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ABSTRACT 

 
  

Rheological modification is frequently cited as a key application for 

hyperbranched polymers.  However, the high degree of branching in these polymers 

restricts entanglement and the resultant mechanical properties suffer.  Longer distances 

between branch points may allow entanglements.  Highly branched polymers, where 

linear units are incorporated between branch points, are synthesized with an oligomeric 

A2 plus a monomeric B3.  Higly branched polymers differ from traditional hyperbranched 

polymers in that every monomeric repeating unit of a hyperbranched polymer is a 

potential branch point, which is not true for highly branched polymers. 

The oligomeric A2 plus B3 synthetic methodology was used for the synthesis of 

highly branched ionenes and polyurethanes.  Highly branched ionenes, which have a 

quaternary ammonium salt in the main chain, were synthesized with a modified 

Menshutkin reaction.  The oligomeric A2 was comprised of well-defined telechelic 

tertiary amine endcapped poly(tetramethylene oxide).  Reduced mechanical properties 

were observed for highly branched polymers compared to linear counterparts. 

Highly branched polyurethanes were synthesized with polyether soft segments 

including poly(ethylene glycol), poly(tetramethylene glycol), and poly(propylene glycol).  

Degree of branching was determined via a novel 13C NMR spectroscopy approach, which 
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is described herein.  The classical degree of branching was supplemented with an 

alternative degree of branching equation, which was tailored for highly branched 

architectures.  The melt and solution viscosities of highly branched poly(ether urethane)s 

were orders of magnitude lower than the linear analogs.  For the first time, the presence 

of entanglements was confirmed for highly branched polymers.  Doping the highly 

branched polyurethane with lithium perchlorate, a metal salt, resulted in a significantly 

higher melt viscosity.  The ionic conductivity of the highly branched polyurethane when 

doped with a metal salt was orders of magnitude higher than the linear analog. 

Soybean oil was oxidized for synthesis of soy-based polyol monomers.  Three 

regimes were determined, and for the first time, a correlation between hydroxyl number 

and a resonance from the double bonds of soybean oil in 1H NMR spectroscopy was 

described.  The relationship was used to accurately describe oxidation of soybean oil with 

time, temperature, and air flow rate.  Soybean oil oxidation was catalyzed, and tack-free 

films were formed. 
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Chapter 1: Introduction 

1.1 Dissertation Overview 

 Polymer topology is a primary tool for adjusting the physical properties and 

functionality of polymers.  Branching influences the processability and the applications 

of polymers.  Hyperbranched polymers, where every monomer unit is a potential branch 

point, has received significant interest in the literature due to the globular structure, high 

functionality, and which lends itself to creative approaches to synthesis.  The commercial 

availability and the symmetry of the monomers used in the A2 plus B3 synthetic approach 

to hyperbranched polymers are advantages when compared with the traditional 

polycondensation of ABx-type monomers.  Recently, the polymerization of oligomeric A2 

plus B3 was proposed.  The goal of this approach was to provide distances between 

branch points, which are long enough for entanglements. 

 The synergy between a high degree of branching and intermolecular interactions 

was investigated in this dissertation.  Following this chapter, characterization techniques 

used for hyperbranched polymers were reviewed.  The third chapter deals with systematic 

branching of ionenes.  The effect of branching in the hard segment on the intermolecular 

interactions and mechanical properties was addressed.  In the fourth chapter, highly 

branched PEG-based polyurethanes were synthesized.  The degree of branching was 

determined with a novel 13C NMR spectroscopy approach.  An alternative degree of 

branching calculation was also proposed.  The fifth chapter describes the reduced melt 

and solution viscosities of highly branched polymers compared to linear analogs.  The 

ionic conductivity of highly branched polyurethanes was improved over linear analogs.  
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The sixth chapter focused on the synthesis of monomers from renewable resources for 

potential use in microphase separated polymers.  The seventh chapter summarizes the 

accomplishments of this dissertation work. 
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Chapter 2: Review of the Literature 

The determination of the fundamental effects of branching on a variety of 

applications ranging from rheological modification to electrospinning has received 

intense scrutiny.1, 2  Long chain branching increases the melt viscosity compared to linear 

analogs due to an increase in entanglements.  However, short-chain branched polymers 

have fewer entanglements causing a reduction in melt and solution viscosities and 

hydrodynamic radius.  Long-chain branching also has a significant affect on the shear 

thinning of sparsely branched polymers.  With the incorporation of a small number of 

long-chain branched polymers, the onset of shear-thinning occurs at lower frequencies 

than for linear counterparts.1, 3  Numerous topologies were synthesized to probe the 

effects of branching from pom poms to star polymers.  Dendrimers emerged as a novel, 

monodisperse, wholly branched topology.  Dendritic polymers were interesting 

academically but the synthetic rigor required for dendrimers made them inaccessible for 

most industrial applications.  Hyperbranched polymers emerged as an industrially viable, 

highly branched alternative to dendrimers.  Unlike dendritic polymers, hyperbranched 

polymers have imperfections and are not wholly branched.  Hyperbranched polymers are 

polydisperse with isomers and different geometries whereas dendrimers are 

monodisperse and have a single, well-defined architecture. 

In the last fifteen years, a resurgence of interest in hyperbranched polymers has 

occurred.  Flory’s theoretical treatment of polymers synthesized with ABx type monomers 

laid the groundwork for studies of hyperbranched polymers.4, 5  The properties of 

hyperbranched polymers, which include increased solubility, low viscosity, large 

numbers of chain ends for functionalization, make this polymer class potentially useful 



 4

industrially and academically interesting.  The lower viscosity of hyperbranched 

polymers compared to linear counterparts has received significant attention.6-8  The 

globular shape of hyperbranched polymers and short distances between branch points 

prohibit entanglements.9  However, the exclusion of entanglements created polymers 

without significant mechanical properties.  This led to the frequent citation of rheological 

modification as an industrial application for hyperbranched polymers.10-14  Recent work 

utilizing the synthetic strategy of an oligomeric A2 plus B3 monomer has introduced a 

high degree of branching with long linear segments for entanglements and improved 

mechanical properties compared with traditional hyperbranched polymers.1, 7, 15, 16 

 Spectroscopic and chromatographic methods are frequently used for the 

characterization of long- and short-chain branching.  Determination of branch points with 

13C NMR spectroscopy is useful for branching concentrations greater than 10-4.17  Zimm 

and Stockmayer first proposed a contraction factor, g, for the description of long chain 

branching.18  The contraction factor, g, is defined as the ratio of the radii of gyration for 

the branched and linear polymers, <Rg
2>br/<Rg

2>lin.  Dilute solution measurements, 

typically size exclusion chromatography (SEC) with light scattering, are frequently used 

to find the radius of gyration for the calculation of g. Light scattering has limitations for 

the determination of the radius of gyration at small or moderate radii.  The ratio of the 

intrinsic viscosities of branched and linear polymers, g’, avoided the difficulties of light 

scattering and provided an avenue to determine an alternative contraction factor, where g’ 

= [η]br/[η]lin.19  The relationship between the two contraction factors, g’ = gε, was based 

on the Fox-Flory equation, and it was suggested that ε = 3/2.20  Zimm and Kilb 

reconsidered the value of  ε about 10 years after the first publication and determined that 
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ε = 1/2.21  Considerable debate continues about the relationship between the contraction 

factors.  It was suggested that a power law relationship alone cannot describe the 

relationship between g and g’.22-24  Spectroscopic and chromatographic methods 

including NMR, IR, and SEC lack the sensitivity to detect sparse long-chain branching, 

which has a substantial effect on rheological behavior.25  Creative solutions to the 

problem of the characterization of long- and short-chain branched polymers have 

received sizeable effort.  The sensitivity of dilute solution behavior that gives rise to the 

ratio g is insufficient to detect sparse long-chain branching that significantly affects melt 

rheological behavior.26  Short-chain branching is frequently achieved through 

copolymerization.  Therefore, the quantity of short-chain branching is typically 

identifiable through the amount of comonomer charged to the reaction.  The distribution 

of short-chain branching, and its affect on mechanical properties has received 

considerable attention.   The density and temperature rising elution fractionation are two 

techniques that indicate the amount and distribution of short-chain branching.27 

 The task of characterizing long- and short-chain branching has produced several 

techniques that are useful in the characterization of different topologies including 

hyperbranched polymers.  However, the highly branched nature of hyperbranched 

polymers creates its own challenges for characterization.  The greater branching density 

presents opportunities for the characterization of hyperbranched polymers.  This review 

addresses the unique behavior and characterization of hyperbranched polymers.  A brief 

treatment of synthetic strategies is warranted to understand the basis for the 

characterizaiton.  However, most reviews on the subject of hyperbranched polymers are 

devoted primarily to the synthetic considerations.28-33 
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2.1 Introduction to Common Synthetic Routes  

