-state (stereomodulated) LCCTP of ethene, 

Ŭ-olefins, and Ŭ, -nonconjugated dienes using CPAM group 4 metal complexes as 

related to the goals in this work see31-44, these references are considered the ótoolboxô 

of techniques the Sita group has developed over the years and are relevant to mention 

here since the current studies relies heavily on the past successes documented.   

 Nearly 70 years ago Natta et al. reported  isotactic PMP (iPMP) with a Tm value 

of 250 °C. The material properties made it suitable for microwave oven cookware, 

optical lenses, but iPMP has major drawbacks such as the physical properties of being 

too brittle and having overall low tensile strength.45-47  In regards to tacticity and 
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property relationship for PMP, the literature is sparse, but also is riddled with errors 

and confusion arising from an incomplete and poorly characterized materials. Griffith 

and Rånby reported using dilatometric measurements to establish Tg values for a PMP 

series, with no documentation of molar mass or activity and simply noted varying 

degrees of crystallinity. A Tg value for an aPMP sample was established at 29 °C.48 A 

Tg value of 18 °C was additionally discovered for an iPMP sample with a recorded 78% 

crystallinity within their study. Griffith and Rånby concluded that this trend of 

decreased Tg between aPMP and iPMP was most likely due to the crystalline phase 

being less dense than the amorphous phase.45 It must be noted that just because a 

material isotactic in stereonature does not mean it is amorphous is physical properties. 

Very recently, Veige et al. have sited Griffith and Rånbyôs study in support of their 

own claim of having synthesized a cyclic atactic PMP (c-aPMP).49 The creating of c-

aPMP was done through a novel ring-expanding metathesis polymerization of 4-

methyl-1-pentyne, followed by hydrogenation to create an unsaturated cyclic polymer. 

The noted c-aPMP within this study was documented to have a number-average molar 

mass index, Mn, or 99 kDa, and a molar mass distribution dispersity index, Ð (= Mw/Mn) 

of 1.30, where Mw is the weight-average molar mass index.  Both values can be found 

utilizing size exclusion chromatography (SEC). The investigators also made a linear 

atatctic PMP material (l-aPMP) with an Mn = 141 kDa and Ð = 1.37. To understand the 

physical properties of the materials they made they used differential scanning 

calorimetry (DSC) was utilized, instead of dilatometric analysis reported in Griffith et 

al. study. The l-aPMP materials had a Tg value of 29 °C, while their c-aPMP material 

had a Tg value of 39 °C. It is known that cyclic polymers possess a higher Tg value 
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compared to a linear polymer. Therefore, Veige et al. concluded this 10 °C increase 

was evidence towards the presence of a cyclic structure of their material.49 This is 

particularly of interest to us because in the investigation of our own PMP materials we 

found that with our materials, of linear structure, to have obtained Tg of the same 

degree. Hence, putting into question, the legitimacy of this concluded fact.  

 

 

2.2 Stereomodulation of PMP through Living Coordinative Polymerization and 

Living Coordinative Chain Transfer Polymerization [LCP and LCCTP]  

 

   This new family of PMP of varied stereo grades along with a tacticity/ property 

relationship, serve to provide a foundation for the development of new PMP based 

products and to correct past errors and the spread of misrepresentation of the properties 

of regioregular atactic PMP that have been reported and discussed previously.45 

Represented in Scheme 2.1 is a summary of the reagents and methods used in 

this present study, more detailed synthesis of the PMP materials can be found in the 

supporting experimental information (SI). Since the 2000, the Sita group has been 

developing a family of cyclopentadienyl, amidinate (CPAM) group 4 metal pre-

initiators. These CPAM pre-initiators have the general formula of  (h5-C5R5)[(N,Nô)-

k2-N(R1)C(R2)N(R3)]MMe2 (M = Zr or Hf (1 or 2), which upon óactivationô with a 

stoichiometric equivalent of the anilinium borate co-initiator, [PhNHMe2][B(C6F5)4] 

(B1), provides the corresponding ion pair initiators, {(h5-C5R5)[(N,Nô)-k2-

N(R1)C(R2)N(R3)]-M(Me){B(C6F5)4}.
9-43 When excess equivalents of Ŭ-olefin is 



 

 

48 

 

present the propagation of the active species occurs, which is derived ion pair initiator 

form. The active species proceeds through a 1,2-migratory insertion (1,2-MI) of the 

monomer into a growing polymer chain. As this process is living, and known as LCP, 

it can be implemented as a tool to target a desired molar mass polymer with very small 

monodisperse molar mass distribution (MMD). Throughout this study most of the PMP 

materials had a dispersity, Ð < 1.1.50  When it comes to the stereomodulation of PMP, 

in these LCP studies, it is primarily dictated by the structure of the pre-initiator 1 or 2. 

For example, in the case of 1 the propagating species tacticity of the polyolefin 

microstructure is directly affected the bulky isopropyl group located on the amidinate 

ligand scaffold thus the propagating polymer units will be sterically hindered to face 

all the same direction . Furthermore, a fully activated C1-symmetric Zr pre-initiator (1) 

propagation proceeds in a stereoselective fashion providing isotactic microstructure 

through enantiomorphic site control that is enforced by nonbonded steric interaction, 

as the steric size of the polymer tail increases this propagation can become 100 % 

stereoselective with no stereoerrors being incorporated.22,23 With this noted, the first 

goal of the present study was to determine the ability of fully activated pre-initiators 1 

(Zr) to provide a reference material for 1,2-regioregular iPMP which will be referred 

to as ref1. The full activation of 2 (Hf) to provide aPMP will be referred to as ref2, 

thus providing us with the end of each side of the spectrum. Both references were 

synthesized using LCP technique. For these reference materials an Mn of 50 kDA was 

aimed for in order to ensure that end groups do not contribute to the bulk properties, 

nor do they appear in 13C NMR resonances.  For ref1 an Mn = 51.0 kDA was targeted 
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and analyzed by SEC with a dispersity of  Ð = 1.39. The difficulty with highly iPMP 

 

A. 

 
B. 

 
 

Figure 2.1 (A) 13C {1H} NMR (200 MHz, TCE-d2, 110 °C) spectra for isotactic 

PMP (ref1) Mn = 51.0 kDA, Ð = 1.39. The asterisks indicate 13C resonance for a 

polyolefin co-product arising from an Ŭ-olefin impurity in the original 4M1P. (B) 
13C {1H} NMR (200 MHz, TCE-d2, 110 °C) spectra for atactic PMP (ref2) Mn = 

48.7 kDA, Ð = 1.19. À  
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and characterization lies in the insolubility of the material at high molar mass. This 

large dispersity is attributed to the inability for the material to dissolve in  

tetrahydrofuran (THF) and pass through the columns. Even when utilizing high 

temperature SEC   (HT-SEC)  provided at NIST the iPMP material still had large 

dispersity, however, that being stated the material was still monomodal.  

For ref2 an Mn = 48.7 kDa was measured via GPC with a dispersity of Ð = 1.19.   

The differences between the stereoregularity of the material can be seen in 13C-

NMR, and is easily visible in Figure 2.1. Both references were run on 200 MHz NMR 

at 110 °C in 1,1,2,2-tetrachloroethane-d2 solvent. When it comes to ref1, Figure 6.1A, 

there are very sharp well-defined peaks, 5 in total, that correspond to the isotactic nature 

of the material. At a closer look C5 and C6 of the geminal methyl groups of the isobutyl 

side chains in PMP appear as magnetically equivalent due to the intrinsic Cs-symmetry 

of the long polymer chain.45,51 In stark contrast, ref2, Figure 6.1B, shows 5 peaks each 

which are now broad due to the atatctic nature of the PMP material. This feature is due 

to the partial overlap of multiple resonances associated with different nôad tacticity 

sequences. Even at a magnetic field strength of 200 MHz (800 MHz for 1H NMR) it is 

not possible to resolve and unequivocally assign individual chemical shifts for the ten 

possible pentad sequences that can exist within aPMP. Based on that understanding, 

the use of NMR spectra is purely qualitative to relate the relative degree of 

stereoregularity for each member of the PMP samples by the broadness or inclusion of 

more minor peaks associated with stereoerrors. 

Powder x-ray diffraction (XRD) analysis was performed on ref1 and ref2 to 

confirm the semicrystalline and amorphous nature of these materials. Figure 2.2 
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represents not only ref1  which is 100% activated but run 2.14 (75 %) and run 2.16 

(20%) where the decrease in crystallinity can be observed by the loss of intensity in the 

peaks. Common reflection planes observed in XRD are identified through an analysis 

software which matches the peaks with documented indexing. The form labeled within 

the XRD displayed from run 2.11 (ref1), run 2.14, and run 2.16 is a stable crystalline 

form which can occur from the melt state that then packs into a tetragonal unit cell.5  

Figure 2.3B XRD profile is of completely amorphous PMP, similar to ref2.  

Some additional notes about physical characteristic of these reference materials 

includes that ref1, iPMP, has a flowing white powder essence, and ref2, aPMP, is 

highly soluble in a variety of organic solvents and has a hard glass appearance, Figure 

2.4. Thermal analysis of these two materials by DSC revealed only a first-order Tm at 

 

 
Figure 2.2 XRD profile of run 2.11.À  



 

 

52 

 

226 °C for the iPMP ref1 material. The DSC ramp rate of 10 °C/min is utilized with a 

cooling rate of 5 °C/min in order to fully crystalize the material before the final heat 

ramp is collected and utilized to find these temperature transition numbers. The thermal 

analysis software is utilized to calculate percent crystallinity (c%), within ref1 where 

c% = 34. In contrast, the DSC of aPMP ref2 now displayed only a second order Tg 

A.  

