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ABSTRACT 
 
 Low molecular weight liquid polybutadienes (1000 – 2000 g/mol) consisting of 

60 mol% 1,2-polybutadiene repeating units were synthesized via anionic telomerization 

and conventional anionic polymerization.  Maintaining the initiation and reaction 

temperature less than 70 °C minimized chain transfer and enabled the telomerization to 

occur in a living fashion, which resulted in well-controlled molecular weights and narrow 

polydispersity indices.  MALDI-TOF mass spectrometry confirmed that the liquid 

polybutadienes synthesized via anionic telomerization contained one benzyl end and one 

protonated end.   

 Subsequently, 2-ureido-4[1H]-pyrimidone (UPy) quadruple hydrogen-bonding 

was introduced to telechelic poly(ethylene-co-propylene), and mechanical 

characterization of the composites with UPy-functionalized carbon nanotubes was 

performed.  The composites enhanced the mechanical properties and the UPy-UPy 

association between the matrix polymer and carbon nanotubes prevented the decrease of 

an elongation at break.  The matrix polymer was also reinforced without sacrificing the 

processability.  Additionally, UPy groups were introduced to styrene-butadiene rubbers 

(SBRs).  Introducing UPy groups to SBRs drastically changed the physical properties of 

these materials.  Specifically, the SCMHB networks served as mechanically effective 

crosslinks, which raised Tg and enhanced the mechanical performance of the SBRs. 
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 Novel site-specific sulfonated graft copolymers, poly(methyl methacrylate)-g-

(poly(sulfonic acid styrene)-b-poly(tert-butyl styrene)), poly(methyl methacrylate)-g-

(poly(tert-butyl styrene)-b-poly(sulfonic acid styrene)), and the corresponding sodium 

sulfonate salts were successfully synthesized via living anionic polymerization, free 

radical graft copolymerization, and post-sulfonation strategies.  The graft copolymers 

contained approximately 9 – 10 branches on average and 4 wt% of sulfonic acid or 

sodium sulfonate blocks adjacent to the backbone or at the branch terminus.  The 

mobility of the sulfonated blocks located at the branch termini enabled the sulfonated 

blocks to more readily interact and form ionic aggregates.  The glass transition 

temperatures (Tg) of the sulfonated graft copolymers with sulfonated blocks at the branch 

termini were higher than that of copolymers with sulfonated blocks adjacent to the 

backbone.  More facile aggregation of sulfonated blocks at the branch termini resulted in 

the appearance of ionomer peaks in SAXS whereas ionomer peaks were not observed in 

sulfonated graft copolymers with sulfonated blocks adjacent to the backbone.   

In addition, similar analogues, novel site-specific sulfonated graft copolymers, 

poly(methyl methacrylate)-g-(poly(sulfonic acid styrene)-b-poly(ethylene-co-propylene)) 

(PMMA-g-SPS-b-PEP), poly(methyl methacrylate)-g-(poly(ethylene-co-propylene)-b-

poly(sulfonic acid styrene)) (PMMA-g-PEP-b-SPS), and the corresponding sodium 

sulfonate salts were successfully synthesized.  Estimated χN values predicted the phase 

separation of each block and differential scanning calorimetry (DSC) and dynamic 

mechanical analysis confirmed the phase separation of each block component of the graft 

copolymers.  The aggregation of sulfonic acid or sodium sulfonate groups at the branch 

termini restricted the glass transition of the PEP block.  This lack of the glass transition of 
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the PEP block resulted in higher storage modulus than a sulfonated graft copolymer with 

sulfonated blocks adjacent to the backbone.  The location of sulfonated blocks in both 

sulfonic acid and sodium sulfonate graft copolymers significantly affected the thermal, 

mechanical and morphological properties. 

 Lastly, symmetric (16000 g/mol for each block) and asymmetric (14000 g/mol 

and 10000 g/mol for each block) poly(ethylene-co-propylene)-b-poly(dimehtylsiloxane) 

(PEP-b-PDMS) were synthesized using living anionic polymerization and subsequent 

hydrogenation.  The onset of thermal degradation for the PEP-b-PDMS diblock 

copolymer was higher than 300 ºC and PEP-b-PDMS was more thermally stable than the 

precursor diblock copolymer, polyisoprene-b-PDMS.  DSC analysis of PEP-b-PDMS 

provided Tg of PDMS -125 ºC, Tg of PEP -60 ºC, Tc of PDMS -90 ºC, and Tm of PDMS -

46 and -38 ºC, respectively.  Appearance of thermal transitions of each PEP and PDMS 

block revealed the formation of phase separation.  Estimated χN also supported the phase 

separation. 
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Chapter 1:  Dissertation Overview 

 This dissertation focuses on the synthesis and characterization of multiphase 

block copolymers with non-covalent interactions.  The initial chapters focus on synthesis 

of well-defined polymers.  The subsequent chapters discuss the influence of hydrogen-

bonding interaction in a polymer matrix.  The final chapters describe the structure-

property relationships of site-specific sulfonated graft copolymers and synthesis of low 

Tg diblock copolymers.  The majority of synthesis utilized a living anionic 

polymerization to obtain well-defined polymers and the polymers were subsequently 

functionalized with hydrogen-bonding or sulfonic acid groups.  The structure-property 

relationships of various novel multiphase copolymers with non-covalent interaction were 

also investigated. 

 Chapter 2 summarizes a literature review of the synthetic methodology to prepare 

well-defined macromolecular architectures, phase separation of block copolymers, and 

non-covalent interactions in macromolecular systems (hydrogen-bonding and ionic 

interactions), and the structure-property relationships of multiphase ionomers.  The focus 

of Chapter 3 is on the synthesis and characterization of 1000 g/mol 60% 1,2-liquid 

polybutadienes via anionic telomerization.  The influence of the initiation procedures, the 

reaction temperature, and the scale of reaction on the various telomerization processes 

were studied and compared to the properties of liquid polybutadiene synthesized using 

conventional anionic polymerization.  The discussion of Chapter 4 transitions to an 

introduction of hydrogen-bondings to telechelic poly(ethylene-co-propylene) and 

mechanical properties of the composites with hydrogen-bonding functionalized carbon 

nanotubes.  Chapter 5 describes introducing hydrogen-bondings to styrene butadiene 
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rubber and the influence of hydrogen-bondings on the mechanical performance.  Chapters 

6 and 7 investigate the influence of site-specific sulfonation in graft copolymers upon 

thermal, mechanical, and morphological properties.  In addition, novel sulfonated graft 

copolymers with sulfonated blocks in precise location were synthesized and characterized.  

Lastly, Chapter 8 describes synthesis and characterization of low Tg diblock copolymers.   
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Chapter 2:  Literature Review 

2.1 Introduction 

 Precisely controlled chain polymerization has been a key factor for investigating 

the structure-property relationships of various novel multiphase copolymers with non-

covalent interaction.  This chapter will first describe the synthetic methodology to 

prepare well-defined macromolecular architecture (general aspects of living anionic 

polymerization).  Secondly, this chapter will discuss phase separation of block 

copolymers and non-covalent interactions in macromolecular system (hydrogen-boding 

and ionic interaction).  Lastly, this chapter will summarize research investigation for 

structure-property relationships of multiphase ionomers. 

2.2 Living Anionic Polymerization 

 Living anionic polymerization possesses several important characteristics: 

controlled molecular weight, molecular weight distribution, controlled stereochemistry, 

functional termination capability, block copolymer synthesis, and star and branched 

copolymer synthesis.  These five characteristics are all important criteria and will also be 

described in detail in this section.  Among these characteristics, synthesis of well-defined 

homo and block copolymers play an important factor in this dissertation and will be 

discussed in detail.  Living anionic polymerization has especially been the most 

advantageous strategy to prepare multiphase block copolymers.  Therefore, the general 

concepts of living anionic polymerization are summarized and discussed.   

2.2.1  General Concept of Living Polymerization  

 Living polymerization was developed and used in recent decades to prepare 

macromolecules with well-defined structures and low degrees of compositional 



 4

heterogeneity (homopolymers and each block segment).1-8  The term “living” refers to no 

chain termination occurrence.   The increase of molecular weight during the course of 

reaction depends on the initiation, propagation, and termination mechanisms.  Figure 2.1 

compares living polymerization to other polymerization method.  A step-growth 

polymerization generally gives the rapid molecular weight increase at the end of the 

reaction due to the coupling reaction mechanism and the termination occurs based on the 

equilibrium nature of the reactivity of functional groups.  On the other hand, a fast chain 

growth occurs in a conventional free-radical polymerization (Figure 2.1) and the chain-

ends are terminated either by combination mechanism or disproportionation mechanism.  

The initiation step in a conventional free radical polymerization is slow, which results in 

the polymerization occurrence over a long period of time and plateau-out molecular 

weight over a certain reaction time.   

 Living polymerization is defined as a polymerization without termination and 

chain-transfer.9, 10  The polymerized chains grow in a controlled linear fashion, which is 

shown in Figure 2.1.  The initiated monomer species propagates until completing the 

monomer consumption.  Intentional termination will be required to terminate the reaction.  

This living characteristic (no termination and no chain-transfer) produces a controlled 

molecular weight and a narrow molecular weight distribution.  The molecular weight is 

readily calculated following the equation 2-1.  

 Molecular Weight [g/mol] = 
initiatorofmols
monomerofgrams         (2-1) 

Living polymerization using a monofunctional initiator follows the equation 2-1, whereas 

the denominator needs to be multiplied by 0.5 for living polymerization that utilizes a 

difunctional initiator.   
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 The several types of living polymerization have been developed.  The 

representative living polymerizations are classified as living anionic polymerization, 

living cationic polymerization, and living radical polymerization (stable free radical 

polymerization (SFRP), nitroxide mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), radical addition-fragmentation transfer (RAFT)).11  Only living 

anionic polymerization will be focused here and further discussed in this dissertation.   

 

 
 
 

Figure 2.1  Molecular weight growth of step-growth, chain-growth, and living 
polymerization  

 
2.2.2 General Criteria of Living Anionic Polymerization  
 

Living anionic polymerization is the earliest and most successful strategy among 

living polymerization strategies.  Ziegler reported the polymerization of butadiene using 

n-butyllithium in 1929.12, 13  In the report, Ziegler described termination and chain-

transfer steps did not play a role in the polymerization mechanism.  Later, Szwarc et al. 

named the term “living” for this kind of anionic polymerization.9, 10  Living anionic 

polymerization of styrene is shown in Scheme 2.1 as a typical example.  sec-Butyllithium 

initiates well-distilled styrene in cyclohexane.  Rapid initiation occurs and the initiated 

styryllithium propagates until completing consumption of the styrene monomer.  In 

styrene polymerization at 40 ºC in cyclohexane, 1 h reaction is sufficient for the complete 
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monomer consumption.   The propagated styryllithium is terminated with a protic solvent 

such as methanol.  Any protic compounds, e.g. water, will terminate the anionic 

polymerization, so that anionic polymerization requires a very clean and dry system in 

the polymerization.  Monomer and solvent has to be well-distilled.   In this styrene 

polymerization, styrene is first dried over calcium hydride and distilled under vacuum.  

Then, styrene is treated with an aliquot of dibutylmagnesium and distilled under vacuum.  

Cyclohexane is treated with sodium and distilled from the still or is passed through an 

activated molecular sieve column and activated alumina column immediately prior to use.  

For further details for various anionic polymerization, Hadjichristidis et al.3 and Morton 

et al.8 have summarized the techniques for distillation of monomers, solvent, and other 

technical issues for living anionic polymerization.       

CH
CH3

LiCH2H3C + Cyclohexane
40 ºC

CH
CH3

CH2H3C CHCH2 LiInitiation

CH
CH3

CH2H3C CHCH2 CHCH2 Li

Propagation

More Monomers

Methanol
Termination CH

CH3
CH2H3C CHCH2 CH2CH2 LiOCH3n-1n-1

+

 
Scheme 2.1  Living anionic polymerization of styrene 

 
Anionic polymerization reaction is solely based on carbanion chemistry.  The 

carbanion structure, stability, and reactivity control the kinetic and mechanism of anionic 

polymerization.7  As an alkyl carbanion initiator, alkyllithium is typically used for 

anionic polymerization due to their various unique characteristics.  The unique 

characteristics stem from the uniqueness of lithium.  Among alkali metals, lithium 
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possesses the highest electron affinity, electron negativity, and an ionization potential, 

coupled with the smallest covalent and ionic radius in the group.7  Alkyllithium exhibits 

properties of both covalent and ionic compounds.14  Additionally, alkyllithium 

compounds are readily soluble in various organic solvents and form aggregates in 

hydrocarbon solution.  Table 2.1 shows aggregation states of organolithium compounds 

in hydrocarbon solution.  In hydrocarbon solutions, alkyllithium compounds associate 

into dimmer, tetramers, and hexamers.  Unhindered straight-chain alkyllithium 

compounds such as C2H5Li, n-C4H9Li, n-C5H11Li, and n-C8H17Li are associated into 

hexamers in hydrocarbon solution, whereas alkyllithium compounds with bulky group 

such as i-C3H7Li, sec-C4H9Li, and t-C4H9Li associate into tetramers.  The increase of 

bulky substituted alkyl groups in alkyllithium compounds decreases the average degree 

of association.  Furthermore, the aggregation behavior of alkyllithium influences the 

initiation kinetics of anionic polymerization. 

Table 2.1 Aggregation states of organolithium compounds in hydrocarbon solution 
Compound Solvent Degree of association Reference 
C2H5Li Benzene 6 15, 16 
 Cyclohexane 6 15, 16 
n-C4H9Li Benzene 6 15-17 
 Cyclohexane 6 17 
n-C5H11Li Benzene 6 18 
n-C8H17Li Benzene 6 18 
i-C3H7Li Benzene 4 16 
 Cyclohexane 4 16 
sec-C4H9Li Benzene 4 19 
 Cyclohexane 4 19 
t-C4H9Li Benzene 4 20 
 Cyclohexane 4 20 
CH3Li Benzene 2 21 
 Cyclohexane 2 21 
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 The relative reactivity of alkyllithium initiators for styrene polymerization and 

diene polymerization in hydrocarbon solution is summarized from greatest to least 

reactivity as:7, 8 styrene polymerization: CH3Li > sec-C4H9Li > i-C3H7Li > i-C4H9Li > n-

C4H9Li > t-C4H9Li, and diene polymerization: CH3Li > sec-C4H9Li > i-C3H7Li > t-

C4H9Li > i-C4H9Li > n-C4H9Li.  The reactivity of alkyllithium initiators are linked to the 

degree of association in hydrocarbon solution.  The less associated alkyllithium is more 

reactive as an initiator for anionic polymerization.   

 Rapid initiation in hydrocarbon solution is achieved with the less associated 

alkyllithium.  In styrene and diene polymerization in cyclohexane, sec-BuLi is often used 

as an initiator, which provides a rapid initiation.  The rapid initiation relative to 

propagation enables achievement of narrow molecular weight distribution, which is 

characteristic of living polymerization.  Living anionic polymerization of styrene, 

isoprene, or 1,3-butadiene, with a reaction condition described in Scheme 2.1, provides a 

molecular weight distribution of 1.00 – 1.02.  n-BuLi is also often used as an initiator; 

however, n-BuLi-initiated polymerization regularly requires an elevated temperature (> 

50 ºC) to increase the rate of initiation relative to propagation, which result in polymers 

with narrow molecular weight distributions.22  Decomposition rates of sec-BuLi and n-

BuLi hydrocarbon solution are 0.06%/month and 1.4 %/month at 20 ºC23, respectively, 

which also implies the reactivity of the initiators as well as the stability upon storage.   

Although styrene and diene anionic polymerization has been discussed so far, 

anionic polymerization is widely applicable to various monomers.  Suitable monomers 

for anionic polymerization are mainly diene, vinyl, and cyclic monomers.  Monomers for 

anionic polymerization regularly require substituents on the double bond that can 



 9

stabilize the negative charge.  The substituents also need to be stable to the reactive 

anionic chain ends, thus acidic proton-donating groups or strongly electrophilic 

functional groups that react with bases and nucleophiles are not suitable substituents or 

those substituents must be protected.24  Substituents that produce anionic delocalization 

to stabilize negative charge in the reaction intermediate generally work for anionic 

polymerization.  Such substituents include aromatic rings, double bonds, carbonyl, ester, 

cyano, sulfoxide sulfone, and nitro groups.7  Therefore, the polymerizable monomers via 

anionic polymerization include styrenes, dienes, methacrylates, epoxides, episulfides, 

cyclic siloxanes and lactones.25        

2.2.3 Effect of Polar Additives in Living Anionic Polymerization 
  
The environment of carbanion species affects the kinetics and mechanism of 

anionic polymerization.  A schematic representation of polar additive effect to anionic 

polymerization is shown in Figure 2.2.  If the carbon-lithium bond is replaced with 

carbon-carbon bond as a covalent bond, no active species remain for polymerization.  

Lithium carbanions form a tight ion-pair with lithium in a hydrocarbon solvent.  The 

addition of polar additives such as tetrahydrofuran (THF) or N, N, N’, N’-

tetramethylethylenediamine (TMEDA) disrupts the alkyllithium aggregates and produces 

loose ion-pairs.  An ion-pair of lithium carbanion in THF (polar solvent) becomes a free 

ion.  The disruption of lithium carbanion association dramatically increases the reaction 

kinetics.   
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Figure 2.2  Polar additive effect to anionic polymerization 

 The kinetics of anionic polymerization in hydrocarbon solvent exhibits a first-

order dependence on monomer concentration and a one-sixth order or one-fourth order on 

initiator concentration, as shown in equation 2-2.    