 The approaches to step-growth polymerization of hyperbranched polymers can be 

broken down into two primary synthetic strategies: 1.) those that use ABx monomers and 

2.) polymerizations based on A2 and B3 monomers.  Synthesis of hyperbranched 

polymers via step growth polymerization is traditionally performed with ABx monomers, 

where x ≥ 2.  The polycondensation of ABx monomers is a one-pot synthesis, and it was 

theoretically determined that no gelation will ensue from this type of reaction.11, 34-39  One 

distinct disadvantage of ABx-type polymerizations is the synthetic effort required for the 

synthesis of the ABx monomers, which are frequently not commercially available. A 

variety of synthetic techniques and monomer chemistries were employed for the 

synthesis of hyperbranched polymers with ABx monomers.  The most common polymers 

synthesized from ABx monomers include polyesters40-42, polyphenylenes11, 43, 44, and 

polyamides45, 46.  Several hyperbranched polyesters are commercially available, which is 

becoming more frequent but is still a distinction for hyperbranched polymers.47, 48 

 Another common step-growth approach for the synthesis of hyperbranched 

polymers is the addition of A2 plus B3 monomers.  The commercial availability of A2 and 

B3 monomers is a primary advantage of this synthetic route.  Careful synthetic techniques 

are necessary to avoid gelation.  Slow monomer addition, dilution, and exact 

stoichiometry are all techniques employed to avoid gelation.  An illustration of the 

differences between ABx and A2 plus B3 polymerizations is shown in Figure 2.1. 
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Figure 2.1: Depiction of differences between A2 plus B3 polymerization and 

hyperbranched polymers from AB2 monomers 29 

 

 Self-condensing vinyl polymerization (SCVP) occurs with monomers containing 

one vinyl group, A, and one initiating group, B*, (AB* monomers).  Hyperbranched 

polymers synthesized from SCVP typically rarely crosslink when living/controlled 

conditions are used.  The polydispersity of SCVP hyperbranched polymers is 

theoretically much greater than that of hyperbranched polymers from AB2 monomers.49  

Synthetic techniques for lower polydispersity hyperbranched polymers are frequently 

used.50, 51  Cations, radicals, and carbanions are all possibilities for the active center in 

SCVP.15, 52, 53  An example of an SCVP monomer and the first few steps are shown in 

Figure 2.2. 
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Figure 2.2: First steps of SCVP polymerization54 
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2.2 Degree of Branching Characterization 

 While dendrimers are monodisperse and have a regular structure, hyperbranched 

polymers are polydisperse and have irregular dendritic structures, which include isomers 

and different geometrical shapes.  The degree of perfection of the hyperbranched polymer 

was described with the degree of branching calculation.  The degree of branching is one 

of the most important characterizations of a hyperbranched polymer in that it describes 

the branching efficiency.32   

2.2.1 Degree of Branching Calculations 

 Hawker et al. described a degree of branching equation to describe the irregular 

structures of hyperbranched polymers.36  In this equation, three units are described: 

dendritic, D; linear, L; and terminal, T.  The units that contribute to a wholly branched 

polymer are divided by all of the units in the hyperbranched polymer.   

DB = (D + T)/(D + L + T)     (1) 

A greater incorporation of linear units results in a decrease in the degree of branching.  

This equation is frequently utilized for the description of the degree of branching for 

hyperbranched polymers synthesized with AB2 monomers.55-57  Kim et al. described a 

branching factor, fbr, which is similar to the degree of branching equation that Hawker et 

al. proposed, to replace the conventional degree of branching (α)58 for hyperbranched 

polymers from AB2 monomers. 

fbr = (T+B)/N0       (2) 

In this equation, the branching factor is equal to the sum of the mole fraction of terminal 

units to the mole fraction of the branched units, which was described as dendritic in the 
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previous equation, divided by N0.  N0 is the sum of the terminal, branched, and linear 

units of the hyperbranched polymer.32, 59 

 Several years after the original degree of branching equations were proposed 

Hölter et al. sought to describe a DB equation for hyperbranched polymers that was 

accurate for low molecular weight hyperbranched polymers from AB2 monomers.  The 

following equation was proposed: 

DB = 2D/(2D + L)     (3) 

The results from the equation described by Hölter et al. are approximately the same as 

those from Eqn (1) for high molecular weight polymers.  Frequently, DB is calculated 

from Eqns (1) and (3), and a comparison of the results is reported.60-62  Hölter et al. also 

addressed DB for the general case of hyperbranched polymers from ABm monomers, 

where m ≥ 2.  The DB for the random reaction, where the reactivity of A and B groups 

remains the same throughout the reaction, was described as: 

DB = [(m-1)/m]*exp(m-1)    (4) 

It was found that at high values of m the DB approaches a value of 0.368.  

 A degree of branching was proposed to describe hyperbranched polymers from 

self-condensing vinyl polymerization (SCVP).54  A schematic of the first steps of an 

SCVP polymerization is shown in Figure 2.2.  

 

 

 The incorporation of two linear units, Lc and Lv, made a new definition of a degree of 

branching for SCVP hyperbranched polymers useful.  Prior to the introduction of the 

degree of branching calculation for hyperbranched polymers synthesized with SCVP, the 
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authors modified the degree of branching from eqn (1).   Yan et al. proposed the 

following equation for the degree of branching calculation: 

DB = 2B/(1-M-2A’)     (5) 

where B is the number of branched units; M is the residual amount of monomer; and A’ 

is the fraction of vinyl groups attached to the polymer (i.e. A’ = A-M).  The authors note 

that 1-M-A’ is the fraction of all units in the polymer.  The DB for hyperbranched 

polymers from the SCVP approach was higher for conversions less than 90% than the DB 

for hyperbranched polymers synthesized from condensation of AB2 monomers (Figure 

2.3).  The lower DB at high conversion for hyperbranched polymers from SCVP was 

attributed to a nonequal distribution of A* and B*, which are the propagating radicals. 

 

Figure 2.3: DB and fraction of branch points with conversion for SCVP hyperbranched 

polymers and AB2 hyperbranched polymers54 

2.2.2 Degradation of Hyperbranched Polymers for Degree of Branching 

Determination 

 The degree of branching, or the percent of monomeric units that contributed to 

branching is one of the most useful ways of describing hyperbranched polymers.  Eqn (1) 

is traditionally used for the description of the DB.36  Degree of branching is also useful in 



 12

examining steric or electronic effects on branching efficiency.63, 64  Branching and degree 

of branching was shown to have a significant effect on the physical properties. 

 The primary approach for determining the ratios of the dendritic, linear, and 

terminal groups is with 1H or 13C NMR spectroscopy.65, 66  However, there are numerous 

instances where the resonances of the dendritic, linear, and terminal units are not well-

resolved.  Hölter et al. proposed an alternative calculation of degree of branching, which 

requires the resolution of only two of the three types of units67: 

DB = 2D/(2D + L) ≈ 2T/(2T +L)    (5) 

However, there still are hyperbranched polymers that do not have well-resolved 

resonances from either dendritic and linear units or terminal and linear units.   