 

 
B.  

 
Figure 2.3 (A) XRD profile of run 2.7 (LCP),  and  (B) run 2.2 (LCCTP). The 

peak broadness is attributed to amorphous nature of the material. À  
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transition at the high value of 39.5  °C. This value of 39.5 °C is comparable to the c-

aPMP in Veige et al. study.  

 

 

2.3 Establishing atactic PMP 

 

To the best of our knowledge Figure 6.1B represents the first 13C NMR 

spectrum for authenticated regioregular aPMP to have ever been published. This is 

believed  because the 13C NMR provided in Veige et al., for their l-aPMP, lacks any 

other characterized data that consistent with being 1,2-regioregular material. The high 

Tg value of the aPMP ref2 prompted us to determine the materials ability to be 

manufactured as a transparent optical disk through both solvent casting (left) and 

 
 

Figure 2.4 Demonstration of the manufacture of optically transparent disks from 

linear atactic PMP (ref 2.2) with Tg = 39.5 °C through (a) solvent casting from 

hexane (thickness = 0.5 cm) and (b) injection moulding at 150 °C (thickness = 3 

mm). Diameters of each disk are indicated. À 
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injection molding at 150 °C (right), represented in Figure 2.4. These efforts show that 

this transparency for PMP is not limited to a cyclic form.  

 Since the surprisingly high Tg value for ref1 was discovered it does contradict 

both Griffith et al. and Veige et al. reports, therefore a more thorough investigate of 

our aPMP materials was made. It must be noted that the increase in Tg as an increase 

in Mn, up to a limiting value, has already been made for a wide range of polymers.52-54 

To begin this investigation we utilized LCCTP technique which can be combined with 

either pre-initiator 1 (Zr) or 2 (Hf) in order to produce low molecular weight to high 

molecular weights polymer, while adding in the bonus of being scalable. This is done 

through the addition of excess equivalents of relatively inexpensive and abundant metal 

alkyl chain transfer agent (CTA) ZnEt2. The CTA provides a much larger population 

of ósurrogateô chain growth centers that engage in rapid and reversible exchange of the 

polymeryl group.  

In Table 2.1 LCP and LCCTP materials are highlighted in greater detail.  LCP 

was implemented as a synthetic tool to see if there was much of a difference in physical 

properties when it came to aPMP with or without the presence of CTA. Not to 

surprisingly the materials of aPMP made through these two techniques were very 

similar with the slight difference in that LCP aPMP could achieve higher crystallinity 

at lower molar mass for the middle range of Mn values. Take run 8 in comparison to 

run  4 , for a Mn = 10.4 kDa a Tg is observed at 29.7 °C   for the LCP run 8 was 

observed. Whereas for a Mn = 6.18 kDa a Tg = 10.3 for the LCCTP run 4 is observed.  
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This difference in Tg can be related to PMPôs unique ability to have chain-end 

control. This can be better explained when the structure of the pendant group off the 

backbone chain in PMP is looked at. The large isopropyl extensions of these chains 

influence the next chains incorporation, and PMP has the distinctive property of 

influencing the next unit to insert in the same direction as the previous polymer unit. 

Though 2 has no influence on the stereoregularity of the propagating chain the previous 

PMP unit does, therefore the lack of CTA present in LCP leads to less atactic nature in 

aPMP materials. Concluding that these middle molar mass samples can be affected by 

the added randomization that CTA issues when transfer chains. Finally, one can note 

that even with no change in amorphous nature of aPMP there is still observe difference 

between LCP and LCCTP produced aPMP by XRD profiles. Figure 2.3 has stacked 

XRD profiles in order to compare the aPMP made through LCP technique (top) verses

Table 2.1 LCCTP and LCP of 4M1P using 2.a  

Run 
ZnEt2 

(eq.) 

4M1P 

(eq.) 

Yield 

(g) 

Mn 

(kDa)
b
 

Mw 

(kDa)
b
 
ĥ
b
 Tg (ÁC)

c
 

2.1 30 713 1.45 0.835 0.967 1.15 -48.7 

2.2 10 595 1.24 2.60 3.07 1.18 -6.06 

2.3 5 595 1.19 3.30 3.91 1.18 3.92 

2.4 5 891 1.92 6.18 7.18 1.16 10.3 

2.5 2 1190 1.09 31.4 36.4 1.16 31.4 

2.6 2 1220 3.56 48.7 58.2 1.19 39.5 

2.7 - 12.0 0.100 3.21 3.80 1.18 7.91 

2.8 - 60.0 0.500 10.4 12.2 1.17 29.7 

2.9 - 595 0.990 98.7 152 1.53 39.2 

2.10 - 1190 1.98 126 192 1.52 39.4 
 

aFor complete details of polymerization conditions for each run, see SI. bDetermined 
by SEC.  cDetermined by DSC. Runs 2.1 ï 2.5 are via LCP and runs 2.7 ï 2.10 are 
via LCCTP. À 
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LCCTP technique (bottom). Figure 2.3A, LCP aPMP, has larger intensities than its 

LCCTP, Figure 2.3B,  counterpart. However, both XRD profiles still contain broad 

signals which in known to arise from amorphous nature of these material runs. 

Regardless of LCP or LCCTP differences in chain-end control, the effects of 

molecular weight can be clearly seen as there is an increase in Tg  as a function of DPn. 

In Figure 2.5A a plot of the entire series of Tg values, based on Log10(Mn), is in 

qualitative agreement with the Flory-Fox equation that described the dependence of Tg 

on molar mass.55 In Figure 2.5B the asymptotic curve is fit to this data and shows a 

limiting Tg value of 40 °C for linear 1,2-regioregular aPMP of infinite chain length. 

This value is identical to ref2 aPMP, as well as the claimed c-aPMP material of Veige 

 

Figure 2.5 (A) Partial DSC data for aPMP obtained via LCP using 2, with Mn values 

(top to bottom) of 835 Da, 2.60 kDa, 3.30 kDa, 6.18 kDa, 31.4 kDa, and 48.7 kDa. 

(B) relationship between Tg and log10(Mw) for aPMP obtained from both LCP and 

LCCTP, see run detail in Table 2.1. The line represents an asymptopic fit of the data 

(y = a-bcx) with a = 317.5, b = 5676, c = 0.253, R2 = 0.983.À 
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et al. Finally, given the ease with which scalable amorphous, high-Tg, regioregular 

aPMP it opens a new foundation to explore innovative applications of this polyolefin.23  

 

 

  2.4 Two-State Degenerative Polymerization  

 

 As noted in the introduction, there has been a remarkable lack of interest or 

progress made with the development of new ógradesô of iPMP. Duchateau and 

coworkers have provided the most detailed investigation to date.51 Their 

experimentation studied the impact that stereoregularity of iPMP has on the value of 

Tm by synthesizing and characterizing a small series of PMP. These PMP samples were 

made through a library of C2-, Cs-, and C1-symmetric ansa-bridged zirconocene 

complexes used as a pre-catalyst with the combination of methylaluminozane as a co-

catalyst.51 Within this series of iPMP materials all Tm values were above 200 °C, which 

is suggestive of a high degree of regio- and stereoregularity for a predominantly 

isotactic microstructure. The results of Duchateauôs investigation showed that the very 

strong stereocontrol of the growing polymer chain can exert onto the next monomer 

insertion during propagation, such as discussed before with the aPMP materials when 

differentiating between LCP and LCCTP conditions. Similar to PMP, 

poly(vinylcyclohexane) (PVCH) polymerization with our Cs-symmetric derivative of 

1 also observe strong chain-end control effects on the materials stereoregularity. This 

was determined because the PVCH polymer were found to have a mmmm > 95%.55 

Accordingly, it is important to recognize the potential difficulties with overriding 
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intrinsic chain-end control in any strategy for the end goal of achieving a programmed 

stereomodulation of PMP tacticity as this was something taken into consideration when 

before attempting the currents studies endeavor.  

Within the ótoolboxô of strategies our group has previously reported,5,22-43 the 

first step of investigating stereomodulation of iPMP was to employ a ótwo-state 

degenerativeô LCP technique. This strategy is based on having substoichmetric 

activation of 1 (x < 1.0 in Scheme 6.1). The mechanism basis for two-state degenerative 

LCP stereomodulation is described in Chapter 1, but to recap the tacticity directly 

corresponds to the configurational stability of the population of active ion par 

propagators that are in equilibrium with a second population of configurationally 

unstable neutral and dormant species via a rapid and reversible methyl group exchange. 

The dormant species epimerization occurs and the stereoregularity of microstructure 

becomes dependent on the relative concentration of dormant states to active states. 

Plainly, the percent level of activation of 1 directly effects the stereoregularity within 

the polymer material such as 85% activation will have less stereoerrors that 50% 

activation which would have more. Table 2.2 summarizes the series of runs made by 

LCP two-state degenerative synthetic technique.  