Rp = kobs [M][I]1/N            (2-2) 

where Rp is the rate of polymerization, kobs  is the rate constant, M is the monomer 

concentration, I is the initiator concentration, and N is either 4 or 6.  On the other hand, 

the value of N becomes close to 1 for anionic polymerization in polar solvent due to 

disruption of lithium carbanion associations.   

Table 2.2  Effect of polar solvent in microstructures of polybutadienes8 
Solvent System  THF/secBuLi cis-1,4 trans-1,4 1,2 

n-hexanes  0 35 57 8 

n-hexanes/THF  1.0 25 40 35 

n-hexanes/THF  8.2 21 31 45 

n-hexanes/THF  17 14 28 58 

n-hexanes/THF  53 7 10 85 
Reaction temperature: 30 ˚C, Initiator: sec-BuLi 

The change of reaction kinetics and environment of lithium carbanion association 

through polar additives also affects the resulting polymer composition.  The 

microstructure of polybutadienes is tuned through addition of polar additives.   Effect of 

M
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polar solvent in 1,3-butadiene polymerization with sec-BuLi is shown in Table 2-2.8  As 

the amount of THF addition increases, the content of 1,2-polybutadienes in 

polybutadienes increases.  Anionic polymerization of 1,3-butadiene in hydrocarbon 

solution, 1,2-polybutadiene ranges less than 10%, while that in THF results in 

approximately 90 % 1,2-polybutadiene.26  Polydienyl anions provide less chain end 

association in polar media compared to hydrocarbon.  The charge distribution of the 

allylic anions and the distribution of various kinds of ion pairs also differ in polar media 

against hydrocarbon.  Bywater and Worsfold reported the charge distribution in 

asymmetrical allylic carbanions as a function of solvent and temperature.27  They 

calculated the charge distribution for neopentylallyllithium (5,5-dimethylhexen-2-

yllithium, Figure 2-3 (A)) and neopentylmethylallyllithium (2,5,5-trimethylhexen-2-

yllithium, Figure 2-3 (B)), and as shown in Table 2-3.   In polar media, there is less 

charges on α carbon and more charges on γ carbon in comparison to charges in benzene.  

The presence of more charge on γ carbon in polar media elucidates the increase of 1,2-

microstructure in polybutadiene synthesis.  In addition, Bywater postulated that solvated 

lithium cations locate close to α position and blocks the position.  This favors the reaction 

at the less hindered γ carbon, resulting in 1,2-addition.28   

H3C C
CH3

CH3

CH2 CH CH CH2 Li
αβγ

H3C C
CH3

CH3

CH2 CH C CH2 Li
αβγ

CH3
(A) (B)  

Figure 2.3  Neopentylallyllithium (A) and neopentylmethylallyllithium (B) 
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Table 2-3  Calculated charges of  neopentylallyllithium (A) and 
neopentylmethylallyllithium (B) 

  Calculated Charges on Allylic Carbon 
Atoms 

 Solvent α β γ 
Benzene 0.79 -0.13 0.22 
Diethylether 0.69 -0.13 0.35 

Neopentylallyllithium (A) 

THF 0.69 -0.15 0.40 
Benzene 0.80 -0.14 0.19 
Diethylether 0.72 -0.15 0.30 

Neopentylmethylallyllithium 
(B) 

THF 0.73 -0.15 0.34 
 

 The above described microstructure of polybutadiene affects the subsequent 

polybutadiene properties.  Approximate glass transition temperature (Tg) and melting 

temperature (Tm) of each polybutadiene microstructure are summarized in Figure 2.4.7  

Figure 2.5 shows a linear relationship of the glass transition temperature with the 

percentage of 1,2 configuration content in polybutadiene.29  The linear relationship is 

described as equation 2-3.   

Tg = 1.0 x – 106.6 (ºC)            (2-3) 

where x is the percentage of 1,2 configuration.  Equation 2-3 and Figure 2.5 describe that 

1 mol% increase in 1,2-microostructure raises Tg 1 ºC.  Tg is related to many properties.  

Low Tg rubbers such as high 1,4-polybutadienes possess good abrasion resistance and 

good tread wear but show inadequate road holding and wet skid deficiencies.  Thus, 

commercial tire rubbers always have compositions which are result of a compromise of 

wear and traction properties, and the Tg of rubber blends used in tires generally ranges – 

50 to – 75 ºC.29  SBR falls in this Tg range as well as polybudiene with medium vinyl 

contents, 35 – 55 mol%.  The detail property description of polybutadiene microstructure 

is summarized well in earlier literature.30  In addition, controlled synthesis of 60% 1,2-

polybutadiene will be described in Chapter 3.  
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Figure 2.4  Polybutadiene microstructure and their property 
 

 

Figure 2.5  Relationship of the glass transition temperature with the percentage 
1,2 configuration content in polybutadiene29 

 

2.2.4 Functional Termination, Star and Block Copolymer Synthesis 

The carbanion end in living anionic polymerization can react with functional 

groups or a monomer to produce star and block copolymer rather than terminating with a 

proton typically from methanol.  The approach for end-functionalization utilizes the 

reaction with electrophiles.  Typical end-functionalization in living anionic 

polymerization includes carbonation with carbon dioxide, hydroxylation with ethylene 

n
n

nn

cis 1,4-PB 
Tg ~ - 100 ºC 
Tm ~ 0 ºC 

Trans 1,4-PB
Tg ~ - 80 ºC 
Tm ~ 140 ºC 

Syndiotactic 1,2-PB
Tm ~ 156 ºC 

Isotactic 1,2-PB
Tm ~ 125 ºC 

Atactic 1,2-PB Tg ~ 0 ºC 
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oxide, amination with protected imine such as N-(benzylidene)-trimethylsilylamine, 

sulfonation with sultone, aldehyde functionalization with 4-morpholinecarboxyaldehyde, 

and functionalization with silyl halides or substituted diphenyl ethylene.7  Optimum 

conditions for these functionalizations depend on the chain-end structure, solvent, 

temperature, concentration, stoichiometry, and polar additives.  One often needs to adjust 

the conditions to obtain the desired functional group.   

Hydroxy-functionalized polymer readily reacts with methacryloyl chloride to 

form methacrylate macromonomers.  The macromonomer polymerization with various 

combinations of monomers can produce branched polymers.  The details of graft 

copolymer synthesis will be discussed in Chapter 6 and 7.  End-functionalization with 

silylhalides and divinylbenzene also lead to form star copolymers.       

 Similar to end-group functionalization, sequential addition of monomers results in 

block copolymers.  For example, an addition of distilled isoprene after styrene 

consumption and a subsequent addition of distilled styrene after isoprene consumption 

form a triblock copolymer thermoplastic elastomer of polystyrene-b-polyisoprene-b-

polystyrene.   

 

2.3 Microphase Separation of Block Copolymers 

 Preparation of well-defined polymer via living anionic polymerization was 

discussed and the living nature of anionic polymerization enables to synthesize various 

multiphase block copolymers.  Block copolymers with immiscible blocks result in 

microphase separation and the microphase separation of block copolymer leads to nano-

scale ordered morphology.  The nanoscale morphology of block copolymer impacts the 
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subsequent property saliently.  This section will describe the theory and characteristic of 

block copolymer phase separation. 

AB diblock copolymer is shown in Figure 2.6 and the phase-behavior of the AB 

diblock copolymer will be discussed in this section.  The phase behavior of a block 

copolymer is generally represented with a morphology diagram as a function of χN and f, 

where χ is the Flory-Huggins interaction parameter, N is the total degree of 

polymerization, and f is the volume fraction of one block (e.g. block A in Figure 2.6).   χ 

reflects the interaction energy between different segments and the configurational entropy 

contribution to the Gibbs energy is proportional to N.31  Figure 2.6 shows the phase 

diagram of AB diblock copolymer and the subsequent morphology.  The possible 

morphological structures include spheres (S, S’, bcc (body-centered cubic) spheres), 

gyroid (G, G’, bicontinuous Ia3d gyroid) where gyroid is not depicted in Figure 2.6, 

cylinder (C, C’, hexagonally-packed cylinders), and lamellar (L).32   The boundary line of 

the phase diagram (outer line of S and S’) in Figure 2.6 represents order-disorder 

transition (ODT).   

When χN exceeds a critical value (χNODT), the block copolymer forms a 

microphase separated ordered structure.  For symmetric diblock copolymers, χNODT = 

10.495.31  The extent of phase separation of block copolymers depends on the magnitude 

of χN.  Block copolymers weakly phase separate at low χN.  The weak segregation limit 

is close to the ODT, which is about χN  = 12 for symmetric diblock copolymers.31  The 

block copolymers are strongly segregated at larger χN with a narrow interphase.  The 

value of χN > ~ 100 is called the strong-segregation limit.31   
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Figure 2.6  Phase-behavior of AB diblock copolymer: Modified from a reference33  
 

The Flory-Huggins parameter χ can be determined using scattering techniques.34  

The values of χ are also readily estimated from the molar volumes and the polymer 

solubility parameters via equation 2-4: 

( )
RT

V 2
120

12
δδ

χ
−

=                         (2-4) 

where 0V  is the molar volume,  1δ  and 2δ  are the solubility parameters of the respective 

polymer components, R is the gas constant, and T  is the temperature.  0V  was calculated 

from ( ) 2/1
210 VVV =  where 1V  and 2V  are the molar volumes of the respective 

components.35  The detailed derivation for equations 2-4 was well-described in Colby’s 

and Rubinsteins’ book, “Polymer Physics”.34  It should be noted that equations 2-4 are 

very useful method to estimate the Flory-Huggins parameter χ; however, this theory is 

based on the several assumptions.  The Flory-Huggins theory is based on the assumption 

A B 

S: Spheres C: Cylinders L: Lamellar C’: Cylinders S’: Spheres

χ : Flory-Huggins interaction parameter 
N : The total degree of polymerization 
f : Volume fraction  
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of no volume change on mixing.  In real polymer blends, the volume per monomer 

mostly changes upon mixing.  In addition, the equations 2-4 work reasonably well for 

non-polar interactions, which is van der Waals forces between blocks, and do not work 

well in mixtures with strong polar or specific interactions, such as hydrogen-bonding.34 

The main analytical techniques for block copolymer morphology include 

transmission electron microscopy (TEM), atomic force microscopy (AFM), and small 

angle x-ray (or neutron) scattering (SAXS).  TEM and AFM give direct images of the 

structure from a small piece of a sample.  TEM provides bulk morphology of a sample.  

Although the tedious sample preparation, such as microtoming and staining, challenges 

one to obtain clear images.  AFM characterizes surface morphology of a sample and 

AFM images depict the contrast of hard and soft domain of the sample.     

SAXS is a useful technique for studying polymer morphologies.  SAXS is 

sensitive to the differences in electron density within a polymer and is able to resolve 

density fluctuations within polymeric materials.  It is a powerful tool in determining the 

long-range structure within polymeric systems.36  The Bragg’s law describes the 

conditions of x-ray diffraction and is usually expressed as:  

 θλ sin2dn =           (2-5) 

where λ is the wavelength of the x-radiation, θ is half the angle between incident beam 

and the diffracted beam, d is the distance between neighboring domains, n is the order of 

reflection.  The equation 2-5 of the Bragg’s law clearly states there is specific value of θ 

for every d, namely each diffracted beam is originated from a different plane.37   

In SAXS analysis in polymeric system, the intensity is often measured as a 

function of scattering vector q,38 which is  
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 θπλ sin4 1−=q              (2-6) 

Combining (2-5) and (2-6) gives 

 qd /2π=               (2-7) 

Since θ is small (small-angle), d results in a large value in comparison to the case of a 

wide angle measurement.  The typical θ, d, and q values in SAXS are θ < 3°, d > 20-40 Å 

(d = 20 Å – 1µm), and 10-3 < q < 10-1 Å-1, respectively.38  In contrast, wide-angle X-ray 

scattering (WAXS) determines polymer crystal structure since the d range is d < 20-40 Å.  

Because of large measuring distance d, SAXS is mainly used for morphological study of 

polymers rather than studying molecular structure of polymers.  SAXS intensity depends 

on location of the electron density in polymers.  The electron density contrast describes 

the long-range structure existence in the polymeric systems.   

The position of q values from the equation 2-6 in SAXS is conventionally used to 

describe the morphology of polymeric system.   As shown in the equations, q is related to 

d.  Thus, patterns of the q peak values can describe polymeric morphologies.  For 

lamellar morphology, the q positions of the peaks appear at q*, 2q*, 3q*,····, for 

hexagonally-packed cylinders q*, 3 q*, 4 q*,····, for bicontinuous Ia3d gyroid q*, 

38 q*,····, for bcc spheres q*, 2 q*, 3 q*,····, where q* = the primary Braggs 

reflection.36   Appearance of multiple peaks of q maxima is evidence of long-range phase 

separation and the sharp peaks represent formation of well-ordered morphology.  

Analyzing SAXS data via q maximum positions is a well-used powerful method; 

however, some of the peaks could be missing or hidden due to the resolution or 

disordered morphology.  To resolve this issue and to confirm the morphological 
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structures of polymers, microscopy techniques such as TEM and AFM are generally used 

to provide an image of the morphologies.  

2.4 Non-covalent Interactions in Polymer Matrix 

 Non-covalent interactions in a polymer matrix control the subsequent properties 

as seen in morphological discussion for block copolymers.  Schematic images of non-

covalent interactions that might occur in a polymer matrix are shown in Figure 2.7.  

Covalent bonding consists of individual macromolecules, while non-covalent interactions 

could build nano-scale organization.  For example, van der Waals interaction governs the 

phase separation behavior, which was discussed in section 2.3.   

 

Figure 2.7  Schematic images of non-covalent interactions in a polymer matrix 
 A portion of images was taken from the reference34 

 
2.4.1 Hydrogen-bonding in Polymer Matrix 

The strength of individual hydrogen bonds ranges 4 – 40 kJ/mol and the medium 

strength of hydrogen bonding such as urethane hydrogen bonding ranges approximately 
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20 kJ/mol (Figure 2.7).39  As a comparison, the strength of a typical covalent bond ranges 

300 – 450 kJ/mol.  The hydrogen bonds dissociate and rearrange responding to their 

environment such as heat and solvent whereas covalent bonds are not easily broken.  

Introducing hydrogen-bonding within a polymer matrix regularly enhances the 

mechanical performance and aids the self-assembly.  

 

Figure 2.8  Structures and DMA analysis of PTMO-based polyurethane and 
polyurea40 

  

Schematic drawing, synthetic scheme and dynamic mechanical analysis (DMA) 

data for PTMO-based polyurethane and polyurea are shown in Figure 2.8.40  

Polyurethane possesses monodentate hydrogen-bonding, while polyurea possesses 

bidentate hydrogen-bonding.  The bidentate hydrogen-bonding in polyurea enhanced the 

mechanical performance as shown in DMA curve in Figure 2.8.  In addition, geometrical 

stacking influenced the mechanical strength.  The kinked structure, mPDI segmented 
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copolymer, showed much lower flow temperature in comparison to pPDI copolymer.  

This work demonstrated role of chain symmetry and hydrogen bonding in segmented 

copolymers. 

 Quadruple hydrogen bonding systems demonstrated supramolecular structures 

with properties resembling covalent polymers, due to approaching the strength of the 

hydrogen bonding interaction to the strength of a covalent bond.  Meijer investigated the 

supramolecular polymers with quadruple hydrogen bonding of 2-ureido-4[1H]-

pyrimidone (UPy) units.41-45  Schematic drawing of telechelic polymers functionalized 

with quadruple hydrogen-bonded ureidopyrimidone units is shown in Figure 2.945 and 

UPy association is also shown in Figure 2.7.  The self-complementary association of UPy 

groups possesses association constants of 6×107 M-1 in chloroform with solution lifetime 

of approximately 170 ms.42, 46   

UPy linkages in polymer result in supramolecular polymer with thermoreversible 

character.  For example, telechelic poly(ethylene-co-butylene) with UPy units (UPy-

PEB-UPy) (Figure 2.9) formed a ductile film whereas the precursor hydroxyl-

functionalized poly(ethylene-co-butylene) (HO-PEB-OH) was liquid.45  The pictures of 

UPy-PEB-UPy and HO-PEB-OH are shown in Figure 2.10.  The use of UPy-containing 

supramolecular polymers was also shown to form thermoreversible aggregates, which 

typically dissociate over 80-95 °C.45, 47-50  Quadruple hydrogen bonding in polymer 

matrix will be further discussed in Chapter 4 and 5.   
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Figure 2.9  Schematic drawing of functionalization of telechelic polymers with 
quadruple hydrogen-bonded ureidopyrimidone units45 

 

Figure 2.10  Ductile film UPy-PEB-UPy and liquid HO-PEB-OH45 
 

2.4.2 Ionic Interaction and General Aspects of Ionomers 

The theory by Pearson et al51 describes the relationship in which hard acids tend 

to bind to hard bases and soft acids tend to bind to soft bases.  A dominant interaction 

between hard acids and hard bases is a Coulombic interaction whereas a dominant 

interaction in soft acids – soft bases is covalent bonding.  As the hardness of acids and 

bases increases, the bonding increases toward ionic or dipole-dipole interactions.  The 

ionic interaction ranges approximately 200 kJ/mol52 (Figure 2.7) and the interactions 

HO-PEB-OH UPy-PEB-UPy 
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occur in non-directional way.  Polymers that contain less than 15 mol% ionic groups are 

called ionomers.  General aspects of ionomers will be discussed in this section.  