 Kambouris et al. proposed an alternative to NMR spectroscopy for the 

determination of the ratio of dendritic, linear, and terminal units of hyperbranched 

polymers.68  The new route to determining these ratios involved the degradation of the 

hyperbranched polymer bonds.  The dendritic, linear, and terminal groups could be 

differentiated because the endgroups were modified prior to degradation.  There are two 

conditions that are required for this process to accurately describe the ratio of the 

dendritic, linear, and terminal groups.  First, the process for degrading the polymeric 

bonds must not adversely affect the modified endgroups.  Second, the only products of 

the degradation must be the elementary subunits and complete degradation to these 

elementary subunits must occur.  The subunits remaining after degradation of the 

polymer are then analyzed typically with a chromatographic technique such as HPLC or 

RP-HPLC. 
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 The first use of the degradative process for degree of branching determination 

involved hyperbranched polyesters synthesized from the AB2 monomer methyl 4,4-

bis(4’-hydroxyphenyl)pentanoate.  The hyperbranched polyester had hydroxyl 

endgroups, which were modified with methyl iodide and silver oxide to produce methoxy 

endgroups.  The methoxy endgroups were hydrolytically stable while the ester linkages 

between subunits were not (Figure 2.4).  After hydrolysis in a basic solution, the three 

subunits were detected with HPLC and the degree of branching was determined.  The 

degree of branching (49%) was close to the theoretically predicted degree of branching 

for a statistical reaction (50%).68 

 Another study that utilized the reductive degradation method for the 

determination of the degree of branching confirmed the results with 1H NMR 

spectroscopy.  Bolton et al. synthesized hyperbranched aryl polycarbonates with A2B and 

AB2 monomers, where the A2B-based hyperbranched polymers had fluoroformate 

endgroups and the AB2-based hyperbranched polymers had tert-butyldimethylsilyl ether 

endgroups.69  Both aryl polycarbonates were treated with lithium aluminum hydride and 

the carbonate linkages were reduced to the subunits.  The ratio of the subunits was 

determined with HPLC, and a degree of branching of approximately 50% was found for 

both hyperbranched polycarbonates.  The 1H NMR spectroscopy characterization of the 

degree of branching correlated well with the degree of branching determined through the 

reductive degradation process.69 
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Figure 2.4:  Endcapping and degradation of an aryl polyester for degree of branching 

analysis 69 

 The characterization of the degree of branching for hyperbranched lysine was 

performed with the reductive degradation technique.  The hyperbranched lysine was 
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reduced to its subunits through hydrolysis.  A combination of amino acid analysis and 

RP-HPLC was used to determine the ratios of dendritic, linear, and terminal subunits.70 

2.2.3 Indirect Methods for the Determination of the Degree of 

Branching 

 Another way to determine the degree of branching for hyperbranched polymers 

that do not have well-resolved NMR resonances or are degradable to distinct monomer 

units is the kinetic approach.71  Ishizu et al. used model compounds to determine the rate 

of initiation and propagation of the photopolymerization of 2-(N,N-

diethyldithiocarbamyl)methylstyrene in benzene.72 The degree of branching was 

calculated from an equation proposed by Yan et al. for SCVP hyperbranched polymers.54   

 Markoski et al. similarly tracked the development of the structure of 

hyperbranched polymers with model compounds.  While the rate constants were not 

calculated in this study, a similar approach to Ishizu et al. was taken.  An AB/AB2 

polymerization, where 0.25 > xAB > 1.0, was modeled with small molecules that could 

not polymerize but included A, B, and B2 functionalities.  The model compounds were 

reacted under similar conditions and stoichiometric ratios as for the polymerization.  The 

products were analyzed with 1H NMR spectroscopy and HPLC.  The ratios of dendritic, 

linear, and terminal units were determined from the model compounds and reactions.  

The degree of branching was indirectly calculated from these ratios.  For several 

compositions, the indirect method of degree of branching determination was verified with 

direct determination with 1H NMR spectroscopy.  These approaches provide useful 

alternatives to conventional analysis with NMR spectroscopy for the determination of the 

relative ratios of dendritic, linear, and terminal units in hyperbranched polymers. 
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2.2.4 Enhancement of the Degree of Branching 

 Hölter et al. found that the maximum DB for a hyperbranched polymer from an 

AB2 monomer is 0.5, where the A and B groups have equal reactivity and a random 

reaction occurred.67  The DB for a dendrimer is 1.  To improve the DB of hyperbranched 

polymers, Hölter et al. proposed three approaches: a) higher reactivity of linear units 

compared to terminal units, b) polymerization of dendritic monomers, and c) slow 

addition of monomers.73  Slow addition of monomers results in sequential addition of 

single monomer units, which leads to an improved degree of branching.  The higher 

reactivity of linear units compared to terminal units greatly improved the degree of 

branching in the theoretical treatment of the system.  For example, a DB of 0.8 was 

attainable when the linear unit was five times more reactive than the terminal.   

 Synthesis of hyperbranched polymers from prefabricated dendron monomers also 

enhanced the degree of branching.  However, to achieve high DB, a high generation (> 8) 

of the dendron monomer was required.  This tactic would theoretically result in high 

degrees of branching.  However, there would be a high cost associated with the synthesis 

of dendritic monomers. 

 The final method for degree of branching enhancement was the slow addition of 

monomers.  The ideal case, where AB2 monomers are added slowly, was addressed.  It 

was assumed that sterics did not influence the polymerizaiotn and that the coupling 

reaction was quantitative.  The slow monomer addition led to an increase in the DB to 

0.67. 

 Slow addition of monomers has a profound effect on the DB from A2 plus B3 

polymerizations.  Schmaljohann et al. evaluated the kinetics of hyperbranched A2 plus B3 
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polycondensations through calculation of differential equations using an iterative 

process.74  It was determined that the most influential variable for the enhancement of DB 

was the slow addition of either both monomers or just the B3 monomer to the A2 (Figure 

2.5).  The reactivity of the B3 units was important to the degree of branching, as well. 

 

Figure 2.5: DB versus conversion for different steps of monomer addition a) 

simultaneous addition of A2 and B3, b) addition of B3 to a solution of A2
74 
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2.3 Molecular Weight Characterization of Hyperbranched 

Polymers 

2.3.1 Characterization of Hyperbranched Polymers with Size Exclusion 

Chromatography 

 Size exclusion chromatography (SEC) is useful for the characterization of 

molecular weight and molecular weight distribution of linear polymers.  This information 

is important for hyperbranched polymers, as well.  A triple detector system with 

concentration, light scattering, and viscosity detectors provides the most detailed 

information about hyperbranched polymers. 

 The relationship between molecular weight and intrinsic viscosity is well-

described with the Mark-Houwink equation for linear polymers. 

[η] = k*Mv
a      (1) 

The constant, k, and exponent, a, have implications for the structure of the polymer.  The 

Mark-Houwink exponent is typically in the range of 0.6 to 0.8 for flexible, linear 

polymers in a good solvent.  Branched polymers frequently have Mark-Houwink 

exponents of less than 0.6 due to the more compact nature of branched polymers.75  

However, dendrimers do not follow this relationship.  There is a maximum in the 

molecular weight versus intrinsic viscosity curve for dendritic polymers.  Hyperbranched 

polymers are similar to dendritic polymers in that these polymers are globular and highly 

branched.  However, hyperbranched polymers follow the Mark-Houwink relationship of 

molecular weight and intrinsic viscosity (Figure 2.6).  The exponent, a, is smaller for 

hyperbranched polymers than linear analogs due to the more compact structure of 
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hyperbranched polymers.40, 41, 76, 77  Behera et al. synthesized a series of hyperbranched 

polyethers with different lengths of spacer segments between branch points.  The 

hyperbranched polyether had a Mark-Houwink exponent of 0.37, which indicated a 

highly branched structure.  As the spacer length increased from 0 to 10 carbons, the 

Mark-Houwink exponent increased from 0.37 to 0.54.  With the introduction of longer 

distances between branch points, the polyethers were less branched, which was reflected 

in the much higher Mark-Houwink exponent for the polyethers.78 

 

Figure 2.6: Variation of Mark-Houwink exponent with increasing spacer segment length 

in hyperbranched polyethers78 

 Hyperbranched polymers from the step-growth polymerization of ABx or A2 and 

B3 monomers have broad polydispersities (Figure 2.7).40, 79  Few studies have addressed 

the molecular weight distributions of hyperbranched polymers.   
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Figure 2.7: Number average degree of polymerization and polydispersity vs. conversion, 

where the solid lines are theoretical predictions79 

 

Kunamaneni et al. used an AB/AB2 hyperbranched polymer system over a range of 

molecular weights (3,000 to 250,000 g/mol) to characterize the molecular weight 

distribution over a wide molecular weight range.80  The hyperbranched polyesters showed 

a power law relationship between number density and molecular weight with an 

exponential cut-off at a characterizstic upper cut-off mass, Mchar, n(M) ~ M-τ x exp (-

M/Mchar).  Rescaling of the data with Mw led to a universal curve for all of the 

hyperbranched polymers.  This indicated that the hyperbranched polymers followed static 

scaling with τ and the ratio Mchar/Mw, regardless of the molecular weight of the polymer.  