To begin, run 2.11 is the same experimental conditions used to obtain the iPMP 

ref1 material, therefore one can refer to run 2.11 as ref1 to avoid confusion. Runs 2.12 

ï 2.17 materials track the impact that an increasing population of configurationally 

unstable dormant species can have on the stereoregularity or tacticity of the PMP 

product. Most notably for runs with activation percentôs greater than or equal to 85% 

the Tm reported are above 200 °C, runs 2.11 ï 2.13. However, at and below 75%
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activation, several notable physical property changes occur, run 2.14 ï 2.17. First, the 

Tm of the materials falls below the 200 °C for the first documented time in literature 

and continues to systematically decrease along with percent crystallinity as a function 

of a decreasing activation with a drop of 50 ï 30 °C noted. Additionally, at and 

thereafter 75% activation a Tg transition now occurs, indicating the presence of a 

rubbery component. Lastly, the presence of double or multiple melting transition 

temperatures now appears. This is not unusual or unprecedented for semicrystalline 

polymers as this feature suggests that crystallites of varying sizes are now present, these 

physical properties discussed can be seen in Figure 2.6B. Figure 2.6A shows a selection 

of runs were partial 13C NMR spectra are stacked. Once again this NMR cannot be used 

to quantify stereochemical microstructures but does offer a qualitative view of the trend 

Table 2.2 Two-state Degenerative LCP of 4M1P using 1 with Varying Equivalents of B1.a 

Ru

n 

[B1/

2] 

ZnEt
2 

(eq.) 

4M1P 

(eq.) 

Yiel

d 

(g) 

M
n
 

(kDa)
b
 

M
w 

(kDa)
b
 

Ð
b
 

Tg 

(°C)
c
 

Tm 

(°C)
c
 

%Crystalli

nity c 

2.11 1.1 - 280 0.41 51.0 70.9 1.38 - 226 33.6 

2.12 0.95 - 280 0.51  48.1 66.9 1.34 - 225 31.2 

2.13 0.85 - 280 0.55 61.4 81.7 1.32 - 222, 227 25.7 

2.14 0.75 - 100 0.34 17.8 21.8 1.22 29.1 190, 203 8.49 

2.15 0.50 - 100 0.34 16.8 19.8 1.18 27.4 145, 158 5.65 

2.16 0.25 - 100 0.29 13.0 14.9 1.15 28.8 135, 151 5.26 

2.17 0.10 - 100 0.22 8.80 9.94 1.13 24.9 135, 141 4.06 

2.14

bd 
0.75 - 280 0.54 91.3 104 1.14 32.6 204; 211 11.6 

2.15

bd 
0.50 - 100 0.34 17.8 21.8 1.22 29.1 190; 202 8.49 

2.18
e 1.1 5 595 0.75 6.18 22.6 3.29 - 214 23.1 

2.19
e 1.1 30 4280 3.7 7.34 14.9 2.02 28.8 223 33.3 

2.20 0.95 5 595 0.96 5.01 10.2 2.04 25.3 218 26.1 

2.21 0.85 5 595 0.99 3.11 5.04 1.82 22.3 217 19.1 

2.22 0.75 5 595 0.75 3.95 7.65 1.94 4.56 149; 164 2.25 

2.23 0.50 5 595 0.24 6.18 10.7 1.73 13.6 145; 162 3.77 
aFor details of polymerization conditions for each run, see SI. bDetermined by SEC.  cDetermined by 

DSC. dThese runs were created to show Mn dependency. Below dotted line LCCTP reactions. eThese 

runs have same percent activation but differing molecular weighs.À 
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that exists within the material as percent activation is decreased. It is also important to 

note that the decrease in molar mass that is observed, as a function of  percent 

 

 
Figure 2.6 (A) Partial 13C {1H} NMR (200 MHz, TCE-d2, 110 °C) spectra 

according from bottom to top runs 12.11, 2.13, 2.14, and 2.15. (B) Partial DSC 

data for the same PMP samples and in the same order as in (A). (C) Plot of Tm 

(red dots) and percent crystallinity (black squares) as a function of percent 

activation of 1 by B1 for runs 2.11 ï 2.17 of Table 2.2.À 
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activation, for the same equivalence of 4M1P can be explained by the decreasing 

number of active sites that are propagating over a period of time. Regardless of the 

percent activation each LCP reaction was run for a set time of 6 hours thus for these 

specified runs that time frame would need to be doubled or quadrupled to reach similar 

polymer chain lengths. Figure 2.6C shows a graphical comparison between percent 

activation (x-axis) and c% or the change in Tm (y-axis). Contrasting aPMPôs linear trend 

between Mn and Tg, within the iPMP materials the relationship can be described as 

exponential. 

  

 

 2.5 Molecular Weight Dependency Effects on iPMP Microstructure and Physical 

Properties  

 

Molecular weight dependency for tracking the stereomodulation, crystallinity, 

and melting points within these materials has been investigated as well. Gratefully, 

when away on medical leave due to brain surgery co-worker Danyon M. Fischbach 

worked on making samples in this study to investigate 25% and 10% activation. 

Accidently but fortunately these materials were of different molecular weight than the 

original study and samples made. This led to a series of materials of differing molecular 

weights to be examined to understand and investigate the correlation between 

properties/ structure/ and molecular weight. In Table 2.2 run 2.14bôs and run 2.15bôs 

molecular weights are magnitudes higher  than their counterparts run 2.14 and run 

2.15. Regardless of this change these runs still fit within the trend and do not surpass 
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the higher percent activated species above it. Take run 2.14b, for example, which has 

a Mn of 104.1 kDa in comparison to run 2.14 with an Mn of 21.8 kDa. The partial 13C 

NMR shown in Figure 2.7 allows an understanding of that the microstructure difference 

and does appear different between the two differing molecular weights with the same 

percent activation, but these microstructures are not greater than or less than the runs 

of higher or lower percent activation i.e., runs 2.13 or 2.17). In other words, increasing 

or lowering the molecular weight does change the NMR profile observed but that 

profile still fits within the trend. To make it easier to visualize the details and labels of 

the runs are included in Figure 2.7 with comparative runs being color coordinated, such 

as run 2.14 and 2.14b labeled in red and run 2.15 and 2.15b labeled in blue on the 

NMR spectra.  

When it comes to the thermal analysis of these additional runs, the comparative 

DSC Figures 2.8 provides further insight into how molecular weight effects Tm and c%. 

When increasing molecular weight one can increase the Tm and percent crystallinity 

within the material but once again using example run 2.14 verses run 2.14b the 

material still falls within the trend not going over the run 13 or under run 17 Tm or c%. 

In other words, increasing the molecular weight of a given stereomodulated PMP may 

prove to have a different Tm and percent crystallinity but still fall within the trend of 

the other materials. Our conclusion is that the Tm, crystallinity, and stereoregularity is 

dependent on the molecular weight of the material.  More importantly, the 

stereomodulation has a greater effect on these physical properties therefore both must 

be taken into consideration when evaluating a PMP based sample.  
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Figure 2.7  Partial vertically stacked  13C {1H} NMR (200 MHz, TCE-d2, 110 °C) 

spectra for specified runs including Table 2.2. Differences between top and bottom 

arranged NMR spectra is the change in molecular weight for spectra that is 

consequently color coordinated (red = run 2.14 vs. run 2.14b; blue = run 2.15 vs. 

run 2.15b).  
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The two-state degenerative technique is further implemented with CTA agent presence 

thus making it a two-state degenerative chain transfer system. These samples include 

runs 2.18 ï 2.23 with more details found in Table 2.2. Overall, iPMP when made 

through LCCTP lead to all the same conclusions. Overall, the c% was lower which is 

attributed to the added randomness that CTA adds to the polymerization. It is important 

to note that regardless of CTA equivalents the material stays isotactic and crystalline 

in nature, take run 2.18 verses run 2.19 for example. Where run 2.18 only uses 5 

equivalences of ZnEt2 and run 2.19 uses 30 equivalents of ZnEt2 they both still have 

high Tm and high c% properties. Concluding that the amounts of CTA precent during 

polymerization is not a limiting factor in the ability to make iPMP polymers.  
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Figure 2.8 Stacked DSC traces for specified runs including Table 2.2. of only cycle 

3 of a heat/cool/heat cycle with a ramp rate of 10 °C/min from 30 ï 280 °C.. 

Differences between top and bottom arranged DSC spectra is the change in 

molecular weight for spectra color coordinated (red = run 2.14 vs. run 2.14b; blue 

= run 2.15 vs. run 2.15b). 



 

 

66 

 

 2.6 Conclusions 

 

 In summary, the results presented within this study demonstrate the ability to 

further stereoengineer the tacticity and physical properties of a polyolefin that has only 

ever been commercialized as a highly isotactic form by Mitsui under the name TPX. 

The challenge of overriding a strong degree of chain-end control exerted by the 

growing PMP chain can be met by employing the toolbox of LCP and LCCTP 

techniques in a designable fashion. The saying óone-catalyst, many materialsô our group 

has made in the past rings strong as this study provides clear evidence of such. Through 

the creation of a large family of stereomodulated polymers only through small changes 

in the system while employing one catalysis motif. Lastly, the documentation of all 

these 1,2-regioregular atactic PMP materials helps clear up past misunderstandings and 

misinformation regarding the properties of similar material. The results of this study 

have only further assisted in more novel PMP-based materials to be made. These efforts 

immediately pay off  and can be seen in the next chapter. 
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2.7 Supporting Experimental InformationÀ  

 

2.7.1 Synthetic Procedures  

 

All manipulations of air and moisture sensitive compounds were carried out 

under N2 atmospheres with standard Schlenk line or glovebox techniques. 