Eisenberg made significant contributions to fundamental aspects of ionomers.  In 

1970, Eisenberg reported the first theoretical study of ionomers.53  The report considered 

the association of ions in media of low dielectric constant.  Eisenberg called associated 

ions as pairs, triplets, quartets, etc. as multiplets.  Since his publication, researchers have 

used the term multiplets to describe the ionic association in macromolecular systems.  

Although their report well-described ion-clustering in organic polymers, the theory 

included only the specific condition such as no steric factors in the multiplet formation.  

Later in 1990, Eisenberg et al. reported more precise multiplet-cluster model for 

ionomers, known as Eisenberg-Hird-Moore Model (EHM model).54  EHM model is the 

most accepted model of theoretical description of ionomers.  

Ionic aggregates in ionomers consist of several ion pairs containing only ionic 

materials.  The strength of the electrostatic (Coulombic) interactions between the ion 

pairs is the most important ionic parameter that affects multiplet formation.  If the 

electrostatic interactions are too weak to overcome the elastic forces of polymer chains, 

multiplets cannot form.  In addition, the electrostatic interactions determine the sizes of 

the ions and the ionic bond.  For example, small highly polar ion pairs interact more 

strongly and tend to be held firmly.   

The other factors for multiplet formation include the ion content of the ionomer 

and the characteristics of the host polymer.  If the ion pairs are dilute, significant 

electrostatic interactions do not exist and aggregation does not occur.  Low dielectric 

constant and low glass transition temperature (Tg) of the host polymer favor ionic 
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aggregation whereas high dielectric constant and high Tg of the host polymer tend to 

inhibit multiplet formation.54  

Indirect methods approximate the size of multiplets since the dimensions of ionic 

groups are not easily accessible.  The densities and the formula weights of common 

inorganic compounds that resemble multiplet composition provide an average size per 

atom.  The values are summarized in Table 2.4.52  The average volume per atom of 

sodium hydroxide, sodium formate, sodium bicarbonate, sodium carbonate, sodium 

acetate, and sodium oxalate remains as constant, which is (1.13 ±  0.05) × 10-2 nm3.  For 

example, the volume of sodium carboxylate ion pair can be calculated using this average.  

Since sodium carboxylate has four atoms, the volume becomes approximately 4.5 × 10-2 

nm3.  The same calculation method applies to the calculation of the volume of sodium 

sulfonate group, which suggests the volume as approximately 6.5 × 10-2 nm3 because the 

mean volume per atom in a sodium sulfonate ion pair is (1.30 ±  0.04) × 10-2 nm3.  These 

indirect methods can provide an idea of the effective sizes of multiplets. 

Table 2.4  Volume per atom of various salts52 

Salt Formula 
Weight 

Density 
(g/cm3) 

Number of 
Atoms per 
Equivalent 

Volume per Atom 
× 10-2 (nm3) 

Sodium hydroxide 40.0 2.13 3 1.04 
Sodium formate 68.0 1.92 5 1.18 
Sodium 
bicarbonate 84.0 2.16 6 1.08 

Sodium carbonate       106.0 2.53 6 1.16 
Sodium acetate 82.0 1.53 8 1.11 
Sodium oxalate       134.0 2.34 8 1.19 

Mean    1.13 ±  0.05 
Sodium sulfite       126.0 2.63 6 1.33 
Sodium sulfate       142.0 2.68 7 1.26 

Mean    1.30 ±  0.04 
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The schematic diagram of poly(styrene-co-sodium methacrylate) ionomer is 

shown in Figure 2.11 (1).54   The polymer chains anchored to multiplets reduce the overall 

polymer mobility.  Each multiplet produces a region of restricted mobility, although, no 

definite boundaries exist between the region of restricted mobility and the rest of the 

polymers.  Therefore, the mobility of the polymer chain increases as the distance from the 

multiplet increases.  Additionally, the flexibility of the polymer backbone also affects the 

thickness of the region of restricted mobility.  A more flexible polymer backbone reduces 

the thickness.  Increasing multiplet rigidity with strong electrostatic interaction decreases 

mobility.  The higher numbers of multiplets would produce less mobility.  Multiplets act 

similar to crosslinking so that the Tg of the polymer increases as the number of multiplets 

increases.   

The average distance between multiplets decreases as the ion content increases.  

When overlap of multiplets occurs frequently, large contiguous regions of restricted 

mobility should form.  These continuous regions result in its own Tg, indicating the 

formation of clusters.  Ionomers with ionic clusters cause a new Tg.  The qualitative 

illustration is shown in Figure 2.11 (2).  Figure 2.11 (2) schematically compares the chain 

mobility in the vicinity of isolated multiplets and in the region of clustered multiplets.  

Small regions of restricted mobility effectively act as crosslinks and thus raise the 

Tg of the material (Figure 2.11 (2A)).  However, when a sufficient number of multiplets 

are close enough together to form a contiguous region of restricted mobility greater than 

50-100 Å in dimension (Figure 2.11 (2B)), the region constitutes a cluster and exhibits its 

own separate Tg.  The large regions of restricted mobility indicate the presence of 

clusters.54  
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Figure 2.11 (1) Schematic diagram of the region of restricted mobility 
surrounding a multiplet in a poly(styrene-co-sodium methacrylate) 
ionomer, (2) Schematic representation of chain mobility: (A) in the 
vicinity of an isolated multiplet; (B) in the region of clustered 
multiplets54 

 

2.5 Sulfonated Multiphase Block Copolymers 

In this section, recent advance of sulfonated multiphase block copolymers will be 

summarized.  Sulfonated polymers are utilized in various industrial and domestic 

applications.  Due to interesting chemical and mechanical properties, sulfonated polymers 

enable a number of advanced applications such as proton exchange membrane fuel cells 

(PEMFC), ion exchange materials, reverse osmosis and ultrafiltration membranes, and 

plasticizers.55 Currently, most synthetic methods forming sulfonated-group-containing 

materials such as proton exchange membranes result in random or statistical placement of 

sulfonic acid units along the copolymer chain.  The distribution of sulfonated groups 

(1) (2) 
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along the chain as well as the acid strength and the linkage to the polymer backbone 

strongly affects the morphology and the properties.56   

The development of PEMFC has drawn significant attention among various 

applications of sulfonated polymers.  Nafion®, pefluorosulfonic acid membrane produced 

by DuPont, has been a platform for PEMFC application.  Nafion® is composed of a 

perfluorinated backbone with pendant vinyl ether side chains with sulfonic acid end 

group.  Nafion® provides excellent selectivity and proton transport property.  Extensive 

studies investigated the structure-property relationships of Nafion®.   

The drawbacks of Nafion® include the high cost, the limitation of the operation 

temperature, and the difficulty of the synthesis and process.  Thus, current research 

efforts are focused on searching for the alternative proton exchange membrane (PEM) 

materials that provide less cost, higher system performance, and better operational 

flexibility than Nafion®.  Sulfonated block and graft copolymers may provide such 

alternative PEM since sulfonated block and graft copolymers control the placement of 

sulfonic acid groups and enhance the PEM performance.    

Block copolymers, graft copolymers, and ionomers often exhibit microphase 

separation.  Occurrence of microphase separation depends on compositional dissimilarity 

(χ parameter), molecular weight, and crystallizability.57  Morphological trends by 

microphase separation direct the physical properties of the polymer.  The microphase 

separation alters the placement of ionic domains, where sulfonic acid group connectivity 

in morphology enhances the PEM performance (Figure 2.12).  Therefore, the precise 

location of sulfonated blocks in sulfonated block and graft copolymers introduce a 
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designed micorphase separation and control the physical properties of the resulting 

polymer. 

 
Figure 2.12  Representation of the swollen sulfonic acid ionomer membrane 

 

2.5.1  Synthesis of Sulfonated Block Copolymers 

Post sulfonation of block copolymers has been the main strategy to prepare 

sulfonated block copolymers.  A-B-A triblock copolymer, partially sulfonated 

polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SSEBS), is a well known 

sulfonated block copolymer due to its commercial availability.  The typical synthetic 

methods to prepare such sulfonated block copolymers utilize a living anionic 

polymerization, hydrogenation of butadiene block and a subsequent sulfonation with 

acetyl sulfate.58-65  SEBS synthesis follows the sequential addition of monomers via 

living anionic polymerization, which was described in section 2.2.  sec-Butyl lithium or 

n-butyllithium initiates styrene (the first block monomer).  Upon completion of the first 

block reaction, butadiene (the second monomer) is added, and then styrene (the third 
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block monomer) is charged after completion of butadiene monomer consumption.  A 

proton from methanol typically terminates the reaction.  The butadiene block is then 

hydrogenated with nickel octoate catalyst or platinum on carbon catalyst under hydrogen 

pressure.  The sulfonation of the styrene blocks in the synthesized SEBS occurs with 

acetyl sulfate solution or similar analogues.  Exchanging polybutadiene block to 

polyisoprene block in the block copolymer synthesis also prepares sulfonated 

polystyrene-b-poly(ethylene-co-propylene)-b-polystyrene (SSEPS).   

Willis et al. reported sulfonated block copolymers having the general 

configuration A-B-A, A-B-A-B-A, (A-B-A)nX, or (A-B)nX, where n is an integer from 2 

to about 30, and X is coupling agent residue.66   Each A block is a polymer block resistant 

to sulfonation and each B block is a polymer block susceptible to sulfonation.  Block A 

comprised the segments from polymerized (1) para-substituted styrene monomers, (2) 

ethylene, (3) alpha olefins of 3 to 18 carbon atoms; (4) 1,3-cyclodiene monomers, (5) 

monomers of conjugated dienes, (6) acrylic esters, and (7) methacrylic esters.  B block is 

a copolymer block of at least one conjugated diene and at least one mono alkenyl arene 

selected from (1) unsubstituted styrene monomers, (2) ortho-substituted styrene 

monomers, (3) meta-substituted styrene monomers, (4) alpha-methylstyrene, (5) 1,1-

diphenylethylene, and (6) 1,2-diphenylethylene.  Each A block possessed a number 

average molecular weight (Mn) between 1,000 and 60,000 and each B block possessed 

Mn between 10,000 and 300,000.   

Some of the block copolymers required a post coupling polymerization.  For 

example, the anionically-synthesized block copolymers were coupled with a coupling 

agent, resulting in (A-B-A)nX, or (A-B)nX.   In addition, any A segments containing 
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polymerized 1,3-cyclodiene or conjugated dienes were hydrogenated prior to sulfonation 

step since unsaturated alkenyl chains would be sulfonated with acetyl sulfate.  Thus, 

acetyl sulfate selectively sulfonate B blocks of the block copolymer precursors.      

Sulfonated poly(styrene-b-isobutylene-b-styrene (S-SIBS) is another common 

sulfonated block copolymer.67-71  The synthetic method to prepare S-SIBS includes a 

living cationic polymerization and a subsequent sulfonation with acetyl sulfate.67, 68  For 

SIBS polymerization, 1,2-di(2-chloro-2-propyl)-5-tert-butylbenzene/TiCl4 initiates IB 

monomer with pyridine.  The difunctional PIB is first synthesized and then styrene is 

added to form the triblock copolymer, SIBS.   The sulfonation step is generally same as 

the strategy for SEBS.   Most of chain growth polymerization methods to prepare 

sulfonated block copolymers follow the strategy of sequential addition of monomers via 

living polymerization and post-functionalization of a polymer block susceptible to 

sulfonation. 

Another strategy to prepare sulfonated block copolymers uses a condensation and 

a coupling reaction of sulfonated blocks and unsulfonated blocks.  Segmented sulfonated 

polyimide was first reported in 196972 for the use of cation exchange membranes.  

Recently, the same approach has been taken to prepare segmented sulfonated polyimide 

for PEMFC application.73-77  Synthesis of block segmented sulfonated polyimide 

involved two step polycondensation (Scheme 2.2).  A diamine endcapped sulfonated 

oligomer was first obtained by the condensation of the dianhydrides with the sulfonated 

diamines.  Then, adding the unsulfonated diamines and dianhydride to the condensation 

reaction results in the formation of segmented sulfonated polyimides.    
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Scheme 2.2  Synthesis of segmented sulfonated naphthalenic polyimide 
copolymer73 

 
McGrath et al. employed the same strategy and reported segmented sulfonated 

poly(arylene ether sulfone)-b-polyimide (BPSH-b-PI) copolymers,78, 79 segmented 

sulfonated poly(arylene ether sulfone),80, 81 and segmented fluorinated, sulfonated 

poly(arylene ether sulfone),82-84 for PEMFC application.  Synthesis of segmented BPSH-

b-PI78, 79 is shown in Scheme 2.3.  Amine terminated sulfonated poly (arylene ether 

sulfone) oligomers (Scheme 2.3 (1)) and anhydride terminated naphthalene based 

polyimide oligomers (Scheme 2.3 (2)) were synthesized using step growth 

polymerization.  Synthesis of the segmented multiblock copolymers was achieved by an 

imidization coupling reaction of hydrophilic and hydrophobic oligomers in a m-

cresol/NMP mixed solvent (Scheme 2.3 (3)). 
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Scheme 2.3  Synthesis of segmented sulfonated poly(arylene ether sulfone)-b-

polyimide copolymers78, 79 

(1) 

(2) 

(3) 
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2.5.2 Morphological Characterization of Sulfonated Block Copolymers using 
SAXS 

 
Weiss et al. investigated the block microstructure of a block copolymer ionomer, 

lightly sulfonated poly(styrene-b-(ethylene-co-butylene)-b-styrene) (S-SEBS) using 

SAXS.85  Sulfonation level was varied from 0 to 12 mol % of the polystyrene blocks and 

the sulfonic acid and Na and Zn salts were studied.   SAXS profiles of four compression 

molded samples are shown in Figure 2.13: SEBS, 12H-S-SEBS, 12Zn-S-SEBS, and 

12Na-S-SEBS (12 refers to 12 mol% sulfonation.).  All the materials exhibited only a 

single intensity maximum.  The counter ion of the sulfonated PS block affected the 

intensity and the position of the scattering peak. The most notable change in Figure 2.13 

was a stronger and broader scattering peak for the block copolymer ionomer compared 

with that for the unmodified SEBS.  The higher intensity of the scattering peak for the 

ionomers is due to an enhancement of the electron density contrast between the rubber 

and the sulfonated PS phases.  The observed variation of the peak intensity with the 

counterion was Zn2+ > Na+ > H+, which is consistent with the atomic weights of the 

counterions.  Although, there is not so much significant difference between Na+ and H+ 

form of polystyrene.  If the microstructures of the ionomers were equivalent, the intensity 

of the peak in the different materials should increase as the atomic number of the cation 

was increased, Zn2+ > Na+ > H+.   

Weiss’s work raised two possible reasons for the peak broadening: (1) the ionic 

aggregates produce additional electron density fluctuations within the polystyrene block 

microdomains, (2) the hindrance of the block microphase separation due to longer 

relaxation times arising from the ionic aggregation may result in a broader distribution of 
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the center to center distance between neighboring microdomains and a more diffuse 

interphase boundary. 

 

Figure 2.13  Effect of the counterion on the SAXS profiles for compression 
molded block copolymer ionomers: (A) SEBS; (B)12H-S-SEBS; (C) 
12Na-S-SEBS; (D) 12Zn-S-SEBS85 

 
Weiss et al. also compared the influence of the sulfonation level of S-SEBS in 

SAXS.85, 86  The comparison of scattering peak of Zn-S-SEBS is shown in Figure 2.14.  

The intensity of the maximum increased with increasing sulfonation level due to an 

enhancement of the electron density contrast between the rubbery backbone and the 

sulfonated PS phases.   

 The SAXS patterns for 5Zn-S-SEBS and 12Zn-S-SEBS cast from toluene/DMF 

solutions is shown in Figure 2.15.  The increased molecular mobility of the block 

copolymer ionomer in solution allowed the formation of a microstructure closer to 

equilibrium.  Much more details are seen in the scattering pattern compared with the 

corresponding molded samples, which indicated more long-range order in spatial 
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arrangement of the microdomains.  The q positions of the four scattering maxima 

corresponded to a ratio of q/q* = 1, 2, 3, 4, where q* = q1.  The ratio indicates a formation 

of a lamellar microstructure.   

 
Figure 2.14  SAXS curves for compression molded block copolymer ionomers: 

(A) 5Zn-S-SEBS; (B) 12Zn-S-SEBS85 
 

 
Figure 2.15  SAXS curves for solution-cast Zn-S-SEBS as a function of 

sulfonation level: (a) 5Zn-S-SEBS; (b) 12Zn-S-SEBS85 
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 Weiss et al. also reported microstructure of ionomers based on sulfonated diblock 

copolymer poly(ethylene-alt-propylene-b-styrene) (SEP) and triblock copolymer, 

poly(styrene-b-ethylene-alt-propylene-b-styrene) (SEPS) using SAXS.87  SEP and SEPS 

was synthesized via living anionic polymerization, subsequent hydrogenation and 

postsulfonation.  Sodium and zinc salts were prepared by fully neutralizing the free-acid 

derivatives.  The samples were cast from 10% (w/v) solutions of the block copolymer 

ionomer in toluene/methanol (9/1 v/v).  The samples were denoted by sM-SEPSx, where 

“s” and “M” represented the sulfonation level in mole percent of sulfonated styrene and 

the cation (H, Na, or Zn) and “x” is the weight percent of PS block. 