The value of τ was found to agree with mean-field scaling, which was surprising as 

percolation scaling was expected.  Percolation scaling typically describes networks well.  

The disagreement with percolation scaling was attributed to a lower concentration of 
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loops for hyperbranched polymers when compared to networks.80  The results agreed 

well with the recent scaling hypothesis proposed by Buzza for the molecular weight 

distribution of hyperbranched polymers, which follows a mean field theory.81  The fractal 

dimensions were also determined within this theoretical work. 

 

 

Reproduced by permission of The Royal Society of Chemistry  

Figure 2.8: Universal scaling plot, where τ is approximately 1.5382 

2.3.2 Characterization of Hyperbranched Polymers with Matrix 

Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry 

(MALDI-TOF/MS) 

 Molecular weight characterization is traditionally performed with SEC.  However, 

a useful technique for the molecular weight characterization of hyperbranched polymers 

is MALDI-TOF/MS.  Several researchers have utilized MALDI-TOF/MS to confirm the 

molecular weights determined with SEC.83  Muthukrishnan et al. synthesized 
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hyperbranched glycopolymers with a sugar-carrying acrylate.  The molecular weights of 

the hyperbranched polymers ranged from 3,200 to 29,200 g/mol, which is within the 

range that MALDI-TOF/MS can reasonably be used for molecular weight determination.  

The polymers were first characterized with SEC/viscometry, and the molecular weights 

and dispersities were confirmed with MALDI-TOF/MS. 84 

Cyclics form during the polymerization of hyperbranched polymers.15  The 

contribution of cyclics to the molecular weight distribution is difficult to determine with 

traditional techniques.  While cyclics are a small contributor to the distribution of most 

hyperbranched polymers, even small amounts of cyclics can have a significant affect on 

physical properties of hyperbranched polymers.  Kricheldorf et al. described in detail the 

contribution of cyclics to a wide variety of step-growth chemistries.85  The authors made 

the distinction between thermodynamically and kinetically controlled polymerizations.  

Cyclization is more prevalent in kinetically controlled polymerizations.  The authors 

advocate a modification of the classical theory from Flory4, which describes the 

polymerization of ABx monomers, to account for cyclics in the distribution of 

hyperbranched polymers. 

2.4 Rheological Behavior of Hyperbranched Polymers  

 
 Janzen and Colby17 aptly described the difficulty characterizing long-chain 

branching, which is defined as branches that are long enough to entangle.  Determination 

of the presence and exact topologies of long-chain branched polymers, most notably 

polyethylene, is particularly difficult due to the sparse distribution of branch points.86  

Rheological characterization was one of the few characterization techniques to elucidate 

the structural differences among long-chain branched polymers.17  Hyperbranched 
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polymers have very high branching densities because each monomer presents an 

opportunity for branching.  This topology differs significantly from long-chain branched 

polymers.  The melt and solution rheological behavior of hyperbranched polymers 

received interest due to the unique architecture.  Many techniques are useful for the 

elucidation of the molecular structures of hyperbranched polymers, and the flow behavior 

of hyperbranched polymers has proven useful as a complimentary technique for the 

determination of the molecular structure and intermolecular interactions. 

2.4.1 Melt Rheology of Hyperbranched Polymers 

 Studies of the melt rheology of hyperbranched polymers have brought to light 

several trends for this topology.  The first and most interesting point was that 

hyperbranched polymers are not entangled.  The primary manifestation of the lack of 

entanglement with a power law of approximately 1.0 was the linear relationship between 

zero shear rate viscosity, η0, and weight-average molecular weight, Mw.  The well-known 

η0-Mw relationship for linear polymers follows a power law relationship of approximately 

1.0 for unentangled polymers and 3.4 for entangled polymers.  Branching was shown to 

have a significant effect on this relationship.87  Long-chain branching tends to create a 

greater dependence of η0 on Mw when the molecular weight of the branch is sufficiently 

high to promote entanglements.  Hyperbranched polymers are short-chain branched 

polymers and the preponderance of short chains impeded entanglements.  This caused a 

weaker dependence of η0 on Mw than expected for polymers of high molecular weight 

(>106 g/mol).9   

 Kharchenko et al.88 synthesized linear, star, and hyperbranched polystyrenes for 

the investigation of the role of architecture on rheological behavior as well as the 
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conformation and orientation.  The hyperbranched polystyrenes were synthesized through 

a controlled polymerization of styrene and divinylbenzene.  The η0-Mw relationship was 

investigated for both linear and hyperbranched polymers of similar composition.  The 

linear polystyrene followed the classical scaling of Mw
3.4 with η0.  However, for 

comparable molecular weights, the hyperbranched polymers followed a weaker scaling of 

Mw
1.1 with η0 (Figure 2.9).  The weaker dependence was attributed to the high branching 

functionality and the disruption of entanglements by short branches.  The hyperbranched 

polystyrene with a Mw of greater than 106 g/mol had distances between branch points 

greater than the critical molecular weight for entanglement, Mc, and agreed with the weak 

scaling of Mw with η0.88 

 

 

 

 

 

 

 

 

 

Figure 2.9: Weaker scaling of η0 with Mw of hyperbranched polystyrene compared to 

linear polystyrene88 

Luciani et al. utilized commercially available aliphatic hyperbranched polyesters 

based on a tetrafunctional ethoxylated pentaeryrthritol core with 2,2-bis-
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(hydroxymethyl)propionic acid repeating units to determine the effect of increasing 

molecular weight on η0.
89  Regardless of the experimental, the η0 asymptotically 

approached scaling behavior of Mw
1.0 (Figure 2.10).  

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Relationship between η0 and Mw for hyperbranched polyesters89 

 

The weak scaling of η0 with Mw was attributed to Rouse-like behavior and a lack of 

entanglements in these polymers.  The molecular weights of the hyperbranched 

polyesters were in the range of 2,400 to 55,510 g/mol. 

 While several studies attributed the weaker scaling of η0 with Mw to Rouse-like 

behavior, modeling of the experimental data was not used to substantiate this 

observation.89  Suneel et al. confirmed that hyperbranched polymers followed dynamic 

scaling based on Rouse-like behavior through an evaluation of experimental data with a 
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Rouse model.9  The hyperbranched polymers studied were synthesized with the AB2 

monomer 5-(hydroxyalkoxy)isophthalate.  A hyperscaling relationship (df = 3) was 

consistent with the fractal dimension in the melt.  The scaling was similar to that of near-

critical gels.90  While slow relaxation modes were observed in the terminal behavior of 

the hyperbranched polyesters, the slow relaxations were attributed to the ultrahigh 

molecular weight fraction of the distribution and not entanglements.  The good fit of the 

dynamic scaling model based on the Rouse model to the experimental dynamic modulus 

data indicated that the hyperbranched polymers were unentangled polymeric fractals 

(Figure 2.11).9  The hyperbranched polyesters were fractionated and the rheological 

behavior was compared to the unfractionated hyperbranched polymer.82  The fractionated 

hyperbranched polyesters fit a dynamical scaling model based on the Rouse model, 

which incorporated the Schulz-Zimm parameterization of the molecular weight 

distribution.  The authors concluded that the hyperbranched polymers regardless of 

molecular weight distribution were unentangled based on the good fit of the experimental 

data to the Rouse-based dynamic scaling model.82 

 

 

 

 

 

 

 

 



 27

 

 

 

 

 

 

 

Figure 2.11:  Good fit of Rouse-based dynamic scaling model to loss and storage 

modulus from hyperbranched polyesters indicating that the polyesters were unentangled9 

 

Linear polymers frequently have η0’s with Arrhenius temperature dependence, 

and the flow activation energy can be calculated from this relationship (1). 