Toluene (ReagentPlus, 99%) was dried and deoxygenated by passage over 

activated alumina and GetterMax® 135 catalyst (purchased from Research 

Catalysts, Inc.) and collected prior to use. Chlorobenzene (Acros Organic, 

99%) was dried over calcium hydride by refluxing at 130 oC for three days and 

distilled under N2 prior to use. 1, 1, 2, 2-Tetrachloroethane(C2Cl4)-d2 was 

purchased from Cambridge Isotopes and used as received. Chloroform-d1
 was 

purchased from Cambridge Isotopes and used as received. 4-methyl-1-

pentene (>97%) were purchased from TCI Chemicals, dried over Na/K alloy 

and isolated by vacuum-transfer prior to use. Diethylzinc (>52wt.% Zn) was 

purchased from Sigma-Aldrich and used as received.  All other solvents and 

reagents were used as received unless otherwise stated.  

 

General procedure for living coordinative chain transfer polymerization 

(LCCTP) of atactic poly(4-methyl-1-pentene) (aPMP) via Hafnium Diethyl 

Catalyst (2 in pp 1b in SI).  

 

In a round bottom flask, 40 mL of toluene was cooled to -5 °C. The 4M1P monomer of 

targeted equivalents was added to the flask. Then chain transfer agent III , was added 
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to the flask. Then a solution of Ib (0.04 mmol, 18.3 mg), in -5 °C 1.0 mL PhCl was 

added to II  (0.044 mmol, 35.3 mg) which was vigorously agitated until dissolved and 

activated, whereupon it was added to the flask. The flask was stirred for typically 18 

hours at -5 °C and quenched with 10% HCl/ methanol. The material was then run 

through a silica column using hexane, collected into a pre-weighed vial, and dried under 

vacuum. Details on the amount of the reagents and polymerôs characterization are 

provided in Table S2.1, runs 2.1 ï 2.6.   

 

General Procedure for Living Coordinate Polymerization (LCP) of poly(4-

methyl-1-pentene) (PMP) via Hafnium Diethyl Catalyst. (2 in pp 1b in SI). 

 

In a round bottom flask, 50 mL of toluene was cooled to -5 °C. The 4M1P monomer of 

targeted equivalents was added to the flask. Then a solution of Ib (0.05 mmol, 22.9 

mg), in -5 °C 1.0 mL PhCl was added to II  (0.055 mmol, 44.1 mg) which was 

vigorously agitated until dissolved and activated, whereupon it was added to the flask. 

The flask was stirred for typically 4 hours at -5 °C and quenched with 10% HCl/ 

methanol. The material was then run through a silica column using hexane, collected 

into a pre-weighed vial, and dried under vacuum. Details on the amount of the reagents 

and polymerôs characterization are provided in Table S2.1, runs 2.7 ï 2.10. 
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General Procedure for Living Coordinate Polymerization (LCP) of poly(4-

methyl-1-pentene) (PMP) with varied activation via Zirconium Catalyst (1 in pp 

and 1a in SI)..  

 

In a round bottom flask, 50 ml of chlorobenzene (PhCl) was cooled to -10 °C. 4-methly-

1-pentene (4M1P) monomer of targeted equivalents was added to the flask. Preweighed 

Ia (0.05 mmol, 19.9 mg) is mixed with II , with 1.0 ml of cold PhCl and added to the 

reaction mixture resulting in a bright yellow color. The reaction mixture stirred 

typically for 4 hr. The reaction was removed from the glovebox and 

quenched/precipitated in 500 mL of acidic methanol (10% HCl) overnight. The 

polymer was vacuum filtered and washed with methanol (x3) then collected in a pre-

weighed vial and dried under vacuum. Samples polymerized via LCP conditions using 

substoichiometric amounts of II (i.e. [II ]/[ I ] < 1.0), activation of precatalyst still 

resulted in the bright yellow color and followed the same procedure as before. Details 

on the amount of the reagents and polymerôs characterization are provided in Table 

S2.2, runs 2.11 ï 2.17.   
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General procedure for living coordinative chain transfer polymerization 

(LCCTP) of atactic poly(4-methyl-1-pentene) (aPMP) via Zirconium Catalyst (1 

in pp and 1a in SI).  

 

In a round bottom flask, 20 mL of toluene was cooled to 0 °C. The 4M1P monomer 

(11.9 mmol, 1.0 g) was added to the flask. Then chain transfer agent III (0.1 mmol, 

12.4 mg), was added to the flask. Then a solution of Ia (0.02 mmol, 7.95 mg), with 0 

°C 1.0 mL PhCl was added to II  which was vigorously agitated until dissolved and 

activated, whereupon it was added to the flask. The reaction was removed from the 

glovebox, after typically 18 hr, and quenched/precipitated in 500 mL of acidic 

methanol (10% HCl) for at least 1 hr. The polymer was vacuum filtered and washed 

with methanol (x3) then collected in a pre-weighed vial and dried under vacuum. 

Samples polymerized via LCCTP conditions using substoichiometric amounts of II 

(i.e. [II ]/[ I ] < 1.0), activation of precatalyst still resulted in the bright yellow color and 

followed the same procedure as before. Details on the amount of the reagents and 

polymerôs characterization are provided in Table S2.2, runs 2.18 ï 2.23.   
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Table S2.1. LCCTP and LCP of aPMP. 

 

Run 
ZnEt2 

(equiv.) 

4M1P 

(equiv.) 

Yield  

(g) 
Mn (kDa)

b
 Mw (kDa)

 b
 ĥ

b
 

Tg 

(ÁC)
 c
 

2.1 30 713 1.45 0.835 0.967 1.15 -48.7 

2.2 10 595 1.24 2.60 3.07 1.18 -6.06 

2.3 5 595 1.19 3.30 3.91 1.18 3.92 

2.4 5 891 1.92 6.18 7.18 1.16 10.32 

2.5 2 1190 1.09 31.4 36.4 1.16 31.4 

2.6 2 1220 3.56 48.7 58.2 1.19 39.5 

2.7 - 12.0 0.100 3.21 3.80 1.18 7.91 

2.8 - 60.0 0.500 10.4 12.2 1.17 29.7 

2.9  - 595 0.990 98.7 152 1.53 39.2 

2.10 - 1190 1.98 126 192 1.52 39.4 
 

aFor complete details of polymerization conditions for each run, see SI. bDetermined 
by SEC.  cDetermined by DSC. Runs 2.1 ï 2.6 are via LCP and Runs 2.7 ï 2.10 are 
via LCCTP. 
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Table S2.2. LCP (top half) and LCCTP (bottom half) of 4M1P using 2 and 

varying equivalents of B1 and CTA 

  

Run 
[II/

I]  

ZnEt

2 
(eq) 

4M

1P 

(eq) 

Yiel

d (g) 

M
n
 

(kDa)
 

a
 

M
w 

(kDa)
 

a
 

Ð
a
 

Tg 

(°C)
 

b
 

Tm (°C)
 

b
 

%Cryst

allinity  

2.11 1.1 - 280 0.409 51.0 70.9 1.38 - 226 33.6 

2.12 
0.9

5 
- 280 0.512 48.1 66.9 1.34 - 225 31.2 

2.13 
0.8

5 
- 280 0.548 61.4 81.7 1.32 - 222; 227 25.7 

2.14c 0.7

5 
- 100 0.336 16.8 19.8 1.43 29.4 157; 168 6.78 

2.15c 
0.5

0 
- 100 0.335 16.8 19.8 1.18 27.4 145; 158 5.65 

2.16 
0.2

5 
- 100 0.289 13.0 14.9 1.15 28.8 136; 151 5.26 

2.17 
0.1

0 
- 100 0.220 8.80 9.94 1.13 24.9 135; 151 4.06 

2.14bc 
0.7

5 
- 280 0.538 91.3 104.1 1.14 32.6 204; 211 11.6 

2.15bc 
0.5

0 
- 100 0.336 17.8  21.8 1.22 29.1 190; 202 8.49 

2.18e 1.1 5 595 0.745 6.18 22.6 3.29 - 214 23.1 

2.19e 1.1 30 
428

0 
3.67 7.34 14.95 2.02 28.8 223 33.3 

2.20 
0.9

5 
5 595 0.955  5.01 10.2 2.04 25.3 218 26.1 

2.21 
0.8

5 
5 595 0.999  3.11  5.04 1.82 22.3 217 19.1 

2.22 
0.7

5 
5 595 0.748 3.95 7.65 1.94 4.56 149; 164 2.25 

2.23 
0.5

0 
5 595 0.240 6.18 10.7 1.73 13.6 145; 162 3.77  

 

aFor details of polymerization conditions for each run, see SI. bDetermined by SEC.  
cDetermined by DSC. dThese runs were created to show Mn dependency. Below dotted 
line LCCTP reactions. eThese runs have same percent activation but differing 
molecular weighs.  
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2.7.2 Characterization Parameters  

 

Nuclear Magnetic Resonance (NMR) Spectroscopy of 1H and 13C{1H} nuclei was 

carried out with a Bruker DRX 600 with BBFO probe or Bruker AVIII-HD 800 

spectrometer fitted with a cryo-QCI probe. Chloroform-d1 was used as the solvent for 

polymer samples using LCCTP synthesis. 1,1,2,2-C2Cl4-d2 was used as the solvent for 

polymer samples using LCP synthesis and heated to 110 °C. All spectra were 

referenced to tetramethyl silane using residual 1H and 13C{1H} chemical shifts of the 

deuterated solvents. 