Figure 2.16 shows the SAXS curves for the sM-SEPS21 triblock ionomers, s1.9-

SEP35 and 2.0M-SEP50 diblock copolymers.  Positions of peak maxima in the SAXS 

curves for sM-SEPS21 corresponded with q/q* = 1, 3 , 2, ...., indicative of formation of 

hcp cylinders.  The values for q/q* = 1, 2, 3, 4.... in SAXS curves for s1.9-SEP35 and 

2.0M-SEP50 diblock copolymers corresponded with formation of lamellar morphology.  

Sodium and zinc sulfonate showed poor resolution of SAXS peak maxima, which 

indicated the degree of disorder for the sodium and zinc sulfonate was greater than 

sulfonic acid form or block copolymer precursor.  The degree of disorder followed the 

order of the melt viscosity, which was Na+ > Zn2+ > H+ > block copolymer.   

The increased degree of disorder upon neutralization stemmed from the process of 

the forming films.  The ionic associations within the PS domains decrease mobility of the 

molecules and therefore hinder the self-assembly of the block microphase separation.  

The degree of disorder of the sulfonated block copolymers depends on the strength of the 
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electrostatic interactions since the relaxation behavior of the ionic interactions dictates 

the local viscosity of the medium.  

 

Figure 2.16  SAXS curves for the block copolymer for (1) SEPS21 and sM-
SEPS21 ionomers, (2-a) SEP35 and s1.9-SEP35 ionomers and (2-b) 
SEP50 and 2.0M-SEP50 ionomers87  
Vertical arrows indicate maxima of the structure factor 

 
2.5.3 Morphology and Proton Conductivity of Sulfonated Block Copolymers  
 
2.5.3.1 Suflonated Triblock Copolymers 
 

Elabd et al. reported sulfonated poly(styrene-b-isobutylene-b-styrene) at high ion-

exchange capacities (IEC).69-71  They prepared various degree of sulfonated poly(styrene-

b-isobutylene-b-styrene) (S-SIBS) and polystyrene (S-PS) and cast them from 85/15 

(w/w) mixture of toluene/hexanol.  The properties of S-PS and S-SIBS are summarized in 

Table 2.5.  Figure 2.17 also shows proton conductivity as a function of IEC.  The proton 

conductivity of S-SIBS was comparable to the proton conductivity of Nafion.  The 

(1) (2) 
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conductivity values between S-SIBS and S-PS showed one order of magnitude difference.  

This suggested that the difference in architecture (block copolymer, S-SIBS) and (random 

copolymer, S-PS) resulted in different morphology, leading to enhanced proton transport 

property in S-SIBS.   

Table 2.5  Polymer membranes (Nafion 117, sulfonated polystyrene (S-PS), sulfonated 
poly(styrene-b-isobutylene-b-styrene (S-SIBS)) as a function of ion content70 

 

 

Figure 2.17  Proton conductivity vs. IEC for Nafion 117 (◊), S-SIBS (O), and S-
PS (□) membranes70 The solid lines are trend lines. 
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 They performed SAXS measurement for each sample.  A scattering pattern with 

peak maxima for both S-SIBS-0 and S-SIBS-13 cast from toluene resulted in q/q* = 1, 

3 , 2, 7 ...., indicative of formation of hcp cylinder morphology, while 85/15 (w/w) 

mixture of toluene/hexanol cast S-SIBS-13 to S-SIBS-82 displayed the intensity maxima 

located at q/q* = 1, 2, 3, 4...., which corresponded to a lamellar morphology. As ion 

content increases in S-SIBS membranes, the SAXS peaks were broadened and the long-

range order was disrupted.  The Bragg’s spacing d also increased with increasing ion 

content (0-2.0 mequiv/g) from 23.3 to 41.9 nm.  This increased d spacing suggested that 

increasing ion content resulted in larger ion clusters.   

 Elabd et al. also studied the morphology and transport property as a function of 

casting solvent.  The SAXS analysis for S-SIBS-29 (0.81 meq/g) cast from different 

solvents is shown in Figure 2.18 and their proton conductivity and d spacing of S-SIBS-

29 membranes are summarized in Table 2.6.  THF cast film showed the intensity maxima 

located at q/q* = 1, 2, 3, 4...., which indicated the ordered lamellar structure, while the 

films from other casting solvent did not exhibit high level of long range order.  The 

ordered lamellar morphology for THF cast S-SIBS-29 resulted in the highest proton 

conductivity among those solvents as shown in Table 2.6.      
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Figure 2.18   Small-angle X-ray scattering intensities as a function of scattering 
vector for S-SIBS-29 (0.81 meq/g) cast form different solvents70  

 
Table 2.6  Proton conductivity and Bragg spacing of S-SIBS-29 membranes as a function 

of casting solvent at a constant ion content (0.81 meq/g)70 

 
 
 Kim et al. reported effect of casting solvent on morphology and physical 

properties of partially sulfonated poly(styrene-b-(ethylene-r-butylene)-b-styrene) 

(SSEBS).88-91  They prepared SSEBS with the degree of sulfonation of 8 (8SSEBS), 27 

(27SSEBS), and 42 (42SSEBS) mol%.  The films were cast from THF, THF/MeOH 

mixture (95/5, 90/10, 85/15, 80/20).  TEM images for 27SSEBS membranes (a) cast with 

THF, and (b) cast with the mixed solvent of MeOH/THF (20/80 v/v) are shown in Figure 

2.19.  The THF cast 27SSEBS showed ordered lamellar morphology, whereas 
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MeOH/THF (20/80 v/v) cast 27SSEBS showed disordered lamellar type morphology.  

Kim et al. explained that this morphological transition caused from the residual solvent 

during the membrane formation.  When the block copolymer membrane starts to phase-

separate at a high concentration after a period time from casting, the concentration of 

methanol in the mixed solvent increases because of the difference of the vapor pressures 

between THF (160.0 mmHg at 25 ºC) and methanol (129.2 mmHg at 25 ºC).92  Therefore, 

a high fraction of methanol is selectively trapped to SPS and the domain of SPS is 

swollen by methanol.  Owing to the selective swelling to SPS domains, the volume ratio 

of SPS domains to EB domains increases due to the trapped methanol.  The residual 

methanol behaves like a plasticizer only to the domain of SPS at the end of solvent 

evaporation.  

 Both SAXS profiles for THF cast film and THF/MeOH cast film exhibited the 

long range order formation and the positions of the scattering maxima confirmed the 

formation of lamellar morphology for both samples.  SAXS profiles suggested that the 

increase of the degree of sulfonation and the increase of amount of methanol in the 

casting solvent increased the degree of disorder in the lamellar morphology.   The SPS 

domains were interconnected in the three dimensions in the matrix of the EB domain.  

The well ordered lamellar morphology was transformed into an interconnected and 

disordered morphology as the concentration of methanol increased.  Therefore, the 

interconnection of sulfonic acid groups resulted in the increase of the proton conductivity 

with the addition of methanol as shown in Figure 2.20.   
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Figure 2.19  Cross-sectional images of TEM for 27SSEBS membranes (a) cast 
with THF, and (b) cast with MeOH/THF (20/80 v/v)89 

 
Figure 2.20  Proton conductivity and methanol permeability of 8, 27, and 

42SSEBS membranes prepared from MeOH/THF mixtures as a 
function of solvent composition. The unfilled and the filled symbols 
denote proton conductivity and methanol permeability, respectively89  

 
2.5.3.2 Segmented Sulfonated Copolymers 

McGrath et al. presented the formation of lamellar morphology from BPSH-b-PI 

segmented block copolymer.  The synthetic procedure of BPSH-b-PI was described in 
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section 2.5.1 and the chemical structure is shown in Scheme 2.3.  AFM images of BPSH-

b-PI are shown in Figure 2.21.  As the increase of the block length, brighter nonionic 

domains increased in size from small round domains to continuous lamellar structure.  

15000 g/mol BISH-b-15000 g/mol PI exhibited the formation of lamellar morphology 

and continuous connection of sulfonic acid domain.  We believe that this is the first 

published clear AFM image of lamellar morphology formation from segmented sulfonic 

acid block copolymers to the best of our knowledge.  BPSH-b-PI also showed thermally 

stable over 300 ºC and proton conductivity approximately 0.1 S cm-1.         

 

Figure 2.21  (a)–(c) Tapping mode AFM phase images of BPSH-PI multiblock 
copolymers with different block lengths, (d) height image, and (e) 
phase image of BPSH15-PI15 demonstrating long-range order 
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2.5.3.3 Sulfonated Graft Copolymers 

 Holdcroft et al. synthesized graft copolymers containing ionic polymer grafts 

(polystyrene sulfonic acid graft chains) attached to a hydrophobic backbone.93-96  

Preparation of poly(styrene-g-macPSSNa) graft polymers is shown in Scheme 2.4.  They 

employed macromonomer strategy to prepare PS-g-macPSSNa.  The macromonomer 

synthesis involved pseudo-living free radical polymerization of sodium styrenesulfonate 

(SSNa) and termination with divinylbenzene (DVB).  The macromonomer, macPSSNa, 

served as both the comonomer and emulsifier in the emulsion copolymerization with 

styrene.  They also synthesized poly(acrylonitrile-g-macPSSNa) exchanging styrene 

monomer to acrylonitrile and poly(vinylidene fluoride-g-macPSSNa) using radiation 

induced graft polymerization.93, 97  Their macromonomer strategy resulted in uniform 

graft chain length of the poly(styrene sulfonic acid) branches.   

 Figure 2.22 compares the proton conductivity of PS-g-macPSSA and PS-r-PSSA 

membranes as a function of ion content.  A graft copolymer exhibited much higher 

conductivity, while degree of sulfonation for both polymers ranged 16 - 17 mol%.  The 

conductivity of the graft copolymer showed 13 times higher even though its water 

content is 60% lower.   

TEM images (Figure 2.23) supported this high proton conductivity of the 

sulfonated graft copolymers.  These TEM images gave phase-separated morphology for 

the graft polymers.  The ionic domains of the graft copolymer were interconnected, 

whereas PS-r-PSSA did not provide any significant microphase separation.  The density 

of the ionic pathways also increased with ionic content as seen in Figure 2.23 (a) – (c).  
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Scheme 2.4  Preparation of PS-g-macPSSNa graft polymers96 
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Figure 2.22  Comparison of proton conductivity of PS-r-PSSA (triangle) and PS-

g-macPSSA (circle) copolymer membranes as a function of ion 
content. Inset: log scale plot96 

 
Figure 2.23  TEM micrographs of Pb2+-stained PS-g-macPSSA graft polymer 

membranes possessing ion contents: 19.1 mol % (a), 11.9 mol % 
(b), and 8.1 mol % (c) and of a random copolymer membrane (PS-
r-PSSA), ion content 12.0 mol % (d)96 
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Figure 2.24  Chemical structures of (a) P(VDF-co-CTFE)-g-SPS graft and (b) 
P(VDF-co-HFP)-b-SPS diblock copolymers98 

 
Holdcroft et al. also reported the comparison between sulfonated graft copolymer 

and sulfonated diblock copolymer.98  They prepared partially sulfonated poly([vinylidene 

difluoride-co-chlorotrifluoroethylene]-g-styrene [P(VDF-co-CTFE)-g-SPS] and partially 

sulfonated poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) [P(VDF-co-

HFP)-b-SPS] and the chemical structures are shown in Figure 2.24.  Both P(VDF-co-

CTFE)-g-SPS and [P(VDF-co-HFP)-b-SPS] were prepared using ATRP and subsequent 

postsulfonation.   

The graft copolymers tolerated much higher ionic contents without excessive 

swelling, whereas diblock membranes exhibited a substantial increase in water content 

with increasing IEC (Figure 2.25 (a)), which resulted in poor mechanical properties with 

high water content.  The graft copolymers demonstrated sufficient proton conductivity at 

high IEC (Figure 2.25 (b)).  In contrast, the diblock copolymers exhibited a higher degree 
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of long-range order, which was also confirmed by TEM image.  However, this 

characteristic ironically led to membranes to swell excessively at low IEC, and diluted 

the proton concentration (Figure 2.25 (c)).  Their work raised another design parameter 

for novel block copolymer membranes for PEMFC application.    

 

Figure 2.25  Plots of (a) water content (λ) vs. IEC, (b) in-plane proton 
conductivity vs. IEC, (c) effective proton mobility (µeff) (solid line) 
and analytical [H+] (dotted line) vs. IEC, (d) µeff  vs. volume 
fraction of water (Xv) of P(VDF-co-CTFE)-g-SPS (■) and P(VDF-
co-HFP)-b-SPS (O) membranes98 
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Chapter 3:  Pseudo-living Anionic Telomerization of 1,3-
Butadiene 

 
Take from: 
Tomonori Saito, Kim C. Harich, and Timothy E. Long, “Pseudo-living Anionic 
Telomerization of 1,3-Butadiene,” submitted to Macromolecular Chemistry and Physics 
 
 
3.1 Abstract 

This report describes the synthesis and characterization of liquid polybutadienes via 

anionic telomerization.  The influence of the initiation procedures, reaction temperature, 

and scale of reaction on the various telomerization processes were studied and compared 

to the properties of liquid polybutadiene synthesized using conventional anionic 

polymerization.  Low molecular weight liquid polybutadienes (1000 – 2000 g/mol) 

consisting of 60 mol% 1,2-polybutadiene repeating units were synthesized via anionic 

telomerization.  We determined that maintaining the initiation and reaction temperature 

less than 70 °C minimized chain transfer and enabled the polymerization to occur in a 

living fashion, which resulted in well-controlled molecular weights and narrow 

polydispersity indices.  MALDI-TOF mass spectrometry confirmed that the end group of 

liquid polybutadienes synthesized via anionic telomerization contained one benzyl end 

and one protonated end.  In comparison, the end group of liquid polybutadienes 

synthesized via living anionic polymerization contained one sec-butyl or n-butyl end and 

one protonated end.   

 

 

 



 55

3.2 Introduction 

Liquid polybutadienes (PB), which typically range from 1000 to 10000 g/mol, are 

highly versatile oligomers that have received attention for many decades due to their 

industrial importance in the field of microelectronics, coatings, and adhesives.  The main 

characteristics that enable potential applications for liquid PBs are their low bulk and 

solution viscosity and their high level of unsaturation, which facilitates subsequent 

chemical modifications.1, 2  As described in the earlier literature, liquid PBs are prepared 

via anionic, coordination, cationic or free radical polymerization.1, 2  Among these various 

polymerization mechanisms, anionic polymerization is the most common strategy for 

preparing liquid PBs with controlled molecular weight and well-defined microstructure.  

The production of low molecular weight liquid PBs, especially in the 1000 – 5000 

g/mol range, is typically achieved via the anionic telomerization process.  Anionic 

telomerization involves the addition of a chain transfer agent (telogen), which possesses 

an acidic hydrogen that protonates an initiating or propagating anion.1  Toluene is one of 

the common telogens, reported in the earlier literatures.2-7  Use of an organolithium 

initiator in a telomerization process with toluene as telogen requires the presence of a 

polar promoter such as N, N, N’, N’-tetramethylethylenediamine (TMEDA) to obtain a 

sufficient rate of transmetallation.  Moreover, the addition of a polar promoter controls 

the final microstructure of the resulting liquid PB, which inevitably impacts the 

polymer’s final properties.  Because the ratio of propagation to the rate of 

transmetallation governs the molecular weight of anionic telomerization, the molecular 

weight distribution of a telomer is approximately 2.0, which corresponds to the statistical 

nature of a chain termination reaction.1, 2 
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The term “telomerization” refers to the process where a low molar mass molecule 

TH (telogen) forms oligomers known as telomers having the formula T(A)nH.8  When a 

fragment of a chain-transfer agent (telogen) is attached to the terminus of a polymer 

product, it impacts the properties of the resulting telomer.  This is especially true for a 

low molecular weight oligomer, which an anionic telomerization typically produces.  For 

example, in the case of toluene, the attachment of a terminal benzyl group to a telomer 

results in different optical and chemical properties compared to the attachment of a sec-

butyl or n-butyl group via conventional anionic polymerization.  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) enables determination of repeating units and end group composition.  

MALDI-TOF MS measures an absolute molecular weight in the absence of 

fragmentation.9, 10  Proper matrices for MALDI-TOF MS measurement are required, 

although it is often a challenge to identify an appropriate matrix for a novel polymer.6-8  

While a variety of matrices are reported in the literature, most synthetic polymers have 

been analyzed using 1,8,9-trihydroxyanthracene (dithranol), 2,5-dihydroxybenzoic acid 

(DHB), 2-(4-hydroxyphenyl-azo)-benzoic acid (HABA), trans-3-indoleacrylic acid (IAA), 

and 2,4,6-trihydroxyacetophenone (THAP).10  The determination of polymer end groups 

using MALDI-TOF MS is generally accepted and reported widely in the earlier 

literature,11-23 however, the analysis of liquid PBs, as described herein, remains 

unprecedented.   

In this study, liquid PBs were synthesized via both anionic telomerization and 

conventional anionic polymerization of 1,3-butadiene, and the results were compared.  

We studied the influence of the reaction procedures, reaction temperature and reaction 
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scale on the telomerization process.  The end groups of the liquid PBs were analyzed 

using MALDI-TOF MS to better understand the various processes associated with 

anionic telomerization.  In addition, the properties of liquid PBs derived from anionic 

telomerization were compared with those from conventional anionic polymerization 

methods.  The molecular weights of liquid PBs were targeted at 1000 – 2000 g/mol and 

their microstructures were synthesized to approximately 60 mol% 1,2-vinyl 

microstructures.   