η0(T) α exp(Ea/RT)      (1) 

Graessley observed that randomly long-chain branched polymers have higher flow 

activation energies than linear analogs.91  The higher activation energy corresponded to a 

slower cooperative diffusion of polymers in the melt.92  There are conflicting reports 

about the flow activation energy of hyperbranched polymers compared to linear analogs.  

The majority of studies dealing with the activation energy for flow in the melt indicated 

that hyperbranched polymers had higher activation energies than the comparable linear 

polymers.89, 93-95  However, Kwak et al.96 and Choi et al.97 found that for hyperbranched 

poly(ε-caprolactone), the activation energy decreased for branched polymers when 

compared to linear analogs (Figure 2.12).  While those studies that indicated the 

activation energy increased for hyperbranched polymers were performed on different 
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chemistries (i.e. polyethylene and aliphatic polyester), the studies that showed that the 

activation energy for flow decreased from linear to branched polymers were both on the 

same poly(ε-caprolactone)s.89, 93-97  The authors attributed the higher flow activation 

energy to the high degree of branching in the hyperbranched polymers increasing the 

rigidity of the polymers.89  The greater molecular mobility of hyperbranched poly(ε-

caprolactone)s than linear poly(ε-caprolactone)s was speculated to be the cause of the 

lower flow activation energies for hyperbranched poly(ε-caprolactone)s.96  Discrepancies 

in activation energy trends was also observed for branched polyesters.1  This was 

attributed to differences in the temperature coefficients of linear and branched melts.98 

 

 

 

 

 

 

 

Figure 2.12:  Temperature dependence of viscosity for hyperbranched poly(ε-

caprolactone)s97 

Figure from (http://www.sciencedirect.com/science/journal/00323861) 

 

 Hyperbranched polymers have a periphery of functionality due to the high degree 

of branching, which creates a large number of endgroups (Figure 2.12).33   
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Figure 2.13: Illustration of hyperbranched polymer with a large number of terminal, B, 

groups33 

(Figure from http://www.sciencedirect.com/science/journal/00143057) 

However, the influence of endgroups on the rheological properties of hyperbranched 

polymers has received sparse attention.99  Dendritic poly(propylene imine)s were studied 

with methyl and benzyl acrylate endgroups.100, 101  After accounting for the changes in Tg 

with different endgroups, it was found that there was a maximum in the η0 versus Mw 

curve for increasing bulk of the endgroup.  One study on the influence of endgroups on 

the rheology of hyperbranched polymers focused on aliphatic hyperbranched polyesters 

with hydrogen-bonding endgroups.  The endgroups of the aliphatic hyperbranched 

polyester were hydroxyl groups.  The molecular weight and consequently the 

concentration of endgroups were changed.  The lower molecular weight hyperbranched 

polyesters, which were those with the highest concentration of hydrogen bonding 

endgroups, had higher flow activation energy (Figure 2.14).  The higher activation energy 

for flow in the melt was ascribed to the increased interaction of the hydrogen bonding 
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polyester endgroups when the concentration of these endgroups was greater as in the 

lower molecular weight polyesters.93   

 

Figure 2.14: Influence of temperature on viscosity of hyperbranched polyesters with 

increasing molecular weight from sample H20 (2,100 g/mol) to H50 (7,500 g/mol)93 

Figure from (http://www.sciencedirect.com/science/journal/00323861) 

 

 The scaling of the loss, G”, and storage, G’, moduli in the terminal zone has 

received significant attention in hyperbranched polymers.  The terminal zone occurs at 

low frequency and is related to the relaxation mechanism of chain dynamics.  For linear 

polymers, G” scales directly with frequency, ω, and G’ scales with ω2.  Several studies 

have shown that hyperbranched polymers follow non-terminal scaling at low 

frequencies.95  Kunamaneni et al. found for hyperbranched polyesters that the exponents 

for G” scaling with frequency were in the range of 0.92 to 0.96 and 1.22 to 1.42 for G’.82  

While exact dependencies varied for hyperbranched polymers, most researchers found 
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that G’ and G” for hyperbranched polymers were less dependent on frequency than linear 

counterparts (Figure 2.15).9, 96, 102, 103   Robertson et al. determined that hyperbranched 

polyisobutylene synthesized through the copolymerization of isobutylene and an inimer, 

4-(2-methoxy-isopropyl) styrene (p-methoxycumyl styrene) reached terminal scaling 

only at very low frequencies.104  However, the non-terminal scaling observed for most 

hyperbranched polymers has been observed for other non-linear topologies including 

dendritically branched polystrenes105, long-chain branched polyethylene106, side chain 

dendritic poly(ether urethane)s107, and multiarm polybutadiene and polyisoprene stars108.  

The non-terminal scaling for the moduli was typically attributed to long relaxation times 

occurring in these topologies during the low frequencies.  The source of these long 

relaxations seems to remain undetermined.  It is generally agreed, however, that the 

source of these relaxations was not due to a physical structure.  Generally, the behavior 

was attributed to a modification of relaxation behavior. 

  

Figure 2.15: Non-terminal scaling of hyperbranched poly(ε-caprolactone)s96 
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Many researchers also noted that no intersection of G’ and G” was observed in the 

terminal region for hyperbranched polymers.  The longest relaxation time is calculated 

from this intersection.109  The absence of an intersection was interpreted as an indication 

of a lack of entanglements in hyperbranched polymers.9, 96  

 The lack of entanglements in hyperbranched polymers results in lower melt 

viscosity compared to linear analogs.88, 110  The significant reduction in melt viscosity of 

hyperbranched polymers compared to linear analogs has made hyperbranched polymers 

interesting for several applications.  Blends with linear polymers, not necessarily of 

similar chemistry, as an aid for polymer processing has been explored.13, 111, 112   

 The rheological behavior of hyperbranched polymers has given insight into the 

intermolecular interactions.  Most evidence from melt rheology of hyperbranched 

polymers pointed to a lack of entanglements for this topology.  The relationship between 

η0 and Mw was much weaker than for linear, entangled analogs, which indicated that the 

hyperbranched polymers remained unentangled even at molecular weights above 

1,000,000 g/mol.  The flow behavior of hyperbranched polymers exhibited Rouse-like 

behavior.  No crossover between G’ and G” in the terminal region was observed, which 

indicated that no entanglements were present in the hyperbranched polymers.  Non-

terminal behavior was observed for G’ and G” at low frequencies.  However, the cause of 

the non-terminal behavior has yet to be determined. 

2.4.2 Solution Rheological Behavior of Hyperbranched Polymers 

 Several studies focused on the solution rheological behavior of hyperbranched 

polymers.  Nunez et al. used hyperbranched aliphatic polyesters dissolved in 1-methyl-2-

pyrrolidinone for the determination of solution rheological behavior.113  The 
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hyperbranched polyesters exhibited Newtonian behavior over the shear rates examined 

and at all concentrations, which ranged from 10 to 50 wt%.  The solution viscosity 

increased slightly with higher generation of the hyperbranched polyester.  Star-shaped 

polymers have exhibited relative independence of solution rheological behavior with 

molecular weight, also.114  The authors also blended the hyperbranched polyesters with 

linear poly(2-hydroxyethyl methacrylate), and significant decreases in the solution 

viscosity of the blends was observed compared to the linear polymer solution.  However, 

it is important to note that the molecular weight of the linear polymer was much higher, 

approximately 300,000 g/mol, than the hyperbranched additives, which ranged in 

molecular weight from 1,750 to 14,600 g/mol.  Therefore, the authors of this review 

believe it is difficult to discern the impact of the globular structure of the hyperbranched 

polymer on the solution behavior of the blends. 