 

Gel Permeation Chromatography (GPC) was used to obtain molecular weight (Mn 

and Mw) and polydispersity index (PDI) of polymers using Viscotek GPCMax 

equipped with three columns (Styragel HR 4, HR 3, and HR 1) in a column oven and 

differential refractometer (Viscotek TDA 302) maintained at 40 °C. Tetrahydrofuran 

(HPLC Grade) was used as the eluent with a flow rate of 1 mL/min. Polystyrene 

standards (from Agilent Technologies, 370 Da ï 128.7 kDa) were used for calibration. 

For GPC sample preparation, 2 mg of dry polymer sample was dissolved in 1 mL of 

THF (HPLC Grade). 

 

Size Exclusion Chromatography (SEC). High temperature size exclusion 

chromatography was performed using a Tosoh HT-Eco SEC instrument with 

differential refractive index detection. Narrow dispersity polystyrene standards were 

used for calibration. Measurements were performed at 135 °C using 1,2,4-
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trichlorobenzene as the mobile phase (300 mg/kg Irganox 1010 was added as 

antioxidant to the solvent). The stationary phase was a set of 3 Tosoh HTs columns (2 

Tosoh TSKgel GMHhrH (S) HT2, 13 ɛm mixed bed, 7.8 mm ID Ĭ 30 cm columns and 

1 Tosoh TSKgel GMHHR-H (20) HT2, 20 ɛm, 7.8 mm ID Ĭ 30 cm column with an 

exclusion limit Ḑ4 × 108 g/mol). 

 

Differential  scanning calorimetry (DSC) was used to obtain thermal transition (Tg 

and Tm) values using TA instruments DSC Q1000 system. Samples were run in sealed   

hermetical aluminum pans with an empty pan as reference. A heat/cool/heat 

temperature program was used at a ramp rate of 10 or 20 °C/min with varied 

temperature ranges. The initial mass of the sample was between 4.5 -10 mg.  

 

Powder X-ray Diffraction (XRD) Samples were carried out with a D8 Advanced 

Diffractometer equipped with a LynxEye detector under ambient conditions. On a 

scatter less sample holder the sample was compacted in a circle with a diameter of 2mm 

for measurement. X-rays from Cu KŬ radiation source with a wavelength of 1.5418 ¡ 

was used, and the ɗ-angle starting at 5° ending at 60° with a 0.05° step. The data profiles 

were processed using Advanced TOPAS.  

 

 

 

 

 



 

 

75 

 

2.7.3 Supporting Results  

A. 

 
B. 

 
Figure S2.1. (A) 1H NMR (600 MHz, *Chloroform-d1) of run 2.1. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.1.  
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A. 

 
B. 

 
Figure S2.2. (A) 1H NMR (600 MHz, *Chloroform-d1) of run 2.2. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.2.   
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A. 

 
B. 

 
Figure S2.3. (A) 1H NMR (600 MHz, *Chloroform-d1) of run 2.3. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.3. 

A. 
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B. 

 
Figure S2.4. (A) 1H NMR (600 MHz, *Chloroform-d1,) of run 2.4. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.4 (6.18 kDa Hf LCCTP).  
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A. 

 
B. 

 
Figure S2.5. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.5. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.5.   
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A. 

 
B. 

 
Figure S2.6. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.6. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.6. 
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A. 

 
 

B. 

 
Figure S2.7. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.7. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.7.    
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A. 

 
 

B. 

 
Figure S2.8. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.8. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.8.    
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A. 

 
 

B. 

 
Figure S2.9. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.9. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.9.  
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A. 

 
B. 

 
Figure S2.10. (A) 1H NMR (600 MHz. *Chloroform-d1) of run 2.10. (B) partial 13C-

NMR (150 MHz, *Chloroform-d1) of run 2.10.  
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A. 

 
 

B. 

 
Figure S2.11: (A) 1H-NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 h of  

temperature equilibration) of run 2.11. (B) partial 13C NMR (150 MHz, *1,1,2,2-

C2Cl4-d2, 110 °C after 1 h of temperature equilibration) of run 2.11. 
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A.  

 
B. 

 
Figure S2.12: (A) 1H-NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C 1 h of temperature 

equilibration) of run 2.12. (B) partial 13C NMR (200 MHz, *1,1,2,2-C2Cl4-d2, 110 °C 

after 1 h of temperature equilibration) of run 2.12. 
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A. 

 
 

B. 

 
Figure S2.13: (A) 1H-NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 h of 

temperature equilibration) of run 2.13. (B) partial 13C NMR (200 MHz, *1,1,2,2-

C2Cl4-d2, 110 °C after 1 h of temperature equilibration) of run 2.13. 
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A. 

 
B. 
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C. 

 
 

Figure S2.14: (A) 1H-NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 20 minutes of 

temperature equilibration) of run 2.14. (B) partial 13C NMR (150 MHz, *1,1,2,2-

C2Cl4-d2, 110 °C after 20 minutes of temperature equilibration) of run 2.14. (C) 1H-

NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 20 minutes of temperature 

equilibration) of I2 quenched run 2.14 with a molecular weight calculated to be 8.1 

kDa through integration of a 90° pulse program. 
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A. 

 
 

B. 

 
 

Figure S2.15: (A) 1H-NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 h of 

temperature equilibration) of run 2.15. (B) partial 13C NMR (150 MHz, *1,1,2,2-

C2Cl4-d2, 110 °C after 1 h of temperature equilibration) of run 2.15. 
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A. 

 
 

B. 

 
 

Figure S2.16. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.16. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.16. 
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A. 

 
 

B. 

 
 

Figure S2.17. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.17. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.17. 
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A. 

 
 

B. 

 
 

Figure S2.18. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.18. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.18. 
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A. 

 
 

B. 

 
 

 

 

 

 



 

 

95 

 

C. 

 
D. 

 
 

Figure S2.19. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.19. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.19. (C) partial 13C-NMR (200 MHz, *1,1,2,2-C2Cl4-d2) of run 2.19. 

(D) I2 aliquot with integration for molecular weight (8.4 kDa by integration) of run 

2.19.  
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A. 

 
 

B. 

 
 

Figure S2.20. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.20, (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.20. 
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A. 

 
 

B. 

 
 

Figure S2.21. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.21. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.21. 
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A. 

 
 

B. 

 
 

Figure S2.22. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.22. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.22. 

 

 

 



 

 

99 

 

A. 

 
 

B. 

 
 

Figure S2.23. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 

temperature equilibration) of run 2.23. (B) partial 13C-NMR (200 MHz, *1,1,2,2-

C2Cl4-d2) of run 2.23. 
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A. 

 
B. 

 
 

Figure S2.24: (a) 1H-NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 20 minutes of 

temperature equilibration) of run 2.14b. (b) partial 13C NMR (150 MHz, *1,1,2,2-

C2Cl4-d2, 110 °C after 20 minutes of temperature equilibration) of run 2.14b. 
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A. 

 
B. 
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C. 

 
 

Figure S2.25: (A) 1H-NMR (600 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 20 minutes of 

temperature equilibration) of I2 quenched run 2.15b with a molecular weight calculated 

to be 8.1 kDa through integration of a 90° pulse program. (B) partial 13C NMR (150 

MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 20 minutes of temperature equilibration) of run 

2.15b. (C) partial 13C-NMR (200 MHz, *1,1,2,2-C2Cl4-d2) of run 2.15b. 
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Figure S2.26. Partial 13C-NMR (200 MHz, *1,1,2,2-C2Cl4-d2) of run 2.18, 2.20 ï 

2.23 LCCTP iPMP. 
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Figure S2.27. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.1.  

 
Figure S2.28. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.2. 
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Figure S2.29. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.3. 

 

 

Figure S2.30. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.4. 
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Figure S2.31. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.5. 
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Figure S2.32. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 20 °C/min from -70 ï 200 °C of run 2.6.  

 

 
Figure S2.33. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp rate 

of 20 °C/min from -70 ï 300 °C of run 2.7.  
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Figure S2.34. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp rate 

of 20 °C/min from -70 ï 300 °C of run 2.8.  

 

 

 
Figure S2.35. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp rate 

of 20 °C/min from -70 ï 300 °C of run 2.9.  
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Figure S2.36. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp rate 

of 20 °C/min from -70 ï 300 °C of run 2.10. 

 

 
Figure S2.37. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 10 °C/min from 30 ï 280 °C of run 2.11.  
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Figure S2.38. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 10 °C/min from 30 ï 280 °C of run 2.12.  

 

 
Figure S2.39. DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 10 °C/min from 30 ï 280 °C of run 2.13.  
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Figure S2.40. DSC full trace of heat/cool/heat cycle, cycle 1 removed, with a ramp of 

10 °C/min from -70 ï 300 °C of run 2.14. 