 

3.3 Experimental  

3.3.1 Materials and Chemicals 

1,3-Butadiene (99.5%, Matheson Tri-Gas Inc.), 10.0 M n-butyllithium solution in 

hexanes (nBuLi, Aldrich), 1.4 M sec-butyllithium solution in hexanes (secBuLi, Aldrich), 

Irganox 1076 antioxidant (Ciba-Geigy Corp.), silver tetrafluoroacetate (99.99+%, 

Aldrich),   1,8,9-trihydroxyanthracene (97+%, Alfa Aesar), methanol (Fisher Scientific) 

and deuterated chloroform (CDCl3, Cambridge Isotope Laboratories) were used as 

received.  N, N, N’, N’-Tetramethylethylenediamine (TMEDA, 99.5%, Aldrich) was 

treated with sec-butyllithium (Aldrich, 0.1 mM) and distilled under vacuum.  Toluene 

(Fisher Scientific) and tetrahydrofuran (THF, Fisher Scientific) were passed through 

PURE SOLV MD-3 SOLVENT PURIFICATION SYSTEM (Innovative Technology 

Inc.) immediately prior to use. 
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3.3.2 Synthesis of Liquid 60 mol% 1,2-Polybutadienes via Living Anionic 
Polymerization in Cyclohexane   

 
Synthesis of liquid 60 mol% 1,2-polybutadienes was performed in a glass anionic 

reactor, consisting of a 600 mL glass bowl, a stainless steel top plate, and stainless steel 

magnetically coupled mechanical stirrer.  In addition, a heat-exchange coil, a 

thermocouple, a septum sealed port, various stainless steel transfer lines to introduce 

solvent (cyclohexane), and inlet/vent for purified nitrogen were equipped to the anionic 

reactor.24, 25  The anionic reactor system was maintained at a constant nitrogen pressure 

(40 psi).  The 600 mL-capacity anionic polymerization reactor was filled with 

cyclohexane (300 mL).  THF (7.5 mL, 2.5 vol%) was added to the cyclohexane.  1,3-

Butadiene (104 mL, 68 g) was collected in a round-bottomed flask at -78 °C and 

transferred to the cyclohexane/THF solution via a cannula.  secBuLi (48.6 mL, 68 mmol) 

(A) or nBuLi (6.8 mL, 68 mmol) (B) was injected to the reaction solution via a syringe.  

The reaction mixture was stirred for 3 h at 30 °C.  The reaction was terminated with 

nitrogen-degassed methanol.  0.1 wt% Irganox 1076 was added to the reaction mixture 

and the polymer solution was passed through a filter to remove lithium salts.  The 

polymer solution was precipitated into methanol and dried at reduced pressure and room 

temperature for 48 h.  1H NMR (400 MHz, CDCl3, δ): 0.6 – 0.8 ppm (br, 

CH3CH2CH(CH3)- or CH3CH2CH2CH2-), 1.0 – 1.8 ppm (br, -CH2CH- in 1,2-

polybutadiene), 1.9 – 2.2 ppm (br, -CH2- in 1,4-polybutadiene, -CH2CH- in 1,2-

polybutadiene),  4.7 – 5.1 ppm (br, -CH=CH2 in 1,2-polybutadiene and vinyl 

cyclopentane), 5.1 – 5.5 ppm (br, -CH=CH- in 1,4-polybutadiene), 5.5 – 5.7 ppm (br, -

CH=CH2 in 1,2-polybutadiene), 5.7 – 5.9 ppm (br, -CH=CH2 in vinyl cyclopentane).   
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3.3.3 Synthesis of Liquid 60 mol% 1,2-Polybutadienes via Anionic Telomerization 
at 5 g Scale  

 
Toluene (36 mL) was transferred to a flame-dried 100 mL round-bottomed flask 

equipped with a magnetic stirrer.  nBuLi (0.25 mL, 2.5 mmol) was added to the toluene 

solution and TMEDA (0.76 mL, 5.0 mmol) was subsequently added.  The 

nBuLi/TMEDA mixture in toluene was stirred at 25 ºC for 2 h and 75 °C for 2 h (C) or at 

25 ºC for 10 min (D).  (C) 1,3-Butadiene (7.7 mL, 5 g) was collected in a round-bottomed 

flask at -78 °C and transferred to the nBuLi/TMEDA toluene solution at -78 °C via a 

cannula.  After 30 sec in a dry ice bath, the reaction flask was removed and allowed to 

stand at ambient temperature.  After initiation, the reaction temperature was held at 25 °C 

for 2 h.  (D) 1,3-Butadiene (7.7 mL, 5 g) was collected in a round-bottomed flask at -

78 °C and transferred to the nBuLi/TMEDA toluene solution at 0 ºC via a cannula.  After 

initiation, the reaction temperature was held at 25 ºC.  A portion of the reaction mixture 

was removed using a cannula in 15 min (D-1).  The reaction was performed at 25 ºC for 6 

h (D-2).  Both of the reactions ((C) and (D)) were terminated with nitrogen-degassed 

methanol.  0.1 wt% Irganox 1076 was added to the reaction mixture and the polymer 

solution was passed through a filter to remove lithium salts.  The polymer solution was 

precipitated into methanol and dried at reduced pressure at room temperature for 48 h.  

1H NMR (400 MHz, CDCl3, δ): 0.6 – 1.8 ppm (br, -CH2CH- in 1,2-polybutadiene and 

vinyl cyclopentane), 1.9 – 2.2 ppm (br, -CH2- in 1,4-polybutadiene, -CH2CH- in 1,2-

polybutadiene),  2.2 – 2.6 ppm (br, -CH2CH2C6H5), 2.6 – 2.7 ppm (br, -CH2C6H5), 4.7 – 

5.1 ppm (br, -CH=CH2 in 1,2-polybutadiene and vinyl cyclopentane), 5.1 – 5.5 ppm (br, -

CH=CH- in 1,4-polybutadiene), 5.5 – 5.7 ppm (br, -CH=CH2 in 1,2-polybutadiene), 5.7 – 

5.9 ppm (br, -CH=CH2 in vinyl cyclopentane), 6.9– 7.3 ppm (br, -C6H5). 
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3.3.4 Synthesis of Liquid 60 mol% 1,2-Polybutadienes via Anionic Telomerization 
at 80 g Scale 

 
The 600 mL-capacity anionic polymerization reactor was filled with toluene (400 

mL).  nBuLi (8.0 mL, 80 mmol) was added to the toluene solution and TMEDA (12.1 mL, 

80 mmol) was subsequently added.  The nBuLi/TMEDA mixture in toluene was stirred at 

50 ºC for 15 min.  1,3-Butadiene (123 mL, 80 g) was collected in a round-bottomed flask 

at -78 °C and transferred to the nBuLi/TMEDA toluene solution via a cannula with 1.7 

mL/min (E) and 2.2 mL/min (F).  During the addition of 1,3-butadiene, the temperature 

was maintained at 45 – 50 ºC (E) and 66 – 69 ºC (F) due to the exothermic reaction.  

After complete addition of 1,3-butadiene, the reaction mixture was stirred for an 

additional 30 min at 30 ºC.  The reaction was terminated with nitrogen-degassed 

methanol.  0.1 wt% Irganox 1076 was added to the reaction mixture and the polymer 

solution was passed through a filter to remove lithium salts.  The polymer solution was 

precipitated into methanol and dried at reduced pressure and room temperature for 48 h.  

1H NMR (400 MHz, CDCl3, δ): 0.6 – 1.8 ppm (br, -CH2CH- in 1,2-polybutadiene and 

vinyl cyclopentane), 1.9 – 2.2 ppm (br, -CH2- in 1,4-polybutadiene, -CH2CH- in 1,2-

polybutadiene),  2.2 – 2.6 ppm (br, -CH2CH2C6H5), 2.6 – 2.7 ppm (br, -CH2C6H5), 4.7 – 

5.1 ppm (br, -CH=CH2 in 1,2-polybutadiene and vinyl cyclopentane), 5.1 – 5.5 ppm (br, -

CH=CH- in 1,4-polybutadiene), 5.5 – 5.7 ppm (br, -CH=CH2 in 1,2-polybutadiene), 5.7 – 

5.9 ppm (br, -CH=CH2 in vinyl cyclopentane), 6.9– 7.3 ppm (br, -C6H5). 

 

3.3.5 Polymer Characterization  

1H NMR spectra of the polymers were obtained on a Varian Unity spectrometer 

operating at 400 MHz at ambient temperature.  CDCl3 was used as the solvent.  Size 
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exclusion chromatography (SEC) measurements were performed in THF at 40 °C at flow 

rate 1 mL/min using a Waters size exclusion chromatograph equipped with an 

autosampler, three 5-mm PLgel Mixed-C columns, a Waters 410 refractive index (RI) 

detector operating at 880 nm, and a miniDAWN multiangle laser light scattering 

(MALLS) detector operating at 690 nm which was calibrated with narrow polydispersity 

polystyrene standards.  The RI increment (dn/dc) was calculated online.  Fourier-transfer 

Infrared (FT-IR) spectroscopy was performed using Spectrum One Perkin Elmer FT-IR 

spectrometer.  Glass transition temperatures were determined using a differential 

scanning calorimeter (DSC) Q100 (TA instruments) at a heating rate of 10 °C/min under 

helium.  Glass transition temperatures are reported as the transition midpoint during the 

second heat.   

3.3.6 MALDI-TOF Mass Spectrometry Characterization 

Liquid PB samples were analyzed via MALDI-TOF mass spectrometry on a 

Kratos Kompact SEQ instrument equipped with the standard 337.1 nm nitrogen 

laser.  The sample slide was treated with 0.2 uL of a solution of silver tetrafluoroacetate 

(Ag TFA) in toluene (1 mg/mL) followed by 0.2 uL of a solution of 1,8,9-

trihydroxyanthracene (dithranol) matrix compound in chloroform (2 mg/mL).  

Approximately 0.5 uL of each polymer was dissolved in 0.5 mL of chloroform and 0.2 

uL of this preparation was applied to the matrix.  Mass analysis was in the positive ion 

mode, and the laser power was set at an average of 160 (arbitrary relative units; range 0 - 

180).  Mass calibration was performed using an endohedral metalofullerene reference 

compound mixture. 
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(A)        secBuLi   +  1,3-butadiene
THF/Cyclohexane = 2.5/97.5
15 wt% 1,3-butadiene
30 °C, 3 h
terminated with MeOH
0.1 wt% Irganox 1076

(B)        10M nBuLi   +  1,3-butadiene
THF/Cyclohexane = 2.5/97.5
15 wt% 1,3-butadiene
30 °C, 3 h
terminated with MeOH
0.1 wt% Irganox 1076

H
m n

H
m n

  

Scheme 3.1  Synthesis of 60 mol% 1,2-polybutadienes via living anionic 
polymerization 

19 wt% 1,3-butadiene (80 g), 
(E) 75 min, 1.7 mL/min
30 °C        45 - 50 °C        30 °C, 30 min
(F) 55 min, 2.2 mL/min
30 °C        66 - 69 °C        30 °C, 30 min 
terminated with MeOH
0.1 wt% Irganox 1076

(C, D)  10M nBuLi
TMEDA/Li = 2/1
25  C, 2 h  75  C, 2 h
0.005 mol nBuLi
Toluene (36 mL)

° Red°

14 wt% 1,3-butadiene (5 g)
(C) -78 °C       50 °C       25 °C, 2 h
(D) 25 °C       70 °C       25 °C
     (D-1) 15 min,  (D-2) 6 h
terminated with MeOH
0.1 wt% Irganox 1076

(E, F)  10M nBuLi Red
TMEDA/Li = 1/1
50 °C, 15 min
0.08 mol nBuLi
400 mL Toluene

H
m n

H
m n

 Scheme 3.2  Synthesis of 60 mol% 1,2-polybutadienes via anionic telomerization 

 

3.4 Results and Discussion 

3.4.1 Synthesis of 60% 1,2-Polybutadiene via Conventional Anionic 
Polymerization of 1,3-Butadiene  

 
Synthesis of 60% 1,2-polybutadiene in a 600 mL anionic reactor via conventional 

living anionic polymerization was performed.  The results were then compared to those 

obtained from anionic telomerization.  Following well-established synthetic procedures,7, 

26, 27 repetitive preliminary experiments of polybutadiene synthesis were performed.  The 

results from the preliminary experiments determined that the addition of 2.5 vol% of 

THF to the cyclohexane solution resulted in 60% 1,2-polybutadiene repeating units.  As 

shown in Scheme 1, the initiation was performed either with secBuLi (A) or nBuLi (B).  
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The microstructure and molecular weights of the resulting liquid PBs are summarized in 

Table 1.  1H NMR analysis of the polybutadiene product (A) is shown in Figure 3.1.  The 

integration of the 1H NMR resonances for two methyl groups in the sec-butyl group (A), 

or for one methyl group in the n-butyl group (B) at 0.6 - 0.8 ppm, was used to calculate 

number-average molecular weight.  The microstructure of the liquid PBs were calculated 

using the integration for -CH=CH2 in 1,2-polybutadiene at 4.7 – 5.1 ppm and for -

CH=CH- in 1,4-polybutadiene at 5.1 – 5.5 ppm.  Predicted 1,2-polybutadiene 

microstructures (59 mol% and 51 mol%, respectively) and molecular weights 

(approximately 1200 - 1400 g/mol) were achieved.  FT-IR spectroscopy determined cis-

1,4 and tran-1,4 components of the obtained liquid PBs with assignments of 724 cm-1 for 

cis-1,4 and 967 cm-1 for trans-1,428, and the microstructures are shown in Table 3.1.  The 

cis-1,4/trans-1,4 ratio was consistent with the earlier literature26 for anionic 

polymerization of 1,3-butadiene at 30 or 60 °C with addition of THF for preparing high 

1,2-polybutadiene.  The narrow polydispersity index for both (A) and (B) (Mw/Mn = 1.04), 

and the monodisperse SEC curves were demonstrated. 

Table 3.1  Molecular weights and microstructure of liquid PBs 
    Microstructure 
 Mn

a Mn
b Mw/Mn

b 1,2 [mol%]a Cyclic [mol%]a cis-1,4/trans-1,4c 
A 1320 1370 1.04 59  5 30/70 
B 1050 1220 1.04 51  4 34/64 
C 1960 1900 1.09 63 11 60/40 
D 2710 2000 1.05 64  9 42/58 
E 800 840 1.24 65 29 40/60 
F 910 790 1.09 64 35 40/60 
*1,2 microstructure contains cyclic units 
a 1H NMR conditions; Varian Unity 400 MHz, CDCl3 
b Determined using SEC at 40 °C in THF with a MALLS detector 
c Determined using FT-IR spectroscopy, cis-1,4: 724 cm-1, trans-1,4: 967 cm-1 
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Figure 3.1  1H NMR comparison of 60 mol% 1,2-polybutadienes synthesized via 
living anionic polymerization (A) and anionic telomerization (C), (E)  
1H NMR conditions; Varian Unity 400 MHz, CDCl3 
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3.4.2 The Influence of Anionic Telomerization Reaction Temperature 

Young et al.6 reported the anionic telomerization of 1,3-butadiene with toluene 

using different ratios of TMEDA/nBuLi.  They also studied the influence of the 

TMEDA/nBuLi ratio with respect to polybutadiene microstructure.  The polydispersity 

indices of the reported liquid PBs were approximately 2.0 at reaction temperature 75°C.  

When the TMEDA:nBuLi ratio was higher than 1:2, it afforded approximately 60 mol% 

of the 1,2-vinyl microstructure.  We modified these reaction conditions to obtain a 

narrower polydispersity, as shown in Schemes 2.  Specifically, at polymerization 

temperatures lower than 75°C, we synthesized 60 mol% 1,2-polybutadienes with 1,3-

butadiene addition at the onset of reaction in a round-bottomed flask (Scheme 1 (C, D)), 

and 60 mol% 1,2-polybutadienes with 1,3-butadiene constant addition in a large-scale 

customized anionic reactor to investigate the influence of reaction conditions on 

polydispersity indices and microstructures.   

The influence of the modified initiation procedures and reduced temperature was 

examined for the reaction (C) and (D).  When TMEDA was added to a nBuLi toluene 

solution, a red color immediately appeared, suggesting the formation of benzyl anions.  

For reaction (C), the nBuLi/TMEDA mixture in toluene was stirred at 25 ºC for 2 h and 

then at 75 °C for 2 h to ensure quantitative conversion of the nBuLi initiator to 

benzyllithium anions.  The initiation of the 1,3-butadiene polymerization was performed 

at -78 °C.  The collected 1,3-butadiene was transferred at once via a cannula to the 

nBuLi/TMEDA toluene solution at -78 °C and then the reaction flask was allowed to 

stand at ambient temperature.  Due to an exothermic reaction, the reaction temperature 

immediately increased to 50 °C (C).  Once the temperature returned to 25 ºC, the reaction 
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was allowed to proceed for another 2 h.  For reaction (D), the nBuLi/TMEDA mixture in 

toluene was stirred at 25 ºC for 10 min.  1,3-Butadiene was transferred to the 

nBuLi/TMEDA toluene solution at 0 ºC via a cannula to initiate the polymerization.  

After initiation, the reaction temperature increased to 80 ºC and then returned to 25 ºC.  

A portion of the reaction mixture was removed using a cannula in 15 min (D-1).  The 

reaction was held at 25 ºC for 6 h (D-2). 