Thompson et al. observed that a decrease in the degree of branching of 

hyperbranched poly(ether imide)s resulted in an earlier onset of shear thinning for 40 

wt% solutions.  The onset of normal stresses also increased with a decrease in the degree 

of branching.  The rheo-optics indicated that the hyperbranched poly(ether imide) with 

the lowest degree of branching had the greatest birefringence, and the hyperbranched 

poly(ether imide) with the highest degree of branching exhibited the lowest birefringence.  

Birefringence is a result of the optical anisoptropy of sheared polymers and is 

proportional to the degree of entanglement.  The trend of decreasing birefringence with 

increasing branching is consistent with the hyperbranched polymers with a higher degree 

of branching having a globular, unentangled structure.115 
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2.5 Thermal Properties of Hyperbranched Polymers 

 A number of factors contribute to the different thermal properties of 

hyperbranched polymers compared to linear or even long-chain branched polymers.  The 

increase in the number of endgroups can affect the degradation rate, if the endgroups play 

a role in degradation of the polymer, and the increased movement and free volume from a 

higher concentration of endgroups compared to linear or long-chain branched analogs can 

affect the thermal properties of the hyperbranched polymers. 

2.5.1 Influence of Endgroups on Glass Transition of Hyperbranched 

Polymers 

 While endgroups influence the thermal properties of linear polymers, especially 

low molecular weight linear polymers, the effect of endgroups on thermal properties for 

hyperbranched polymers is more pronounced due to the periphery of endgroups.  For a 

hyperbranched polymer of the same chemical structure, degree of branching, and similar 

molecular weight, bulky endgroups hinder chain motion and increase the Tg.  Elrehim et 

al. synthesized hyperbranched poly(urethane urea)s through an AA* plus B*B2 and 

endcapped the hydroxyl endgroup with either an aromatic or aliphatic isocyancate.116  

The Tg increased by approximately 30 oC when the bulky phenyl group was replaced with 

an aliphatic group.  The ability to adjust the Tg significantly through slight modifications 

of the endgroup provides versatility for applications of hyperbranched polymers.   

 While the structure of endgroups was found to have an affect on the thermal 

transitions of hyperbranched polymers, differences in polarity and hydrogen bonding 

capability of endgroups has even greater influence on thermal transitions.11, 117, 118  The 
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large changes in thermal transitions observed for changes in the polarity or hydrogen 

bonding cabability of hyperbranched polymers has led to significant interest.  The size of 

flexible endgroups, which reduce the effectiveness of hydrogen boding, also influences 

the Tg of hyperbranched polymers.  Schmaljohann et al. found that increasing the length 

of the alkyl endcapper of aromatic hyperbranched polyesters originally endcapped with 

hydroxyl groups dramatically decreased the Tg of the hyperbranched polymers (Figure 

2.16).  The decrease in Tg with increasing alkyl length was attributed to a reduction in 

hydrogen bonding capability.  The crystallization of the long alkyl (>C12) endgroups led 

to intramolecular phase separation. The Tg was found to increase once the length of the 

alkyl endcapper had exceeded C12, which was associated with the crystallization of the 

long alkyl chains.  An increase in the number of hydroxyl endgroups endcapped with 

long alkyl chains also caused a significant decrease in the Tg of the hyperbranched 

polyester.  The reduction in intermolecular interactions caused greater mobility at lower 

temperatures and a lower Tg (Figure 2.16). 
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Reproduced by permission of The Royal Society of Chemistry  

Figure 2.16: Influence of the increasing length of alkyl endcapper, which reduced the 

hydrogen bonding capability, on Tg of an aromatic hyperbranched polyester68 

 

Baek et al. made a direct comparison of hyperbranched poly(phenylquinoxaline)s 

with different endgroups having different polarity.119  The poly(phenylquinoxaline)s were 

terminated with either hydroxyl groups, which had hydrogen bonding capability, or with 

fluorine, a non-polar functionality.  The effect of these endgroups on the thermal 

properties was investigated.  Linear analogs of the hydroxyl- and fluorine- 

terminated poly(phenylquinoxaline)s were synthesized for comparison, as well.  Little 

difference was observed between the Tg’s of fluorine-terminated linear and 

hyperbranched poly(phenylquinoxaline)s (220 and 225 oC, respectively).  However, the 

Tg of the hydroxyl-terminated hyperbranched poly(phenylquinoxaline)s was 

approximately 50 oC higher than the linear analog.  Among the hyperbranched 

poly(phenylquinoxaline)s the hydroxyl-terminated polymer had a Tg that was 

approximately 75 oC higher than the fluorine-terminated hyperbranched 
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poly(phenylquinoxaline).  The large number of endgroups provided a useful route to the 

modification of the thermal behavior of the polymers without changing the backbone 

chemistry.  The glass transition temperature could also be used as a tool to detect 

differences in endgroups of hyperbranched polymers.   

The incorporation of linear units into the hyperbranched polymer was carried out 

through changing the ratio of AB:AB2 monomers from 0:100 to 100:0.  As the topology 

of the polymer shifted from hyperbranched to linear, the Tg of the hydroxyl-terminated 

polymers gradually decreased with the reduction in hydrogen bonding endgroups.  The 

gradual change in topology from hyperbranched to linear resulted in little difference in 

terms of Tg for the fluorine-terminated polymers.  The degradation temperature for 5 % 

weight loss for the fluorine-terminated polymers over the range of topologies were all 

quite similar.  The hydroxyl-terminated poly(phenylquinoxaline)s was dependent on the 

number of endgroups, where those with more hydroxyl endgroups were less thermally 

stable.119 

 

 

 

 

 

Figure 2.17: Reduction in Tg with replacement of hydroxyl, hydrogen bonding, 

endgroups with alkyl, non-polar, endgroups118 
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2.5.2 Thermal Stability of Hyperbranched Polymers 

 Hyperbranched polymers, where the chemical structure of the polymer is typically 

thermally stable, remained thermally stable despite the increase in the number of 

endgroups and branching (e.g. polyarylenes) (Figure 2.18).120-122  However, changes in 

endgroup chemistry affects the thermal stability of hyperbranched polymers.  Terminal 

groups with hydrogen bonding capability produced different trends in thermal stability 

based on the backbone chemistry of the polymers.  While hyperbranched poly(amino 

esters) increased the temperature at which 5 % weight loss occurred with a decrease in 

hydrogen bonding capability, the opposite trend was observed for 

poly(phenylquinoxaline)s.119, 123  Fossum and Tan synthesized linear poly(arylene ether 

ketone)-co-hyperbranched poly(arylene ether oxide) copolymers.  The thermal stability of 

the copolymers was improved significantly with the incorporation of the hyperbranched 

poly(arylene ether oxide).  This effect was attributed to the greater thermal stability of 

triarylphosphine oxide than the linear homopolymer.124  The thermal stability of 

hyperbranched polymers depends significantly on the chemical structure of the polymer 

and endgroups.  However, the impact of the endgroup’s thermal stability is magnified for 

hyperbranched polymers when compared to linear counterparts. 
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Reproduced by permission of The Royal Society of Chemistry  

Figure 2.18: Good thermal stability of two hyperbranched fluoropolymers121 

 