 

 
Figure S2.41. DSC full trace of heat/cool/heat cycle, cycle 1 removed, with a ramp of 

10 °C/min from -70 ï 300 °C of run 2.15.  
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Figure S2.42. (a) DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a 

ramp rate of 20 °C/min from 30 ï 280 °C of  run 2.16.  
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Figure S2.43. (a) DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a 

ramp rate of 20 °C/min from 30 ï 280 °C of run 2.17.  

 

 
 

Figure S2.44. (a) DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a 

ramp rate of 10 °C/min from -70 ï 300 °C of run 2.14b.  
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Figure S2.45.  DSC full trace of a heat/cool/heat cycle, cycle 1 removed, with a ramp 

rate of 10 °C/min from 30 ï 280 °C of run 2.15b .  

 

 
Figure S2.46. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.18.  
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Figure S2.47. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.19.  
 

 
Figure S2.48. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.20.  



 

 

116 

 

 
Figure S2.49. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.21.  
 

 
Figure S2.50. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.22.  
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Figure S2.51. DSC trace of a heat/cool/heat cycle, cycle 1 removed, with a 
ramp rate of 10 °C/min from -70 ï 300 °C of run 2.23. 
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Figure S2.52. Stacked DSC trace of a heat/cool/heat cycle, cycle 1 removed, 
with a ramp rate of 10 °C/min from -70 ï 300 °C of run 18, 20-23. 
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Figure S2.53. GPC trace of aPMP from run 2.1 (top). GPC trace of aPMP from run 

2.2 (middle). GPC trace of aPMP from run 2.3 (bottom). 
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Figure S2.54. GPC trace of aPMP from run 2.4 (top). GPC trace of aPMP from run 

2.5 (middle). GPC trace of aPMP from run 2.6 (bottom). 
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Figure S2.55. GPC trace of PMP from run 2.7 (top). GPC trace of PMP from run 

2.8 (bottom). 
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Figure S2.56. GPC trace of PMP from run 2.9 (top). GPC trace of PMP from run 

2.10 (bottom). 
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Figure S2.57. High temperature (HT-) GPC trace of PMP from run 2.11 (top). HT-

GPC trace of PMP from run 2.12 (middle). HT-GPC trace of PMP from run 2.13 

(bottom). HT-GPC was taken at NIST, in trichlorobenzene (TCB) at 135 °C, calibrated 

with styrene standards.  
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Figure S2.58. HT-GPC trace of PMP from run 2.14 (top). HT-GPC trace of PMP 

from run 2.15 (middle). HT-GPC trace of PMP from run 2.16 (bottom). HT-GPC 

was taken at NIST, in TCB at 135 °C, calibrated with styrene standards. 
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Figure S2.59. HT-GPC trace of PMP from run 2.17 (top). HT-GPC trace of PMP 

from run 2.18 (middle). HT-GPC trace of PMP from run 2.19 (bottom). HT-GPC 

was taken at NIST, in TCB at 135 °C, calibrated with styrene standards. 
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Figure S2.60. HT-GPC trace of run 2.20 (top). HT-GPC trace of run 2.21 (bottom). 
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Figure S2.61. HT-GPC trace of run 2.22 (top). HT-GPC trace of run 2.23 (bottom). 
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Figure S2.62. HT-GPC trace of PMP from run 2.14b (top). HT-GPC trace of PMP 

from run 2.15b (bottom). 
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Chapter 3: Investigation into Synthesizing a Stereoblocky PMP 

Material   

 

  3.1 Brief Introduction of óStereoblockyô Materials  

 

 Obtaining polyolefins with unique architectural design that consequently 

effects the overall property of the material has been investigated in many cases in order 

to develop new polymer technologies and applications. For several cases this was 

pursued with the goal that these polyolefin materials are useful as thermoplastic 

elastomers or heterophase compatiblizers.1-3 Thermoplastic elastomers (TPE) are 

materials described to combine the thermoplastics and rubber properties into one 

material through both rigidity and flexibility contained within the structure of the 

polymer.4 Generally this is achieved within TPE because the polymer contains hard 

segments (high Tg or semicrystalline) and soft segments (low Tg or amorphous). Some 

examples of well know TPE include commercialized polyurethanes and styrene-based 

materials, and something weôve all come into contact with flexible phone cases, is an 

example of an everyday thermoplastic elastomer due to its strength in protecting a 

phone but also in the materials flexibility to wrap around the device.5 

  Discussed thoroughly in the last chapter, Natta first discovered that physical 

properties of polypropylenes (PP) can be controlled through changing the chain 

microstructure.2 In line with stereoblocky materials this means that the mechanical 

properties and elastomeric properties must be controlled within the PP by crystalline-

amorphous block structures coexisting either randomly or in a multiblock pattern.6-17 
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Achieving a polyolefin of óunattainableô architecture were the adjoining chain 

segments are distinctly different stereoregularities which produce stereoblocky 

polymers has been of great interest in the polymer community ever since Nattaôs first 

discovery with PP because of the materials outstandingly wide application reach.  

 A more recent study involving synthesis of stereoblocky materials includes 

Lieber and coworkers, which are the closest resembling system to what is discussed 

within the current work herein. In this investigation they tried to achieve stereoblocky 

polymers using a combination of chain transfer alkylaluminium cocatalyst alongside 

different ansa-Zirconocenes in one-pot reaction with propene.2 They proposed that the 

chain transfer agents (CTA) alkyl bridging allowed for the polymer chains to pass 

between the two differing catalyst present within the one synthesis. They concluded 

that each of the combined catalysts had a different effect on the orientation and 

stereodirection of the growing PP chain therefore as the growing chain passed between 

the two catalysts the PP would change in direction (mm-nn) depending on which active 

species it was on for a short extended DPn. In this study they successfully made a small 

library of PP materials that utilized these two catalysts with CTA as a three-component 

system.  

 Within the Sita group we have also experimented with polyolefin stereocontrol 

and effecting the microstructure and therefore properties of materials in the past. In the 

previous chapter an extensive list was provided of such studies. However, this concept 

has been explored extensively with propene but has yet to be documented in the 

literature with 4-methyl-1-pentene (4M1P). Toward the continued advancement of 

LCCTP, and the goal of discovering new PMP materials, this work will present a new 
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method that expands the scope of this system and produces not stereoblock PMP 

materials but instead a blend of the homopolymers. These blended PMP materials can 

offer a solution to the downfalls of fully isotactic brittle PMP or amorphous atactic 

PMP by having new novel physical properties that can be useful as a compatibilizer or 

a thermoplastic elastomer.  

 

  3.2 Three-Component LCCTP System  

 

Using a combination of both Zr (1) or Hf (2) CPAM pre-initiators which upon 

óactivationô with stoichiometric equivalents of borate co-initiator (B1) ,in the presence 

of chain transfer agent ZnEt2 and excess 4M1P monomer, a targeted molar mass with 

a specific number-average degree of polymerization (DPn) of PMP is achieved. A 

general outline of the synthesis described and employed within this study is displayed 

in Scheme 3.1.  The symmetry characteristics of the pre-initiators correlate to the 

tacticity that is observed within the microstructure of the polymer. More specifically  

when LCP of 1 in used isotactic PMP is yielded while on the other hand through LCP 

full activation of 2 the resulting PMP with be atactic. When the addition of ZnEt2 is 

added to the already existing  system which contains a combination of both 1 and 2 the 

system becomes an LCCTP process. We propose that during polymerization the 

growing chain on 1 or 2 gets passed to the ZnEt2 CTA and back to either pre-initiator 

at random. Thus, as the polymer grows on 1 it creates stereoregular units (blocks of 

unknown length) which can then be passed off to 2 which propagates atactic units 

(blocks of unknown length) overall hopefully creating a stereorandom 
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blocky PMP material.  

Knowing this, the first goal of the present study was to determine the 

stereochemical microstructure of PMP in the presence of both 1 and 2, under chain 

transfer conditions. Potential products include (1) a stereoblock-like PMP copolymer 

with a mixture of tacticityôs (2) two separate PMP homopolymers with dissimilar 

tacticityôs, or (3) the dimerization of activated 1 and 2 to cause no product to form. 

Though the main investigation was to create a stereoblocky PMP material interestingly 

through purification techniques it was determined that this process results in (2), two 

separate homopolymers made through LCCTP that resulted in a blended material of  

PMP polymers with a mixture of tacticityôs that vary as the ratio of 1 to 2 is changed. 

As a standard for comparison, we synthesized two versions of PMP from either full 

activation of 1 or 2 to create completely iPMP (Mn = 51.0 kDa, Ð = 1.39) and  aPMP 

 
 

Scheme 3.1 Summary of the reagents and methods that were employed in the one-

pot LCCTP of 4M1P using a dual pre-initiator system.   
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(Mn = 48.7 kDa, Ð = 1.19), respectively. These two materials are ref1 and ref2 from 

chapter 2 study.  For the purpose of this study, it is helpful once again to look at the 

ends of the spectrum of the ógradesô of PMP materials that can be made with our 

LCCTP system. Figure 3.1 presents the corresponding 13C{1H} NMR (200 MHz) 

spectra for these materials in 1,1,2,2-tetrachloroethane-d2 (TCE-d2) at 110 °C. To 

repeat, the spectrum of iPMP (Figure 3.1A) shows the appearance of five sharp 13C 

resonances that are consistent with 13C{1H} NMR spectra reported for other highly 

regioregular and stereoregular iPMP materials in which C5 and C6 of the geminal 

methyl groups of the isobutyl side chains appear as being magnetically equivalent due 

to the intrinsic Cs-symmetry of a sufficiently long isotactic chain.3,7cw  In contrast, the 

13C{1H} spectrum of aPMP (Figure 3.1B), shows that each of the corresponding 13C 

resonances are now broad. This feature is due to the partial overlap of multiple 

resonances associated with different tacticity sequences.  Accordingly, once again in 

the present study, we cannot perform the type of extensive quantitative 13C NMR 

investigations of stereochemical microstructure that have been reported for PP, and 

instead, only qualitative assessments and comparisons of the relative degree of 

stereoregularity for each member of a collection of PMP samples can be made.  