1H NMR spectra and SEC determined the microstructure and molecular weights 

of the liquid PBs, as summarized in Table 3.1.  The 1H NMR spectrum of the liquid PB 

from the telomerization reaction (C) is shown in Figure 3.1.  The microstructure of the 

liquid PBs were calculated using the integration for -CH=CH2 in 1,2-polybutadiene at 4.7 

– 5.1 ppm and for -CH=CH- in 1,4-polybutadiene at 5.1 – 5.5 ppm.  The methylene 

adjacent to the benzyl group (2H, -CH2C6H5) at 2.6 – 2.7 ppm was used to calculate Mn.  

Well-controlled 1,2-polybutadiene microstructures (63 – 64 mol%) and number-average 

molecular weights (approximately 2000 g/mol) were obtained.  Quantitative isolated 

yield were achieved in all polymerizations.  Cis-1,4 and trans-1,4 microstructure were 

analyzed using FT-IR spectroscopy.  Cis-1,4 microstructure of the PB samples from the 

reaction (C) resulted in higher ratio than trans-1,4 microstructure, whereas the PB sample 

from the reaction (D) resulted in higher trans-1,4 microstructure than cis-1,4 

microstructure.  The initiation temperature of the reaction (C) was – 78 ºC, while the 

initiation temperature of the reaction (D) was 0 °C.  The low initiation temperature of (C) 

presumably resulted in the higher contents of cis-1,4 microstructure, which was 

consistent with previous reports26, 29, 30 of higher cis-1,4 microstructure than trans-1,4 

microstructure in low temperature anionic polymerization of 1,3-butadiene.       
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The microstructure of polybutadiene in an anionic telomerization of 1,3-butadiene 

with TMEDA is known to possess a substituted cyclopentane.5, 6, 30  While cyclic 

contents were dominant in the polybutadiene microstructure associated with Young’s 

studies,6 this study minimized the presence of the substituted cyclopentane.  The 

monomer concentration and reaction temperature may explain the reduction of the vinyl 

cyclopentane rings.  Moreover, intramolecular cyclization requires a higher energy of 

activation than the propagation step, while lower monomer concentration and higher 

temperature favor the cyclization reaction.5  In the present study, all of the monomer was 

present at the onset of the reaction and the reaction temperature was moderate for both 

reactions (C) and (D).  In addition to reducing cyclic contents in the 1,2 microstructure, 

SEC curves were monodisperse.  The molecular weight distribution of the liquid PBs was 

shown to be less than 1.1, indicating rapid initiation relative to propagation.  To the best 

of our knowledge, such a narrow polydispersity index in polybutadiene telomerization 

has not been reported earlier.  Fetters et al.5 and Hay et al.31 reported that the 

polymerization of 1,3-butadiene with TMEDA in n-haxanes occurred via the living 

anionic addition mechanism at reaction temperatures lower than 60 °C.  These results 

suggest, therefore, that lower initiation and reaction temperatures resulted in a narrow 

polydispersity index and minimized the occurrence of telomer chain transfer. 

As a component of this study, a portion of the reaction mixture was removed after 

15 min (D-1) to determine the reaction completion.  The molecular weight and the 

microstructure of D-2 (6 h reaction) did not show significant changes from the D-1 

sample (15 min reaction).  A quantitative isolated yield for D-2 was also obtained.  Our 

results supported that 15 min was sufficient for complete monomer consumption at the 
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conditions described above.  Kanbara et al.3, 4 reported that the rate constants involving 

the propagation kp of benzyl-(butadiene)n- for an anionic telomerization of butadiene was 

about ten times as large as the kp for -(butadiene)n-.  The reaction kinetics observed for 

this study were consistent with these earlier reports.   

3.4.3 Anionic Telomerization Reaction at a Constant 1,3-Butadiene Addition   

An 80 g scale of 60% 1,2-polybutadiene synthesis in a 600 mL anionic reactor 

was performed using the following conditions.  1,3-Butadiene (123 mL, 80 g) was 

transferred to an nBuLi/TMEDA toluene solution via a cannula at a rate of 1.7 mL/min 

(E) and 2.2 mL/min (F).  During the addition of 1,3-butadiene (75 min (E) and 55 min (F), 

respectively), the temperature remained at 45 – 50 ºC (E) and 66 – 69 ºC (F) due to the 

exothermic reaction.  The 1H NMR spectrum of the liquid PB from the telomerization 

reaction (E) is shown in Figure 3.1.  The microstructure and molecular weights of the 

obtained liquid PBs were analyzed using 1H NMR spectra and SEC, as described earlier 

(Table 1).  The microstructures of the obtained liquid PBs using FT-IR spectroscopy are 

also tabulated in Table 3.1. Well-controlled 1,2-polybutadiene microstructures (64 – 65 

mol%) and molecular weights (approximately 1000 g/mol) were achieved.  The obtained 

cis-1,4 and trans-1,4 microstructures were consistent with the 5 g scale reaction (D), 

which indicated that a 1,3-butadiene telomerization in the moderate temperature range 

would result in the cis-1,4/trans-1,4 ratio, 40/60.  The increase of 1H NMR resonance 5.7 

– 5.9 ppm (-CH=CH2 in vinyl cyclopentane) revealed the cyclic contents increased 

compared to the small scale synthesis ((C) and (D)) as described above.  It should be 

noted that the low monomer concentration via the continuous addition of 1,3-butadiene 

may have accounted for the increase in vinyl cyclopentane in the present study, since it 
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had been previously shown to enhance the formation of vinyl cyclopentane.5  SEC curves 

confirmed the monodisperse molecular weight distribution of the liquid PBs, indicative 

of rapid initiation relative to propagation.  In addition, the occurrence of the narrow 

polydispersity index implied that a chain transfer reaction to the propagation chain end 

rarely occurred, regardless of whether the 1,3-butadiene monomer was added slowly (75 

min) or more rapidly (55 min).  Thus, a pseudo-living polymerization process was 

achieved during an 80 g scale involving the anionic telomerization of 1,3-butadiene at 

reaction temperatures of lower than 70 °C.  In addition, the glass transition temperature 

(Tg) of liquid PBs (E) and (F) showed higher values than liquid PBs (A) and (B) from the 

conventional anionic polymerization.  For example, Tg of (F) was – 45 °C, whereas Tg of 

(A) was – 63 °C.  This was mainly due to the increase of the cyclic contents in the 

microstructure of (E) and (F).     

3.4.4 End-group Analysis via MALDI-TOF Mass Spectrometry 

MALDI-TOF MS is a powerful technique for determination of end groups and the 

absolute mass of polymers.  For example, an anionically synthesized polystyrene was 

analyzed using MALDI-TOF MS and reported in the earlier literature.10  As expected, 

each peak in the spectrum represented a different degree of polymerization.  The peak-to-

peak distance showed 104.15, reflecting the mass of a polystyrene repeating unit.  The 

polystyrene mass was composed of n repeating units and the masses of the two end 

groups.  The mass of two end groups were readily calculated by “mass from MALDI-

TOF MS – 104.15× n – 108 (F.W. Ag)”, giving 57.7 m/z.  With the knowledge of 

initiation and termination of anionically polymerized styrene, this number leads to the 

identification of end groups i.e., a butyl group and a hydrogen atom.   
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Figure 3.2 MALDI-TOF spectra of 60 mol% 1,2-polybutadienes synthesized via 
living anionic polymerization (A) and  anionic telomerization (C)  
MALDI-TOF MS condition: Kratos Kompact SEQ instrument, 337.1 
nm nitrogen laser, AgTFA/dithranol 

 

In a similar fashion to the above example for anionically synthesized polystyrene, 

MALDI-TOF MS was used for end group analysis of the synthesized liquid PB samples.  

The sample slide was treated with a solution of AgTFA in toluene followed by a solution 

(C) 

(A) 
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of dithranol matrix compound in chloroform.  The representative MALDI-TOF spectra 

are shown in Figure 3.2.  The peak-to-peak distance in the MALDI-TOF spectrum for the 

reaction (A) in Figure 3.2 (A) amounted to 54 m/z, reflecting the mass of polybutadiene 

repeating unit 54.09.   The end group mass of liquid PB sample from the reaction (A) was 

calculated by 1086 m/z = 54.09 m/z ×  17 (repeat units) + 108 (F.W. Ag) + 58 m/z (mass 

of end groups).  The monomer, 1,3-butadiene, in the reaction (A) was initiated with 

secBuLi and terminated with a proton from methanol.  The formula weight of secBu + H, 

58.12, corresponded well with the mass of end groups from MALDI-TOF MS, 58, 

indicating that the liquid PB from the reaction (A) possessed a sec-butyl end and a proton 

end.  The MALDI-TOF MS for the liquid PB sample from the reaction (B) showed the 

same trend as reaction (A).   The peak-to-peak distance in the MALDI-TOF spectrum for 

reaction (B) amounted to 54 m/z and the end group mass was determined to be 58 m/z.  

The determined end group mass, 58, was a good agreement with the formula weight of 

nBu + H, 58.12.   Considering that nBuLi initiated the reaction and a proton from 

methanol terminated the reaction, the end groups of liquid PB from the reaction (B) were 

confirmed to be a n-butyl group and a proton.   

The MALDI-TOF spectrum for the liquid PB sample from reaction (C) is shown 

in Figure 3.2 (C).  Each peak represents a 54 m/z difference (e.g. peaks at 1012, 1066, 

1120 m/z in Figure 3.2 (C)), which corresponds to the repeat units of polybutadiene 

(54.09).  Since dividing the peak by the repeat unit determines the mass of end groups, 

we verified that the end group mass of liquid PB samples from reactions (C), (D), (E) and 

(F) ranged from 91-93 m/z.  For instance in reaction (C) in Figure 3.2 (C), the end group 

calculation showed 1066 m/z = 54.09 m/z ×  16 (repeat units) + 108 (F.W. Ag) + 92 m/z 
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(mass of end groups).  The end group mass determined in this study was consistent with 

the formula weight of benzyl + H, 92.14.  These results indicated that all of the liquid 

PBs obtained via telomerization possessed one benzyl end and one proton end.  End 

group analysis for telomerized polybutadiene using NMR spectroscopy was reported in 

the earlier literature,32 however, we believe that this study is the first report to determine 

the polybutadiene telomer end groups as one benzyl end and one proton end using 

MALDI-TOF MS.   

Results using MALDI-TOF MS demonstrated that stirring a nBuLi/TMEDA 

mixture in toluene quantitatively converted nBuLi initiator to benzyllithium anions.  

Moreover, the synthetic conditions associated with reaction (D) confirmed that (1) 

mixing nBuLi/TMEDA at 25 ºC for 10 min was sufficient to convert nBuLi to 

benzyllithium initiators, and (2) benzyllithium was sufficient to serve as an initiator as 

indicated by the narrow polydispersity indices.  The presence of one benzyl end group in 

the synthesized PB samples was consistent with the agreement of 1H NMR molecular 

weights and SEC molecular weights.   

 

3.5 Conclusions 

The synthesis of low molecular weight PBs using different reaction conditions 

was performed.  By maintaining both the initiation and reaction temperatures at lower 

than 70 °C, we were able to synthesize well-controlled molecular weight PBs displaying 

narrow polydispersity indices.  Pseudo-living anionic telomerization has not been 

reported earlier due to the chain transfer characteristic of a telomer.  However, this study 

demonstrated that lower reaction temperatures minimized chain transfer, thereby 
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enabling the polymerization to occur in a living fashion.  The continuous addition of 1,3-

butadiene was required to maintain the temperature lower than 70 °C in the large scale 

synthesis, which may have increased the formation of cyclic pentane rings.  The end 

groups of liquid PB samples were determined via MALDI-TOF MS.  This study verified 

that liquid PBs synthesized from anionic telomerization possessed one benzyl and one 

proton end group.  Importantly, we also established that we could prepare a 

monodisperse, low molecular weight polybutadiene with one benzyl end.  The attachment 

of a benzyl group to a telomer may alter various properties, including UV stability and 

subsequent reactivity.  Subsequent chemical modifications will also be altered in 

comparison with the attachment of sec-butyl or n-butyl groups via conventional anionic 

polymerization.  In summary, the synthesis and characterization of well-defined liquid 

polybutadienes will be important for many commercial applications involving 

microelectronics and coating applications.  
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Chapter 4:  Ureido Pyrimidone Functionalized Telechelic 
Hydrogenated Polyisoprenes Containing Ureido 
Pyrimidone Functionalized Carbon Nanotubes 

 

Taken from: 
Tomonori Saito, Akshay Kokil, Casey L. Elkins, Sharlene R. Williams, Renlong Gao, 
and Timothy E. Long, “Ureido Pyrimidone Functionalized Telechelic Hydrogenated 
Polyisoprenes Containing Ureido Pyrimidone Functionalized Carbon Nanotubes”, 
Chemistry of Materials, manuscript in preparation 
 

4.1 Abstract 

Composites of telechelic 2-ureido-4[1H]-pyrimidone (UPy) quadruple hydrogen-bonding 

functionalized poly(ethylene-co-propylene) (Mn = 19100 g/mol, Mw/Mn = 1.27) with 5 

wt% multiwalled carbon nanotubes (MWCNTs) or 5 wt% UPy-functionalized multiwall 

carbon nanotubes (UPy-MWCNTs) were prepared.  Thermal and mechanical 

performances of the composites were characterized, and the presence of UPy sites and 

CNTs in the composites was further confirmed using thermogravimetric analysis.  

Association of UPy sites on the CNTs to UPy groups on the functionalized telechelic 

polymers affected the thermal degradation behavior.  Addition of MWCNTs or UPy-

MWCNTs to UPy-PEP-UPy polymer increased Young’s modulus from 2.3 MPa to 3.6 

MPa and increased tensile strength at break approximately 30% at room temperature.  An 

increase in the rubbery plateau storage modulus at 25 ºC for both the MWCNT 

composites and UPy-MWCNT composites (4.5 – 4.7 MPa) in dynamic mechanical 

analysis relative to the matrix polymer (2.9 MPa) was consistent with tensile data.  The 

matrix polymer elongated 243± 12%, whereas MWCNT and UPy-MWCNT composites 

elongated 75± 3% and 158± 3%, respectively.  The lower decrease in elongation at break 

for the UPy-MWCNT composites compared to MWCNT composites was attributed to 
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the UPy-UPy association between the matrix polymer and UPy-MWCNTs.  Complex 

viscosity as a function of temperature confirmed dissociation at similar temperatures to 

the matrix polymer upon addition of MWCNTs or UPy-MWCNTs, which indicated that 

the matrix UPy telechelic polymer was reinforced with MWCNTs or UPy-MWCNTs 

without sacrificing processability.   

 

4.2 Introduction 

 Carbon nanotubes (CNTs) have attracted researcher’s attention since Iijima’s 

report on detail characteristic of CNTs in 1991.1  CNTs possess remarkable mechanical 

and electrical properties.2, 3  For example, Treacy et al.4 measured the Young’s modulus 

of individual CNTs to be 0.4 – 3.7 TPa.  CNTs’ unique properties stem from their special 

combination of high aspect ratio, structure, and topology.5-7  Due to the unique properties 

and potentials of CNTs, many researchers have investigated CNTs as nano-scale 

reinforcing fillers to prepare polymer nanocomposites.8-12 

 Reinforcement of polymers with nano-scale fillers possesses several advantages, 

relative to conventional fillers with size scales on the order of several microns.  Good 

dispersion of nano-scale fillers results in large interfacial areas between the nano-filler 

and matrix polymer, and the interface behavior significantly affects the resulting 

mechanical properties of the nanocomposites.8, 13  CNTs as nano-fillers also are lighter in 

weight than conventional fillers such as silica particles, making CNTs an attractive 

candidate for polymer composite fillers.   

The incorporation of CNTs in polymer matrices generally improves the moduli 

and ultimate strength of the matrix polymer.  However, achievement of such mechanical 
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reinforcement generally requires a homogeneous dispersion of CNTs in matrices.  CNTs 

have a propensity to bundle together due to their large surface areas and strong van der 

Waals interactions, and either high-shear mixing or ultrasonication is typically required to 

obtain good dispersion of CNTs in polymer composites.  Chemical modification of CNTs 

also improves the CNT nano-dispersion.  One of the common strategies to prepare 

functionalized CNTs is through an oxidation process with concentrated acid, resulting in 

carboxylic acid functionalities on CNTs.  The carboxylic acid is readily reacted with 

various functional groups, making carboxylic acid functionalized CNTs versatile 

precursors for advanced materials.14, 15  In fact, this work utilized this initial strategy for 

carboxylic acid functionalized CNTs as a reactive precursor for UPy introduction.   

    We have recently reported the synthesis of 2-ureido-4[1H]-pyrimidone (UPy)  

(self-complementary hydrogen bonding (SCMHB) units associating via quadruple 

hydrogen bonds) functionalized MWCNTs (UPy-MWCNTs),16 which were subsequently 

functionalized starting from carboxylic acid functionalized MWCNTs.  We reported 

composites with SCMHB random copolymers, (poly(2-ethylhexyl methacrylate-co-2-

ureido-4[1H]-pyrimidone methacrylate), PEHMA-co-UPyMA).17-19  Mechanical testing 

of PEHMA-co-UPyMA (5 mol% UPy copolymer and 1 mol % UPy copolymer) 

composites with 5 wt% UPy-functionalized MWCNTs (UPy-MWCNTs) was performed.  