2.5.3 Impact of Hyperbranched Topology on Crystallization 

 Structural symmetry is a requirement for crystallization in polymers.  Disruption 

of symmetry, whether from a kink in the structure due to the chemistry or a branch point, 

will disrupt crystallinity in a polymeric system.125  While branching in polymers at low 

levels is known to reduce the degree of crystallinity, the much greater degree of 

branching in hyperbranched polymers contrbituted to a greater influence on the 

crystallinity than traditional long-chain branched polymers.126  Hyperbranched polymers 

are frequently weakly crystalline or amorphous when the linear analogs are semi-

crystalline with a high degree of crystallinity.30, 127, 128 

 Mai et al. demonstrated that a systematic change in the degree of branching while 

the molecular weight remained constant of hyperbranched polymers greatly affects 

polymer crystallization.129  A series of hyperbranched poly[3-ethyl-3-

(hydroxymethyl)oxetane] (PEHO) with degrees of branching ranging from 5.6 to 45% 
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were characterized with 13C NMR spectroscopy, SEC, XRD, and DSC.  Others have 

shown that with higher degrees of branching, a reduction in crystallinity is observed for 

hyperbranched polymers.130, 131  However, these studies did not control the molecular 

weight while changing the degree of branching.  Therefore, molecular weight effects 

could not be disregarded for the previous studies.  A decrease in the relative degree of 

crystallinity with increasing degree of branching was observed (Figure 2.19).  Also, an 

increase in linear units led to an increase in the degree of crystallinity while an increase in 

dendritic and terminal units had the opposite effect.129 

 

Figure 2.19:  Influence of the degree of branching on the relative degree of crystallinity 

and the influence of dendritic, linear, and terminal units on the relative degree of 

crystallinity129 

 Large degrees of branching were shown to disrupt cyrstallinity.  However, the 

endgroup of hyperbranched polymers can have an effect on crystallization in the system, 

as well.  It was shown that crystallinity was disrupted by branching in the bulk of the 

hyperbranched polymers.  However, endcapping the hyperbranched polymer with long 

alkyl groups (> 12 carbons) can lead to crystallization of the endgroups.116, 132 
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Chapter 3: Synthesis and Characterization of 

Highly Branched Ionenes Containing 

Poly(tetramethylene oxide) 

(Fornof, A.R.; Mallakpour, S.; Park, T.; Long, T.E. Polymer 2006, to be submitted)  
 
 

3.1 Abstract 

Linear and highly branched ionenes, which are defined as polyelectrolytes with 

quaternary amines in the main chain, were synthesized.  A modified Menschutkin 

reaction enabled the synthesis of highly branched ionenes, where the soft segment 

consisted of well-defined poly(tetramethylene oxide) (PTMO) and the ionic sites were 

incorporated at the branch points.  The highly branched ionenes comprised well-defined 

linear segments between branch points.  The influence of branched ionic segments was 

investigated, and the influence of the distance between branch points was examined.  

Two PTMO precursors were prepared, 2,000 and 7,000 g/mol, which are below and 

above the critical molecular weight for entanglement (PTMO Mc = 2,500 g/mol).  The 

thermal stability and transitions of the linear and highly branched ionenes were 

determined using TGA, DMA, and DSC.  The TGA and DSC of the ionenes were similar 

regardless of macromolecular topology.  However, the DMA indicated a significant 

difference in the temperature dependence of the storage modulus for the linear and highly 

branched ionenes, where branching significantly reduced the storage modulus after 

crystalline melting of the PTMO soft segment.  While molecular weight was not 
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determined for these systems, the influence of branching on the tensile properties was 

determined and implied that branching in the ionic hard segment influenced symmetry 

and impeded ionic aggregation resulting in different mechanical performance. 

Keywords: ionenes, branching, mechanical behavior, ionic aggregation 
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3.2 Introduction 

 Ionenes, which are macromolecules that contain quaternary ammonium salts in 

the main chain, are considered a subset of cationic polyelectrolytes.  Our primary interest 

in ionenes stems from the numerous applications for microphase separated, elastomeric 

polycations.  Applications for these elastomeric polycations range from gene transfection 

agents to ionically conductive elastomers.133-135  Ionenes serve as ideal models for 

polyelectrolytes due to various structural parameters, including counterion selection, 

diverse functional precursors, block, alternating, and random copolymerization.  136, 137  

The Menschutkin reaction138, which involves quantitative reactions of primary alkyl 

dihalides and tertiary diamines, is the conventional approach for the synthesis of 

polymeric ionenes.139-141  The ease of adjusting the distance between ionic sites through 

changing the molecular weight of the diamine and/or dihalide enables this subclass of 

ionomers as excellent models for fundamental investigations of charge density and 

counterion binding in biological applications and model polyelectrolytes.142-144  Most 

work on ionenes has focused on the synthesis and characterization of ionenes with linear 

topology.145-147  However, a few studies have focused on the synthesis and solution 

properties of star-shaped (3- and 4-arm), hyperbranched, and comb ionenes with wholly 

aliphatic soft segments. 148, 149  For example, studies based on rotaxanes focused on 

structure-property relationships for this unique architecture.150 

Linear ionenes with well-defined distances between ionic sites display 

microphase separation.151  The well-defined, segmented, structure of ionenes, which leads 

to the microphase separated morphologies, differed from conventional random placement 

of ionic groups as pendant groups in ionomers.152, 153  Microphase separated ionenes are 
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attractive elastomeric materials due to high tensile strength (>30 MPa) and elongation 

(>1000%).  However, ammonium based ionenes have interesting mechanical properties 

and ionic conductivity are also thermally unstable.154-156 Ionenes undergo 

depolymerization through dequaternization of the ammonium cation, also known as the 

Hofmann elimination.141  Ionenes can undergo a re-quaternization of the ammonium 

cation at elevated temperatures; however, the process is slow and frequently does not 

regenerate the original higher molecular weights prior to degradation.141  The proclivity 

for degradation through the Hoffmann reaction depends on the basicity of the counterion, 

but the lack of thermal stability precludes some ionenes from melt processing.150  One 

earlier approach in order to improve the melt processibility included the incorporation of 

a plasticizer.152  

 Branching significantly influences melt viscosity, which leads to improvements in 

melt processibility, in the absence of additives.  Dendritic and hyperbranched polymers28 

are frequently described as rheological modifiers.10, 32  However, the high degree of 

branching in these polymers restricts entanglement and resulting mechanical properties 

are often inferior relative to linear analogs.37  Our research group has described highly 

branched polymers, where linear units are incorporated between branch points, using an 

oligomeric A2 plus a monomeric B3.1, 7, 15, 16  The greater distance between branch points 

produces polymers with a high degree of branching, and acceptable mechanical 

properties.16  Also, these highly branched polymers offer reduced viscosities compared to 

linear analogs, which may improve both melt and solution processibility.157   

In this work, highly branched ionenes were synthesized via the oligomeric A2 plus 

B3 methodology.  The effect of branching on the mechanical properties, rheological 
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behavior, and aggregation of ionic sites was explored.  The incorporation of branching is 

proposed to influence the processibility of ionenes as well as elucidate the influence of 

branch points in the ionic segment on microphase separation through indirect techniques 

and mechanical performance. 

3.3 Experimental 

3.3.1 Materials 

 Chromatographic grade tetrahydrofuran (THF) was purchased from EMD 

Chemicals and distilled over sodium immediately prior to use.  Irganox 1076 was 

obtained from Ciba Specialty Chemical Co.  Trifluoromethanesulfonic anhydride 

(TFMSA), methyl 3-(dimethylamino) propionate, and 2,4,6-tris(bromomethyl)mesitylene 

(TBMM) were purchased from Aldrich and used without further purification. 

Dichloromethane (DCM), toluene, and hexanes were purchased from EMD Chemicals 

and used without further purification. 