Towards the goal of this current study, a mixture of 1 and 2 at a 50:50 ratio (Zr:Hf) 

were used to polymerize 4M1P in the presence of ZnEt2, run 3.5 in Table 3.1. The 

corresponding 13C{1H} NMR spectrum , in Figure 3.1C, shows a mixture of atactic and 

isotactic like character. The profile of the peak at 23 ppm in Figure 3.1C, for run 3.5, 

shows both the broadness of aPMP in Figure 3.1B, and the sharpness of iPMP in Figure 

3.1A.  
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3.3 Results of LCCTP with Two Stereo-influencing Catalysts in a One-Pot 

Polymerization  

 

Next, a series of stereoengineered PMP was developed using a mixture of 1 and 

2 ranging from 90:10 to 10:90 (1:2, Zr:Hf) with uniquely distinct properties for each 

ógradeô of polyolefin observed, Table 3.1. First, it is important to note that 

A.          B. 

 
C. 

 
 

Figure 3.1 13C{1H} NMR spectra (200 MHz, TCE-d2, 110 °C) for (A) iPMP 

(100:0) (Mn = 51.0 kDa, Ð = 1.39 ), (B) aPMP (0:100) (Mn = 48.7 kDa, Ð = 1.19), 

and (C) homopolymer PMP blend run 3.5 (50:50) (Mn=5.05 kDa, Ð = 1.16). The 

asterisks in (A) indicate 13C resonances for a polyolefin co-product arising from an 

Ŭ-olefin impurity in the original 4M1P.  
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polymerizations were run under 100% activation of both catalysts. We originally 

proposed, just like Libeler and coworkers, that the CTA is present to help shuttle the 

growing polymer chains between the different catalysts. However, this ended up not 

being the case for our polymerization system. The stereoregularity of microstructure of 

each homopolymer within the blend becomes dependent on the relative ratio between 

1 and 2, or put more simply, which species is most present in the polymerization. This 

stereochemical dependence is visible in 13C{1H} NMR and differential scanning 

calorimetry (DSC). As the presence of Cs-symmetric 2 is increased, 13C{1H} NMR 

spectra show an increase in atactic resonances, specifically at carbons C1 and C3 in 

Figure 3.2A, see SI for full stacked spectra of all sample runs. Additionally, as 2 is 

increased, DSC measurements show a decrease in melting point (Tm) and the distinct 

Table 3.1. LCCTP conditions and PMP results using both 1 and 2 simultaneously.  
 

Ru

n 
1:2 

ZnEt
2 

(eq.) 

4M1

P 

(eq.) 

Yiel

d 

(g) 

M
n
 

(kDa)
b
 

M
w 

(kDa)
b
 

Ð
b
 

Tg 

(°C)
c
 

Tm (°C)
c
 

%Crysta

-llinity c 

3.1 
90:1

0 
5 595 1.73 4.29 8.40 

1.9

6 
- 221.5 25.7 

3.2 
80:2

0 
5 595 1.89 1.55 2.13 

1.3

7 
- 219.5 23.3 

3.3 
70:3

0 
5 595 1.99 2.33 2.81 

1.2

1 
- 217.3 18.1 

3.4 60:4

0 
5 595 1.86 2.92 3.39 

1.1

6 

12.5

8 

214.5; 

220.4 
13.0 

3.5 50:5

0 
5 595 1.89 4.55 5.27 

1.1

6 
19.1 

216.2; 

221.6 
10.9 

3.6 
40:6

0 
5 595 1.67 5.05 5.85 

1.1

6 
18.2 

215.2; 

221.2 
5.12 

3.7 
30:7

0 
5 595 1.88 5.38 6.38 

1.1

9 
20.1 

209.0; 

217.0 
4.70 

3.8 
20:8

0 
5 595 1.78 4.86 5.58 

1.1

5 
6.68 

203.7; 

212.3 
1.92 

3.9 
10:9

0 
5 595 1.97 4.62 5.45 

1.1

8 
12.8 

196.3; 

208.0 
0.92 

aFor complete details of polymerization conditions for each run, see SI. 
bDetermined by SEC. cDetermined by DSC.  



 

 

136 

 

appearance and a glass transition temperature (Tg) (Figure 3.2B). For runs 3.1 ï 3.3, 

no Tg was detected due to the high crystallinity of the material blend. Runs 3.4 ï 3.9 

show two melting point peaks, indicating the presence of crystallites of various size. 

The integral of the Tm peak, the enthalpy of fusion (ɝHf), can be used to determine the 

percent crystallinity of each sample. As the enthalpy of fusion of a perfect isotactic 

PMP sample (ɝHf
*) was reported as 117.2 J g-1, the ratio of enthalpies is indicative of 

crystallinity.  As the amount of 1 is increased, both the melting point and crystallinity 

increases within the polymer, suggesting the presence of more isotactic regions, 

therefore more crystalline domains within the polymer (Figure 3.2C). The synthesis of 

these materials guided us to the assumption that the chain transfer agent is in fact still 

acting as a surrogate for chain growth, however instead of passing the chains between 

catalysts 1 and 2 it stays in proximity to the same catalysis only allowing for chain 

 
Figure 3.2 (A) Partial 13C{1H} NMR spectra (200 MHz, TCE-d2, 110 °C) for 

homopolymer blended PMP bulk materials obtained from runs 3.1, 3.3, 3.5, and 3.9 

(from bottom to top). (B) Partial DSC traces for the same PMP samples, runs 3.1, 

3.3, 3.5, and 3.9 (from bottom to top). (C) Plots of Tm and percent crystallinity as a 

function of percent 1 in the ratio of 1:2 for runs 3.1-3.9 in Table 3.1.  
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transfer to occur on the same matched catalysis, resulting in materials that are 

comprised of two homopolymers blended together at varied ratios based on the ration 

of 1 or 2 during the synthesis. 

The discovery that the bulk material was comprised of two homopolymers was 

determined by Danyon M. Fischbach when the bulk resulting material was loaded into 

an extraction thimble. This thimble was placed inside the Soxhlet, and round bottom 

was loaded with 200 mL of hexane. The hexane refluxed at 80 °C for 16 hours. The 

extracted polymer in the RBF was dried and massed. The thimble was dried, and the 

polymer left inside was dried and massed as well. In Figure 3.3 is an image of the two 

separated homopolymers that came from the original run 3.5 bulk material which can 

be seen in Figure 3.4.  

 Thermal properties are not the only physical property to vary over the range of 

these PMP samples. Even though they are at their core blends of homopolymers 

samples look and feel different from each other as well as different from the 100% 

aPMP and 100% iPMP references, Figure 3.4. Low Mn aPMP is liquid-like and tacky 

 
 

Figure 3.3  Image of separated homopolymers from bulk material, run 3.5, left 

image is of the isotactic homopolymer and left image is of the atactic homopolymer.  
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while the iPMP is a flowing, fine white powder. In complete contrast, the blended PMP 

materials made through the one-pot synthesis with both pre-initiators have properties 

such as paper (10:90 sample in Figure 3.3), moldable wax, fake snow, and fluffy 

powder (50:50 sample in Figure 3.4).   

Utilizing the instrumentation dynamic mechanical analysis (DMA) the PMP 

materials varied physical properties can be quantitatively determined. Shown in Table 

3.2 and Figure 3.4 are DMA results of selected materials. The PMP homopolymer 

blends made with majority 1 were too brittle to measure, as mentioned is a drawback 

to highly crystalline iPMP. Notably, there is a drastic difference between aPMP and 

run 3.9 in comparison to all other PMP materials. Run 3.9 only has a small 

 
 

Figure 3.4  Image of iPMP (left), bulk PMP blends runs 3.5 and 3.9 (middle) and 

aPMP (right). The iPMP and aPMP represented in this image come from 

experiments made in the previous chapter, Chapter 2.  
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incorporation of 1 (10:90) and yet in a dramatic fashion differs from neat aPMP 

polymers. Specifically, the aPMP sample is a brittle plastic and was found to have the 

lowest elongation at break of 0.495% but the highest Youngôs modulus of 122 MPa. 