The 5 mol% UPy-containing PEHMA-co-UPyMA composite showed significant 

enhancement of mechanical performance, whereas the 1 mol% UPy-containing PEHMA-

co-UPyMA composite displayed mechanical properties similar to a viscous liquid.  The 

enhanced mechanical performance was attributed to an increase in physical crosslinks in 

the UPy-MWCNT composites.  
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 In this chapter, we selected telechelic UPy-functionalized poly(ethylene-co-

propylene) (UPy-PEP-UPy) as a matrix polymer for nanocomposites.  Telechelic UPy-

functionalized polymers contained UPy groups at both termini, resulting in the formation 

of a supramolecular polymer (Figure 1).  Telechelic UPy-functionalized polymers 

showed improved mechanical properties as an elastic film at room temperature and a low 

melt viscosity at elevated temperature.20-23  UPy groups dissociate and the viscosity 

decreases typically at temperatures greater than 80 ºC, making the UPy-containing 

polymer melt processable.21, 24-27  We dispersed pristine MWCNTs and the previously 

synthesized UPy-MWCNTs in UPy-PEP-UPy to form composites, i.e., UPy-PEP-

UPy/MWCNTs and UPy-PEP-UPy/UPy-MWCNTs.  Schematic depictions of UPy-PEP-

UPy, UPy-PEP-UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composites are 

shown in Figure 4.1.  We examined the thermal and mechanical properties of the 

composites, since association of UPy sites in the composites was propposed to alter the 

properties of UPy-PEP-UPy/UPy-CNTs composites. 

 

Figure 4.1  Schematic images of UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and 
UPy-PEP-UPy/UPy-MWCNTs composites 

 

UPy-PEP-UPy UPy-PEP-UPy/MWCNTs UPy-PEP-UPy/UPy-MWCNTs 
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4.3 Experimental 

4.3.1 Materials and Chemicals 

Nickel 2-ethyl hexanoate (nickel octoate, Alfa Aesar), 1.0 M triethylaluminum in 

hexanes (TEA, Aldrich), citric acid (Aldrich, 98%), 3-(tert-butyldimethylsilyloxy)-1-

propyllithium (TBDMSPrLi, FMC Corp. Lithium Division, 0.4 M in cyclohexane), 

ethylene oxide (Aldrich, 99.9%), dimethyl sulfoxide (DMSO, Aldrich, anhydrous), 

isophorone diisocyanate (IPDI, Aldrich, 98%), concentrated sulfuric acid (VWR 

International), concentrated nitric acid (VWR International), and deuterated chloroform 

(CDCl3, Cambridge Isotope Laboratories) were used as received.  Isoprene (Aldrich, 

99%) and cyclohexane (EM Science, ACS grade) were passed through an alumina 

column and a molecular sieves column immediately prior to use.  Tetrahydrofuran (THF, 

EM Science, HPLC grade) was distilled from sodium/benzophenone immediately prior to 

use.  Dibutyl tin dilaurate (DBTDL) (Aldrich, 99%) was dissolved in THF as a 1 wt % 

solution.  6-Methylisocytosine (MIC, Aldrich, 98%) was dried at 100 °C under a reduced 

pressure overnight to remove moisture impurity.  MWCNTs with outer diameters of 20 – 

40 nm and lengths of 10 – 30 µm were purchased from Cheap Tubes Inc. (112 Merucry 

Drive, Brattleboro, VT 05301 USA) and were used as obtained.   
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Scheme 4.1  Synthesis of UPy functionalized telechelic poly(ethylene-co-

propylene)   
* Only the 1,4-microstructure is shown for simplicity, although the 
polymer product contained both 1,4- and 3,4-enchainment. 

 

4.3.2 Synthesis of UPy-functionalized Telechelic Poly(ethylene-co-propylene) 

 Isoprene in a 600 mL reaction vessel with cyclohexane was initiated with 

TBDMSPrLi.  After 2 h reaction, an excess of ethylene oxide was bubbled through the 

polymerization solution and nitrogen-degassed methanol was added to terminate the 

polymerization (Reaction (1) in Scheme 4.1).  A polyisoprene polymer was dissolved in 

cyclohexane and a preformed nickel catalyst (nickel octoate/TEA (1/3) in cyclohexane 

solution) was added to a 600 mL reactor.  The reactor was pressurized with hydrogen (90 

psi) and heated to 50 °C for 24 h (Reaction (2) in Scheme 4.1).  The nickel catalyst was 
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removed from the polymer solution with citric acid solution washes. Then, the 

poly(ethylene-co-propylene) was dissolved in THF, and deprotection of the primary 

hydroxyl chain ends was achieved using concentrated hydrochloric acid (Reaction (3) in 

Scheme 4.1).   Lastly, the telechelic hydroxyl ends in poly(ethylene-co-propylene) were 

reacted with IPDI with DBTDL catalyst in THF at 60 ºC for 72 h.  Then, MIC and 15 

vol% of anhydrous DMSO were added and the reaction was allowed to proceed at 60 °C 

for 72 h (Reaction (4) in Scheme 4.1).   The detailed synthetic procedures, results and 

discussion were reported in previous publication.21    
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 Scheme 4.2  Synthesis of UPy functionalized MWCNTs 
 
4.3.3 Synthesis of UPy-functionalized MWCNTs 

The MWCNTs were first functionalized with carboxylic acid groups (Reaction (1) 

in Scheme 4.2).  The MWCNTs in a round-bottomed flask with 3:2 mixture of 
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HNO3:H2SO4 for 6 h were sonicated in VWR Ultrasonic Cleaners 50T (VWR 

International) at 38.5 – 40.5 kHz, 117V, 50W.  The obtained carboxylic acid 

functionalized MWCNTs were subsequently washed with DI water until the eluent had a 

neutral pH.  In the second step (Reaction (2) in Scheme 4.2), the carboxylic acid-

functionalized MWCNTs were reacted with three-fold excess of IPDI in anhydrous 

DMSO at 60 °C for 12 h.  The resulting MWCNTs were filtered and washed with toluene 

to remove any excess of IPDI.  In the third step (Reaction (3) in Scheme 4.2), the 

isocyanate-functionalized MWCNTs were dispersed in anhydrous DMSO.  Three-fold 

excess of MIC was added and the reaction was allowed to stir at 60°C for 6 h.  The UPy-

functionalized MWCNTs were filtered, washed with chloroform.  The resulting cake was 

dried overnight under a reduced pressure at 25 ºC.  The detail of synthetic procedures and 

results were described in another paper.16   

4.3.4 Polymer Composites Preparation 

Telechelic UPy-functionalized poly(ethylene-co-propylene) (UPy-PEP-UPy) (1.5 

g) was dissolved in THF (45 mL) and the solution was allowed to sit for 24 h.  THF (2 

mL) was charged to each vial of three.  Pristine MWCNTs (0.025 g, 5 wt % compared to 

a polymer content) and UPy-MWCNTs (0.025 g, 5 wt % compared to a polymer content), 

respectively, were charged into 2 mL of the THF-containing vials and were sonicated for 

30 min at room temperature in in VWR Ultrasonic Cleaners 50T (VWR International) at 

38.5 – 40.5 kHz, 117V, 50W.  UPy-PEP-UPy solution (15 mL) was added to each vial.  

Each vial was sonicated for 30 min and then the contents of each vial were cast into 

TeflonTM molds under ambient conditions.  The TeflonTM molds were covered with a 

glass cover and film formation occurred over 3 days.  Each film was removed from the 
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TeflonTM mold and melt-pressed at 120 °C for 40 s using a PHI pneumatic press GS-21.  

The resulting films were approximately 0.4 mm thick.   

4.3.5 Characterization 

1H NMR spectra of the polymers were collected in CDCl3 with a Varian Unity 

spectrometer operating at 400 MHz at ambient temperature.  Size exclusion 

chromatography (SEC) measurements were performed in THF at 40 °C at flow rate 1 

mL/min using a Waters size exclusion chromatograph equipped with an autosampler, 

three in-line 5 µm PLgel Mixed-C columns, a Waters 410 refractive index (RI) detector 

operating at 880 nm, and a miniDAWN multiangle laser light scattering (MALLS) 

detector operating at 690 nm which was calibrated with narrow polydispersity 

polystyrene standards. The RI increment (dn/dc) was calculated online. All reported 

weight-average molecular weights are absolute molecular weights, which were obtained 

using the MALLS detector.  Thermogravimetric analysis (TGA) measurements were 

performed on a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer under 

nitrogen at a heating rate of 3 °C/min or 10 °C/min.  Glass transition temperatures were 

determined using a Perkin-Elmer Pyris 1 cryogenic differential scanning calorimeter 

(DSC) at a heating rate of 20 °C/min under nitrogen, which was calibrated using indium 

(mp = 156.60 °C) and zinc (mp = 419.47 °C).  Glass transition temperatures are reported 

as the transition midpoints of the heat capacity change during the second heating cycle.  

Complex viscosities of the UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs composite, and 

UPy-PEP-UPy/UPy-MWCNTs composite were measured using TA Instruments AR G2 

rheometer.  A 25 mm parallel plate geometry was used, and rheological analysis was 

performed at a 5% strain amplitude at 1 Hz with a 1000 µm gap.  Dynamic mechanical 
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analysis (DMA) was performed with a TA Instruments Q800 dynamic mechanical 

analyzer in tension mode at 15 µm amplitude and at a frequency of 1 Hz with a heating 

rate of 3 °C/min.  Stress-strain experiments were performed using dogbone-shaped film 

samples (n = 4) cut using a die according to ASTM D3368.  The tensile tests were 

performed under ambient conditions on a 5500R Instron universal testing machine at a 

crosshead displacement rate of 10 mm/min.  Stress-strain profiles were recorded and 

analyzed using Bluehill 2 software.  Pneumatic grips were used, and no slippage was 

observed.  

Table 4.1  Molecular weight and its molecular weight distribution of the telechelic 
polyisoprene and degree of UPy functionalization 

Precursor polymer 
Mn (Mw/Mn)a 

UPy-functionalized 
polymer Mn 
(Mw/Mn)a 

% End-cappingb UPy-groups 
(mol/g} 

24300 (1.08) 19100 (1.27) 100 1.05 x 10-4 
a Determined using SEC at 40 °C in THF with a MALLS detector 
b 1H NMR conditions; Varian Unity 400 MHz, CDCl3 

 

4.4 Results and Discussion 

4.4.1 Preparation of Self-Complementary Multiple Hydrogen-Bonding Containing 
Polymer Composites 

 
The synthetic scheme of UPy-functionalized telechelic poly(ethylene-co-

propylene) is shown in Scheme 4.1.  Synthesis of well-defined linear telechelic 

polyisoprene via living anionic polymerization was accomplished with a protected 

hydroxyl functional initiator, TBDMSPrLi (Reaction (1) in Scheme 4.1).  The 

microstructure of polyisoprene resulted in approximately 92% 1,4-enchainment and 8% 

3,4-enchainment.  Subsequently, quantitative hydrogenation of polyisoprene blocks 

(Reaction (2) in Scheme 4.1), quantitative deprotection of the hydroxyl group (Reaction 
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(3) in Scheme 4.1), and quantitative UPy-functionalization (Reaction (4) in Scheme 4.1) 

were successfully achieved.21  The molecular weight and degree of UPy-functionalization 

are summarized in Table 4.1.   Quantitative conversion of telechelic ends to UPy groups 

led to the formation of a supramolecular polymer, which was evidently shown as the 

transformation from a liquid-like sample to a ductile film at room temperature.     

A three step reaction strategy was employed for UPy-functionalization of 

MWCNTs.28  The synthetic scheme of UPy-functionalized MWCNTs is shown in 

Scheme 4.2.  The first step of the reaction was the oxidation of MWCNTs in a 

concentrated acid mixture (Reaction (1) in Scheme 4.2).  The degree of functionalization 

for the oxidized CNTs was determined as 7.3 x 10-4 mol/g.  The second step involved 

isocyanate functionalization of the oxidized MWCNTs (Reaction (2) in Scheme 4.2).  In 

the third step of the reaction, the isocyanate groups on the CNTs reacted with MIC to 

produce UPy functionalized MWCNTs as the final product (Reaction (3) in Scheme 4.2).  

TGA measurement estimated the degree of functionalization for the UPy-MWCNTs as 

6.1 x 10-4 mol/g.  SEM and TEM performed on the UPy-MWCNTs demonstrated no 

significant structural degradation (Figure 4.2).28 

UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs 

composite films were prepared from solution-casting and subsequent melt pressing at 

120 °C.  Uniform and elastic films were obtained.  MWCNTs and UPy-MWCNTs (5 

wt%) were dispersed in UPy-PEP-UPy/MWCNTs and UPy-PEP-UPy/UPy-MWCNTs, 

respectively.  The molar ratio of UPy groups on polymers to UPy groups on UPy-

MWCNTs was readily calculated to be 3/1 based on wt% of the components and the 

degree of UPy-functionalization in UPy-PEP-UPy (Table 4.1) and UPy-MWCNTs.  This 
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ratio implied both association between UPy sites on polymers and UPy sites on UPy-

MWCNTs.   

 
Figure 4.2  SEM (top) and TEM (bottom) images of pristine MWCNT (a, c) and 

UPy-MWCNTs (b, d) 
 

4.4.2 Thermal Stability of UPy-functionalized Polymer Composites 

Thermal stability of UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and UPy-PEP-

UPy/UPy-MWCNTs composite films were evaluated using TGA at heating rate of 

10 °C/min under nitrogen (Figure 4.3).  The weight loss at 280 °C, the residue at 550 °C, 

and the derivative TGA curve peak (Tmax) are reported in Table 4.2.  In UPy-containing 

polymers, the initial degradation step from 200 ºC corresponds to the elimination of the 

UPy groups upon reversal of the urethane linkage and the initial weight loss of polymer is 

consistent with weight fraction of the UPy groups in the polymer composition.10, 11  TGA 

curves in Figure 4.3 exhibited an onset of decomposition around 200 ºC and initial 

thermal degradation up to approximately 280 ºC.  The measured weight loss of UPy-PEP-

UPy at 280 °C, 4.6 wt% in Table 4.2, corresponds to approximate wt% of UPy groups in 

a b

c d
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the polymer, which is 4 wt%.  The weight loss of UPy-PEP-UPy/MWCNTs at 280 °C 

showed less than those of UPy-PEP-UPy due to the addition of 5 wt% MWCNTs into the 

polymer.  The weight losses of UPy-PEP-UPy/UPy-MWCNTs at 280 °C were 5.4 wt%, 

as shown in Table 4.2.  The trend of these weight losses was consistent with the amount 

of UPy groups in the composite films.  The residual weight at 550 °C also supported the 

components of these composite films.  Most of UPy-PEP-UPy polymers were degraded 

at 550 °C whereas MWCNTs are thermally stable at 550 °C.  CNTs were the main 

components of the residue in UPy-PEP-UPy/MWCNTs and UPy-PEP-UPy/UPy-

MWCNTs at 550 °C.  Due to 5 wt% addition of MWCNTs or UPy-MWCNTs, the 

residual weight of UPy-PEP-UPy/MWCNTs and UPy-PEP-UPy/UPy-MWCNTs was 4 – 

9 wt%.   UPy-PEP-UPy/MWCNTs gave higher residue than UPy-PEP-UPy/UPy-

MWCNTs due to lack of UPy groups on MWCNTs.   

Different thermal degradation behavior between UPy-PEP-UPy/MWCNTs and 

UPy-PEP-UPy/UPy-MWCNTs were reflected in TGA curves and Tmax values.  Thermal 

degradation behavior of UPy-PEP-UPy/UPy-MWCNTs was similar to that of UPy-PEP-

UPy, whereas the thermal degradation curve of UPy-PEP-UPy/MWCNTs shifted toward 

higher temperatures.  Significant delay in weight loss for polymer degradation by 

addition of MWCNTs to polymers has been reported in earlier literatures.5, 29, 30   This 

delay of polymer thermal degradation was attributed to a barrier labyrinth effect of fillers 

in nanocomposites, which slowed down the diffusion of degradation products from the 

bulk of the polymer to the gas phase.30  This effect contributed to the larger values of 

Tmax in UPy-PEP-UPy/MWCNTs.  However, polymer degradation in UPy-PEP-

UPy/UPy-MWCNTs did not show significant degradation delay.  Little thermal 
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degradation delay in UPy-PEP-UPy/UPy-MWCNTs was attributed to the interaction 

between UPy-PEP-UPy and UPy-MWCNTs.  Although UPy groups decomposed in the 

range of 200 – 300 °C, the association between UPy-PEP-UPy and UPy-MWCNTs 

presumably affected the dispersion of MWCNTs and altered the barrier labyrinth effect 

of fillers.   
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Figure 4.3  Thermal degradation on UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, 

and UPy-PEP-UPy/UPy-MWCNTs composite films under nitrogen 
flow at 10 °C/min   

 
Table 4.2  Thermogravimetric Analysis on UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, 

and UPy-PEP-UPy/UPy-MWCNTs Composite Films under Nitrogen Flow at 
10 °C/min  

 Weight loss at 
280 °C (wt %) 

Residue at 550 °C 
(wt %) Tmax(°C) 

UPy-PEP-UPy 4.6± 1.2 2.0± 0.4 432.2± 1.1 
UPy-PEP-UPy/MWCNTs 3.5± 0.4 8.3± 1.3 445.6± 3.6 
UPy-PEP-UPy/UPy-MWCNTs 5.4± 0.2 4.8± 0.7 429.9± 2.9 
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4.4.3 Mechanical Performance of UPy-containing Polymer Composites 

Mechanical performance of UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and UPy-

PEP-UPy/UPy-MWCNTs composite films were studied using tensile testing and DMA.  