3.3.2 Synthesis of telechelic bis(dimethylamino) poly(tetramethylene 

oxide)  

 Synthesis of a 2,000 g/mol telechelic bis(dimethylamino) poly(tetramethylene 

oxide) (BAPTMO) oligomer involved the addition of TFMSA (3.38 mL, 0.02 mol) with a 

syringe to a solution of dry THF (10.00 g, 0.1389 mol) and DCM (10.00 g, 0.1177 mol) 

in a three-necked, round-bottomed, 250-mL flask in an ice bath.  After 15 min, dry THF 

(30.00 g, 0.4167 mol) was added dropwise to the solution.  Once the dry THF was 

completely added (approximately 15 min), the reaction was mechanically stirred for 90 

min at 0 oC.  Toluene (100 mL) was added to the reaction with excess methyl 3-
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(dimethylamino) propionate (11.4 mL, 0.08 mol). The reaction was removed from the ice 

bath and continued for 30 min at room temperature with mechanical stirring.  The 

solution was precipitated into hexanes to remove residual methyl 3-(dimethylamino) 

propionate, and hexanes were decanted.  The reaction was poured into a 500-mL, round-

bottomed flask with approximately 50 mL toluene and 100 mL 25 wt% aqueous NaOH 

solution.  The reaction was refluxed for 30 min to remove residual acid and to convert the 

quaternary amine end groups to tertiary amines via a reverse Michael addition.  The 

aqueous layer was discarded, and the toluene solution was dried over MgSO4 and filtered.  

The solution was precipitated into hexanes to remove residual 2-ethyl acrylate, which is 

the byproduct of the reverse Michael addition.  The BAPTMO product was dried under 

reduced pressure at 60 oC overnight to remove residual solvent.  The BAPTMO in a 

solution of THF and isopropanol (3:1 vol:vol mixture) was titrated with 0.1 N HCl in 

isopropanol in order to determine the number average molecular weight. 

3.3.3 Synthesis of highly branched ionenes 

 2,000 g/mol BAPTMO (4.7680 g, 2.384 mmol) was dissolved in dry THF at 15 

wt%.  TBMM (0.9516 g, 2.384 mmol) was dissolved in a two-necked, round-bottomed, 

500-mL flask with dry THF to 3 wt%.  The BAPTMO solution was slowly added 

dropwise to the TBMM solution under reflux conditions.  The reaction proceeded for 1 h 

with magnetic stirring.  At the end of the reaction, 0.02 g Irganox 1076 was added, and 

the solution was cast on a glass plate.  The cast film was dried for 16 h at 25 oC and 

ambient pressure, and residual THF was removed under reduced pressure at 60 oC for 24 

h. 



 55

3.3.4 Synthesis of linear ionenes 

 Linear ionenes were synthesized using 1,4-dibromo-p-xylene.  For example, the 

2,000 g/mol BAPTMO  (4.3700 g, 2.2185 mmol) was added to a solution of dry THF and 

2.5% excess 1,4-dibromo-p-xylene (0.5915 g, 2.241 mmol).  The reaction proceeded 

under reflux until the magnetic stir bar was not able to rotate due to the high viscosity of 

the solution (approximately 1 h).  The films were cast on glass slides, dried at 25 oC and 

ambient pressure for 16 h, and finally dried under reduced pressure at 60 oC for 24 h to 

ensure the removal of THF. 

3.3.5 Characterization 

The stress–strain behavior of the films was determined with mini dog-bone films 

(2.91 x 10 mm), where 10 mm is the guage length, which were cut using a bench-top die.  

An Instron Model 4400 Universal Testing System and Series IX software were used for 

stress-strain experiments. A crosshead speed of 50 mm/min was used until failure, and 

load versus displacement was recorded. Three to five samples were measured and their 

results were averaged to determine modulus, yield strength, and strain-at-break for each 

composition. Hysteresis experiments were performed after the films were stretched to 

either 100 or 200% strain at a crosshead speed of 50 mm/min and then immediately 

returned to the initial position (0% strain) at the same rate.  Dynamic mechanical analysis 

(DMA) was performed on a TA Instruments DMA Q800 in tension mode at 5 °C/min and 

1 Hz.  A Perkin-Elmer Pyris 1 cryogenic instrument was used for differential scanning 

calorimetry (DSC) at a heating rate of 10 oC/min under nitrogen.  A Varian Unity 400 

MHz NMR spectrometer was employed at 25 oC using d-chloroform.   
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3.3 Results and Discussion 

The highly branched topology provided an opportunity for fundamentally probing 

the effect of branching on the structure and mechanical performance of ionenes.  Highly 

branched ionenes were synthesized via a modified Menschutkin reaction, and dihalides 

were replaced with trifunctional reactive halides.  Tris(bromomethyl)mesitylene 

(TBMM) and bis(dimethylamino) poly(tetramethylene oxide) (BAPTMO) were used in a 

1:1 molar stoichometry.  BAPTMO was synthesized from the living cationic 

polymerization of tetrahydrofuran (THF) (Scheme 3.1).  Trifluoromethanesulfonic 

anhydride was used as the initiator to achieve a difunctional PTMO.  The molecular 

weight of PTMO was controlled through adjustment of the monomer to initiator ratio, 

which is a typical strategy for control of molecular weight for living polymerizations.  

The living cationic PTMO was endcapped with methyl 3-(dimethylamino) propionate 

instead of dimethyl amine, which was used previously,141 to avoid further alkylation of 

the amine during the endcapping process.  Upon completion of the reaction of living 

PTMO with methyl 3-(dimethylamino) propionate, the quaternary amine was converted 

to a tertiary amine through a reverse Michael addition.  The products of the reverse 

Michael addition were the BAPTMO and methyl acrylate.  The methyl acrylate was 

efficiently removed during precipitation and BAPTMO was subsequently used as the 

oligomeric A2 in the synthesis of highly branched ionenes.  Two molecular weights of 

BAPTMO were synthesized (approximately 2,000 and 7,000 g/mol), and the molecular 

weights calculated from integration of 1H NMR spectra agreed well with titration of the 

amine endgroups (Table 3.1).  BAPTMO (A2) was added dropwise to a dilute solution of 






































































































































































































































	AnnFornofDissertation.pdf
	 
	Chapter 1: Introduction
	1.1 Dissertation Overview

	 Chapter 2: Review of the Literature
	2.1 Introduction to Common Synthetic Routes 
	2.2 Degree of Branching Characterization
	2.3 Molecular Weight Characterization of Hyperbranched Polymers
	2.4 Rheological Behavior of Hyperbranched Polymers 
	2.5 Thermal Properties of Hyperbranched Polymers
	2.6 References

	 Chapter 3: Synthesis and Characterization of Highly Branched Ionenes Containing Poly(tetramethylene oxide)
	3.1 Abstract
	 3.2 Introduction
	3.3 Experimental
	3.3 Results and Discussion
	3.4 Conclusions
	3.5 Acknowledgements
	3.6 References 

	 Chapter 4: Degree of Branching of Highly Branched Polyurethanes Synthesized via the Oligomeric A2 Plus B3 Methodology: 13C NMR Spectroscopic Investigations
	4.1 Abstract 
	4.2 Introduction
	4.3 Experimental
	4.4 Results and Discussion
	4.5 Conclusions
	4.6 Acknowledgements
	4.7 References

	Chapter 5: Rheological Behavior and Ionic Conductivity of Highly Branched Poly(ether urethane)s for Electromechanical Devices
	5.1 Abstract
	5.2 Introduction
	5.3 Experimental
	5.4 Results and Discussion
	5.5 Conclusions
	5.6 Acknowledgements
	5.7 References

	 Chapter 6: Synthesis and Characterization of Triglyceride-Based Polyols and Tack-Free Coatings via the Air Oxidation of Soy Oil
	6.1 Abstract 
	6.3 Experimental
	6.4 Results and Discussion
	6.5 Conclusions
	6.6 Acknowledgements
	6.7 References

	  Chapter 7: Overall Conclusions
	 Chapter 8: Suggested Future Work
	8.1 Synthesis and Gene Transfection Studies of PEG-Based Ionenes
	8.2 Highly Branched PTMO-Based Ionenes with Viologen-Type Branching Agents
	8.3 Ionic Conductivity of Highly Branched, PTMO-Based Ionenes
	8.4 Probe the Influence of Hard Segment on Ionic Conductivity and Interaction with Lithium Salts
	8.5 Determine the Influence of Branching on the Swelling Behavior of PEG-based Polyurethanes
	8.6 Determine Influence of Hydrogen Bonding on Melt Rheological Behavior

	 Chapter 9: Vita

	Appendix copyright permission.pdf