The profile shape of aPMP in Figure 3.4 indicated that the material undergoes only a 

small amount of elastic deformation before its breaking point. Alternatively, run 3.9 is 

an elastomer as it has the largest capacity for flexible deformation with a Youngôs 

modulus of 0.704 MPa. Additionally, run 3.9 has a maximum elongation of 346%, 

prior to breaking. As the incorporation of 1 is increased, the tensile strength decreases 

and the elongation at break decreases, except for run 3.8, where the maximum 

elongation before break of 346% was also reached. Also found was that the lowest 

elongation at break of 19.4% of these blends measured within run 3.8. The properties 

of run 3.5 are the closest to that of pure aPMP. In Figure 3.5, itôs not obvious just how 

brittle run 3.5 is compared to run 3.9 visually. However, DMA results quantitatively 

shows how drastically different the materialsô physical properties change by simple 

incorporation of 1 into the polymerization. In Figure 3.6 images of sample run 3.9 are 

taken to show the materials properties during the DMA instrumental

Table 3.2.  Dynamic mechanical analysis (DMA) results of selected PMP samples. 

 

Run 
Youngôs Modulus 

(MPa)a 

Elongation at Break 

(%)a 

aPMP 122 0.495 

3.5 24.7 19.4 

3.6 0.938 225 

3.8 0.805 346b 

3.9 0.704 346b 

 
aTA analysis calculations. bSamples reached instrument limits. Run at 0.1N to 18N 

ramp at room temperature. 
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analysis testing. The leftmost image is the sample before the DMA experiment begins, 

the middle image is during the DMA run, and the rightmost image is near the end of 

the DMA testing. These images help comprehend how elastic a 10:90 blend of 

homopolymer PMP materials, made in the one-pot synthesis bulk material, even at very 

small dimensions of 1.3 mm thick, 8.18 mm long (within the grasp of the clamps of the 

DMA), and 5.32 mm wide.   

 

 
 

Figure 3.5  Stress-strain curves for aPMP (0:100),  3.5 (50:50), 3.6 (40:60), 3.8 

(20:80), and runs 3.9 (10:90), (in order from top to bottom). 
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The original investigation was to synthesize and control stereoblocky PMP 

materials and originally this was believed to be the results. However, due to the concern 

that these materials could be blends of two homopolymer species, and the CTA did not 

in fact swap chains between pre-initiators of 1 and 2, a control 13C{1H} NMR spectrum 

was gathered of a 50:50 mixture by mass of aPMP and iPMP homopolymers, Figure 

3.7. This NMR did not clear up any confusion however, as its profile had extremely 

similar peak shapes to run 3.6. Regardless of this similarity, it is still evident that the 

presence of distinct regions of atactic and isotactic PMP occur in this NMR. This is 

what led to the investigation in separating out possible homopolymers within the bulk 

materials collected at the end of the synthesis.  There were many characterization 

factors that continues to unknowingly indicate that these were stereoblocky materials 

not just blends of two separate homopolymers. First, the GPC trace of run 3.5 

maintains a monomial distribution with low dispersity. It was hypothesized that if the 

 
 

Figure 3.6  Images of DMA experiments with sample run 3.9. From left to right 

the N force applied increases and the elastic nature of the PMP homopolymer 

blended material is observed.  
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rate of propagation from 1 and 2 are different, the atactic and isotactic homopolymers 

would have different molar masses, leading to a bimodal GPC trace with a larger 

dispersity. Second, iPMP polymer blended with aPMP polymer would not create the 

same bulk material properties seen in Figure 3.4. This is mainly due to the insolubility 

of iPMP and this blended material made through synthetic means may be the only way 

to homogeneously blend the two distinctly separate endôs of the spectrum, aPMP and 

iPMP. Third, one would have to assume that the CTA is either inactive in this system 

or each time it chain-transfers it must transfer back to the same exact pre-initiator thus 

keeping a homopolymer of the same microstructure throughout. The probability of this 

phenomenon occurring is seemed originally low. All three off these arguments and 

experimental evidence supports the synthesis of blocky-like polymers of the PMP with 

both isotactic and atactic microstructure incorporated throughout the bulk polymer 

 
Figure 3.7  13C{1H} NMR spectra (200 MHz, TCE-d2, 110 °C) for a 1:1 by weight 

blend of iPMP and aPMP. 
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rather than a blend of two distinctly different homopolymers. However, what was 

observed and discovered was that in fact two distinct homopolymers were being 

synthesized together in the one-pot system and the bulk materials of such blends had 

distinct properties never before seen or understood within PMP materials. Mechanism, 

kinetics, and investigations into why the CTA stays matched to the same pre-intiator 

throguhout the polymerization is currently underway.  

 

 3.4 Conclusions 

 

Overall, PMP copolymers with distinct regions of atactic and isotactic 

microstructures were not synthesized by using a two-catalyst system in the presence of 

a chain transfer agent but instead blends of homopolymers were made. These two pre-

initiators, 1 and 2, impose different degrees of stereocontrol on the inserting 4M1P 

monomer unit, leading to segments homopolymers of either atactic or isotactic nature. 

The amount of each homopolymer present in the bulk material can be easily controlled 

through the ratio of catalysts during polymerization. The ratio of such homopolymer 

content has a drastic impact on the physical properties of the material, leading to 

elastomers, even when brittle iPMP and aPMP units exist within the same blended 

material. This study has successfully applied the ótoolboxô of techniques and 

knowledge gained from the previous study, chapter 2, to discover a new way of making 

PMP materials through blends. For the future, it is of interest to create stereoblocky 

PMP materials and better understand the mechanism at which the current synthesis is 

undergoing.  
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3.5 Supporting Experimental Information  

 

3.5.1 Synthetic Procedures  

 

All manipulations of air and moisture sensitive compounds were carried out under N2 

atmospheres with standard Schlenk line or glovebox techniques. Toluene 

(ReagentPlus, 99%) was dried and deoxygenated by passage over activated alumina 

and GetterMax® 135 catalyst (purchased from Research Catalysts, Inc.) and collected 

prior to use. Chlorobenzene (Acros Organic, 99%) was dried over calcium hydride by 

refluxing at 130 oC for three days and distilled under N2 prior to use. 1, 1, 2, 2-

Tetrachloroethane(C2Cl4)-d2 was purchased from Cambridge Isotopes and used as 

received. Chloroform-d1
 was purchased from Cambridge Isotopes and used as received. 

4-methyl-1-pentene (>97%) were purchased from TCI Chemicals, dried over Na/K 

alloy and isolated by vacuum-transfer prior to use. Diethylzinc (>52wt.% Zn) was 

purchased from Sigma-Aldrich and used as received.  All other solvents and reagents 

were used as received unless otherwise. 

 

General procedure for living coordinative chain transfer polymerization 

(LCCTP) of atactic poly(4-methyl-1-pentene) (aPMP) via Zirconium (Ia in SI and 

1 in text) and Hafnium Catalyst ( Ib in SI and 2 in text)  with changing ratios.  

 

In a round bottom flask, 15 mL of toluene was cooled to 0 °C. The 4M1P monomer 

(23.8 mmol, 2.0 g) was added to the flask. Then chain transfer agent III  (0.2 mmol, 

24.7 mg), was added to the flask. Then a solution of Ia and 1b , with 0 °C 1.0 mL PhCl 
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was vigorously activated with II  (0.044 mmol, 35.2 mg) and added to the flask. The 

flask was stirred for typically 24 hr at 0 °C and quenched with 10 % HCl/ methanol. 

An aliquot of the material was also quenched with I2 for NMR quantitation of 

molecular weight. The material was then precipitated in MeOH for a minimum of 1 hr, 

then vacuum filtered and washed with MeOH before being collected in a pre-weighed 

vial and dried under vacuum. Details on the ratios of Zr to Hf catalyst and other details 

of the polymerôs characterization are provided in Table 3.1. 
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3.5.2 Characterization Parameters  

 

Nuclear Magnetic Resonance (NMR) Spectroscopy of 1H and 13C{1H} nuclei was 

carried out with a Bruker DRX 600 with BBFO probe or Bruker AVIII-HD 800 

spectrometer fitted with a cryo-QCI probe. Chloroform-d1 was used as the solvent for 

polymer samples using LCCTP synthesis. 1,1,2,2-C2Cl4-d2 was used as the solvent for 

polymer samples using LCP synthesis and heated to 110 °C. All spectra were 

referenced to tetramethyl silane using residual 1H and 13C{1H} chemical shifts of the 

deuterated solvents. 

 

Gel Permeation Chromatography (GPC) was used to obtain molecular weight (Mn 

and Mw) and polydispersity index (PDI) of polymers using Viscotek GPCMax 

equipped with three columns (Styragel HR 4, HR 3, and HR 1) in a column oven and 

differential refractometer (Viscotek TDA 302) maintained at 40 °C. Tetrahydrofuran 

(HPLC Grade) was used as the eluent with a flow rate of 1 mL/min. Polystyrene 

standards (from Agilent Technologies, 370 Da ï 128.7 kDa) were used for calibration. 

For GPC sample preparation, 2 mg of dry polymer sample was dissolved in 1 mL of 

THF (HPLC Grade). 
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3.5.3 Supporting Results 

A. 

 
B. 

 
 

Figure S3.1. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 
temperature equilibration) of run 3.1, (B) partial 13C-NMR (200 MHz, *1,1,2,2-
C2Cl4-d2) of run 3.1 (90:10). 
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A. 

 
B. 

 
 

Figure S3.2. (A) 1H NMR (800 MHz, *1,1,2,2-C2Cl4-d2, 110 °C after 1 hr of 
temperature equilibration) of run 3.2, (B) partial 13C-NMR (200 MHz, *1,1,2,2-
C2Cl4-d2) of run 3.2 (80:20). 
 
 
 