Stress-strain profiles for UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and UPy-PEP-

UPy/UPy-MWCNTs are shown in Figure 4.4, and the resulting data are summarized in 

Table 4.3.  The addition of MWCNTs or UPy-MWCNTs to UPy-PEP-UPy polymer 

increased Young’s modulus from 2.3 MPa to 3.6 MPa and increased tensile strength at 

break approximately 30%.  The increase of Young’s modulus and tensile strength with a 

MWCNT addition to the polymer matrix has been reported and our results were 

consistent with previous literature.9, 31-35   

Tensile strain of the composites showed significantly different results.  UPy-PEP-

UPy elongated 243± 12% whereas UPy-PEP-UPy/MWCNTs and UPy-PEP-UPy/UPy-

MWCNTs elongated 75 ± 3% and 158 ± 3%, respectively.  The macromolecular 

architecture of UPy-PEP-UPy was a supramolecular linear polymer connected with UPy 

groups (Figure 4.1).  The supramolecular linear architecture provided the resulting 

elongation at break 243 ± 12%.  However, the addition of CNTs in UPy-PEP-

UPy/MWCNTs resulted in the decreased elongation at break (75± 3%).  Brittleness of 

CNT fillers decreased the tensile elongation, which was consistent with other 

nanocomposite works.9, 31, 33  The elongation at break in UPy-PEP-UPy/UPy-MWCNTs 

(158± 3%) was higher than UPy-PEP-UPy/MWCNTs.  This was attributed to the UPy-

UPy association occurrence between UPy-PEP-UPy and UPy-MWCNTs.  As described 

in the above discussion, the ratio of UPy groups on UPy-MWCNTs to UPy groups on 

UPy-PEP-UPy was 1/3, and some degree of UPy-UPy association between UPy-PEP-
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UPy and UPy-MWCNTs was expected to occur, which resulted in higher elongation than 

that of UPy-PEP-UPy/MWCNTs.  UPy-MWCNTs served as crosslinkers between UPy-

PEP-UPy.  Unlike previous work,28 UPy-PEP-UPy/UPy-MWCNTs did not show a higher 

storage modulus than UPy-PEP-UPy/MWCNTs, but rather showed higher elongation.  

This is due to the functionality of the polymer matrix, where UPy-PEP-UPy possesses 

only two UPy groups per chain.   

 
Figure 4.4  Stress-strain experiments of UPy-PEP-UPy, UPy-PEP-

UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composite films 
Tensile test condition: 5500R Instron universal testing machine at a 
crosshead displacement rate of 10 mm/min 

 
Table 4.3  Summary of tensile data for UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and 

UPy-PEP-UPy/UPy-MWCNTs Composite 

 Tensile stress at 
break (MPa) 

Tensile strain at 
break (%) 

Young’s 
Modulus (MPa) 

UPy-PEP-UPy 0.573± 0.011 243± 12 2.28± 0.22 
UPy-PEP-UPy/MWCNTs 0.745± 0.069 75± 3 3.58± 0.07 
UPy-PEP-UPy/UPy-MWCNTs 0.725± 0.027       158± 3 3.62± 0.31 
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Figure 4.5  Dynamic mechanical analysis of UPy-PEP-UPy, UPy-PEP-

UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composite films 
DMA condition: tension mode at 15 µm amplitude at a frequency of 1 
Hz at a heating rate of 3 °C/min 

 
Table 4.4  Transition temperatures and rubbery-plateau for UPy-PEP-UPy, UPy-PEP-

UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composite films 

 
Tg (°C) Tflow (°C) 

Modulus at Rubbery-Plateau 
(Storage Modulus at 25 °C) 

(MPa) 
UPy-PEP-UPy -54 69 2.9 
UPy-PEP-UPy/MWCNTs -54 77 4.7 
UPy-PEP-UPy/UPy-MWCNTs -52 76 4.5 

*Tflow: flow temperature 
 

DMA curves of UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, and UPy-PEP-

UPy/UPy-MWCNTs composite films are shown in Figure 4.5 and the resulting data are 

summarized in Table 4.4.  The glass transition temperature (Tg) was determined using the 

loss modulus curves.  Tg values of the composite films ranged -52 to -54 °C, which was 

consistent with the DSC measured Tg of UPy-PEP-UPy (- 62 °C).   UPy-PEP-

UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composite films exhibited a slightly 

longer rubbery plateau compared to UPy-PEP-UPy rubbery plateau due to the increase of 
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the flow temperature (Tflow).  The increased modulus of MWCNTs or UPy-MWCNTs 

reinforcement resulted in requiring more thermal energy for the composites to flow.  The 

obtained flow temperatures agreed well with the dissociation temperature of multiple 

hydrogen-bonding, which was reported earlier.21, 24, 26, 27  The rubbery plateau storage 

modulus at 25 °C of UPy-PEP-UPy/MWCNTs and UPy-PEP-UPy/UPy-MWCNTs (4.5 – 

4.7 MPa) significantly increased compared to UPy-PEP-UPy (~ 2.9 MPa), which was 

consistent with the above results from tensile testing.  With the results obtained from 

mechanical analysis of the composite films, one can conclude that the modulus of 

samples increased by the addition of fillers (CNTs), and the elongation of the samples 

depended on the interactions of UPy groups.  UPy-UPy association between UPy-PEP-

UPy and UPy-MWCNTs prevented the decrease of the elongation.     
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Figure 4.6  Dependence of complex viscosity on temperature for UPy-PEP-UPy, 

UPy-PEP-UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs 
composite films 
ARG2 rheometer condition:  1 mm parallel plate at 5% strain 
amplitude at 1 Hz 
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4.4.3 Melt Rheological Characterization 

Melt rheological characterization of UPy-PEP-UPy, UPy-PEP-UPy/MWCNTs, 

and UPy-PEP-UPy/UPy-MWCNTs composite films was performed and viscosity vs. 

temperature profiles of the composites are shown in Figure 4.6.  UPy-PEP-

UPy/MWCNTs, and UPy-PEP-UPy/UPy-MWCNTs composite films exhibited a slightly 

higher viscosity than UPy-PEP-UPy.  The addition of MWCNTs resulted in the slight 

increase of viscosity due to the increased modulus.  On the other hand, little change of 

viscosity by addition of MWCNTs or UPy-MWCNTs revealed good processability of 

these composites at similar processing temperature to UPy-PEP-UPy.  Reinforced or 

modified polymers often result in the increase of melt viscosity, which make the polymer 

difficult to melt process.36  Maintaining processability is crucial for composite materials.  

The reinforced UPy-PEP-UPy composites with CNTs and UPy-MWCNTs were prepared 

without sacrificing the processability.   

 

4.5 Conclusions 

Telechelic UPy functionalized poly(ethylene-co-propylene) (UPy-PEP-UPy) and 

composites with CNTs (UPy-PEP-UPy/MWCNTs) and UPy-MWCNTs (UPy-PEP-

UPy/UPy-MWCNTs) were prepared.  Thermal and mechanical performance of the 

composites was evaluated.  In TGA measurements, the initial degradations gave a good 

agreement with the amount of incorporated UPy groups in each composite, and the 

residues were consistent with the CNT content in the polymer composites.  Derivative 

weight loss, Tmax indicated thermal degradation delayed by addition of MWCNTs to 

polymer in UPy-PEP-UPy/MWCNTs.  This was due to a barrier labyrinth effect of fillers, 
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which slowed down the diffusion of degradation products from the bulk of the polymer to 

the gas phase.  However, UPy-PEP-UPy/UPy-MWCNTs did not show significant thermal 

degradation delay.  This was presumably due to good dispersion of UPy-MWCNTs 

through association of UPy groups on UPy-MWCNTs to UPy groups on a polymer.   

The addition of MWCNTs to polymer increased the modulus of composites in 

tensile testing and DMA.  However, no significant difference appeared in modulus 

between CNT filler composite and UPy-MWCNT filler composite.  When a polymer 

contains abundant UPy groups, they act as physical crosslinks and enhance the 

mechanical rigidity.16  UPy-PEP-UPy possesses only two UPy groups on each end, not 

enough for significant crosslinking to occur.  On the other hand, the effect of UPy 

functionalization to MWCNTs altered the elongation of the composite.  The elongation of 

UPy-PEP-UPy/UPy-MWCNTs sample in tensile testing resulted in a higher value than 

that of UPy-PEP-UPy/MWCNTs.  The interactions of UPy groups between UPy-PEP-

UPy and UPy-MWCNTs prevented the decrease of elongation at break, whereas pristine 

MWCNTs resulted in significant decrease of elongation at break.  Melt rheological 

experiment confirmed addition of MWCNTs or UPy-MWCNTs to UPy-PEP-UPy did not 

change melt viscosity compared to UPy-PEP-UPy, indicating that UPy-PEP-UPy was 

reinforced with MWCNTs or UPy-MWCNTs without sacrificing the processability.  This 

work showed the association between UPy groups on MWCNTs and UPy groups on 

polymer termini had significant influence to the subsequent properties.    
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Chapter 5:  Self-Complementary Multiple Hydrogen Bonding 
in Styrene-Butadiene Rubber  

 

5.1  Abstract 

The chemical modification of rubbers alters their properties and produces new polymeric 

materials.  This report describes the modification of styrene-butadiene rubbers (SBRs) 

and their subsequent characterization.  SBRs were first reacted with 3-

chloroperoxybenzoic acid (MCPBA) to epoxidize the butadiene repeat units.  These 

epoxidized butadiene repeat units were subsequently reduced with lithium aluminum 

hydride (LiAlH4) to give the hydroxyl-functionalized SBR (SBR-OH).  The SBR-OH 

was reacted with 2-ureido-4[1H]-pyrimidone (UPy) containing monoisocyanate (IPDI-

MIC), consisting of self-complementary multiple hydrogen bonding (SCMHB).  The UPy 

contents in UPy-SBRs were controlled to 1 - 3 mol%.  Initial weight loss as determined 

by TGA was consistent with the weight fraction of the incorporated UPy groups in UPy-

SBRs.  Introducing SCMHB to SBRs drastically changed the physical properties of these 

materials.  Specifically, the SCMHB networks served as mechanically effective 

crosslinks, which raised Tg and enhanced the mechanical performance of the SBRs.    

 

5.2  Introduction 

Scientists have known for many years that chemically modifying rubbers can 

result in new polymeric materials with attractive mechanical properties.  Because of the 

high reactivity of the double bond in polyisoprene or polybutadiene repeat units, various 

functional groups can be added to the rubbery backbone.  Among the various options for 

chemically modifying rubbers, introducing hydrogen bonding groups to the rubber repeat 
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unit is known to be an effective strategy for producing thermoplastic elastomers.  

Hydrogen-bonding serves as physical crosslinks whereas vulcanized rubbers result in 

having covalent crosslinks.  The physical crosslinks reinforce the low Tg backbone, 

thereby producing a thermoplastic elastomer.  One of the advantages of a thermoplastic 

elastomer as compared to a thermoset crosslinked rubber is that it can be processed at 

elevated temperatures. 

In the 1980s and 90s, Stadler et al. reported the introduction of hydrogen bonding 

groups to polyisoprenes, polybutadienes and styrene butadiene rubbers to form 

thermoreversible elastomers.1-15  Their synthetic strategy involved the rapid ene reaction 

of 4-pheny-3,5-dioxo-1,2,4-triazoline (PTD) with allylic systems.  The PTD reaction 

achieved quantitative conversion at room temperature, which resulted in a controlled 

degree of incorporation of phenylurazole groups (1-polydienyl-4-phenyl-3,5-dioxo-1,2,4-

triazolidine) (PU) or similar analogues into polydienes.  The PTD reaction followed 

pseudo-first order kinetics, with the 1,4 repeat unit in the polydienes reacting faster than 

the analogous 1,2 repeat unit.  They investigated the synthetic strategy, mechanical 

performance, and hydrogen-bonding interaction mechanisms for PU-functionalized 

rubber.  

Abetz et al. described thermoreversible crosslinking rubber comprising sulfonyl 

urethane groups.16  Their reaction strategy followed a three-step reaction.  The first step 

involved the epoxidation of the polybutadiene repeat unit.  In second step, the epoxides 

were hydrochlorinated with hydrochloric acid to produce hydroxyl functionalized 

polybutadienes.  In third step, the hydroxyl groups were reacted with sulfonyl isocyanate 

to form sulfonyl urethane groups on the polybutadiene backbone.  1H NMR demonstrated 
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quantitative modification of the sulfonyl urethane groups.  However, even though Abetz 

et al. verified the crosslinking behavior via dynamic mechanical analysis (DMA), they 

could not provide any evidence for the thermoreversibility of the sulfonyl urethane 

polybutadienes.  

The epoxidation reaction strategy typically used to modify polybutadienes is both 

simple and versatile.  Starting with the epoxidation of SBR (styrene-butadiene rubber), 

we modified SBR with 2-ureido-4-[1H]-pyrimidone (UPy) quadruple hydrogen-bonding 

groups, which is shown in Figure 5.1.  The strong association of the self-complementary 

multiple hydrogen bonding (SCMHB) acts as a physical crosslinking mechanism, which 

results in a supramolecular elastic polymer.  Stadler’s work introduced urea linkages into 

polydiene backbones, and Abetz’s work incorporated urethane linkages to polybutadiene 

backbones.  Unfortunately, the two techniques are not interchangeable.  However, in 

comparison studies involving polyureas and polyurethanes, a number of researchers have 

shown that the use of bidentate urea linkages was superior to the use of monodentate 

urethane linkages in improving the properties of these materials.17-22  Thus, when one 

considers the increase in hydrogen-bonding interactions, the use of UPy quadruple 

hydrogen bonding groups is expected to significantly impact physical crosslinking 

behaviors in SBR.  Indeed, previous work has shown that introducing UPy groups to 

polymer end-groups or polymer repeat units dramatically alters mechanical, rheological, 

and thermal properties.23-29  Moreover, the use of self-complementary multiple hydrogen 

bonding (SCMHB) units in polymers was also shown to form thermoreversible 

aggregates, which typically dissociate at 80-95 °C. 
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Figure 5.1 Schematic representation of self-complementary multiple hydrogen 
bonding associations in SBRs  

 

We have developed a synthetic methodology for preparing novel UPy-containing 

SBRs.  The first step involves the epoxidation of the 1,4 repeat unit in a polybutadiene.  

As described above, the epoxidation is a straightforward process (unlike the 

hydroboration of 1,2 repeat unit)30 to introduce hydroxyl groups.  The epoxides on the 

polybutadiene are subsequently reduced with lithium aluminum hydride (LiAlH4) to 

convert to hydroxyl groups, which are then reacted with novel synthesized UPy 

isocyanate.  Thermal and mechanical analyses of the obtained UPy-functionalized SBRs 

were conducted in order to determine the influence of SCMHB on resulting properties.  

In addition, reinforcement studies of the synthesized UPy-functionalized SBRs and UPy-

functionalized CNTs, described in Chapter 4, were conducted and a schematic image is 

shown in Figure 5.2.  The filler-matrix interactions due to SCMHB were expected to 

enhance mechanical performance.    
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Figure 5.2  General schematic of complementary hydrogen bonding interactions 
between the elastomeric matrix and the filler particle 

 

5.3  Experimental 

5.3.1 Materials and Chemicals 

Low vinyl SBR (styrene-butadiene rubber) was provided by the Goodyear Tire & 

Rubber Company and the composition was verified using 1H NMR and size exclusion 

chromatography (SEC).  The low vinyl SBR was soluble in chloroform (CHCl3), 

tetrahydrofuran (THF), NMP, hexanes, and toluene.  1H NMR spectroscopy (Figure 4.1) 

revealed that the composition of the low vinyl SBR was polystyrene (PS) : 1,4-

polybutadiene (1,4-PB) : 1,2-polybutadiene (1,2-PB) = 0.083 : 0.809 : 0.108 (molar 

ratio).  SEC analysis for the same SBR (PS : PB wt fraction of 0.149 : 0.851) indicated 

Mn 133,000, Mw 221,000, and PDI of 1.66.  3-chloroperoxybenzoic acid (MCPBA, 70-

75% Across Chemicals), potassium carbonate (EM Science), 1.0 M lithium aluminum 

hydride (LiAlH4) solution in THF (Aldrich), isophorone diisocyanate (IPDI, 98%, 

Elastomer Chain 

Donor 

Acceptor 

CNT Filler 
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Aldrich), 6-methylisocytosine (MIC, 98%, Aldrich), dibutyl tin dilaurate (DBTDL, 95%, 

Aldrich), chloroform (CHCl3, Fisher Scientific), dimethyl sulfoxide (DMSO, anhydrous, 

99.9+%, Aldrich), and methanol (Fisher Scientific) were used as received.  

Tetrahydrofuran (THF, Fisher Scientific) was passed through PURE SOLV MD-3 

SOLVENT PURIFICATION SYSTEM (Innovative Technology Inc.) immediately prior 

to use.  1H NMR for low vinyl SBR (400 MHz, CDCl3, δ): 1.0 – 1.8 ppm (br, -CH2CH- in 

1,2-polybutadiene and polystyrene), 1.9 – 2.2 ppm (br, -CH2- in 1,4-polybutadiene, -

CH2CH- in 1,2-polybutadiene and polystyrene),  2.3 – 2.7 ppm (br, -CH2CH2C6H5, -

CH2C6H5), 4.7 – 5.1 ppm (br, -CH=CH2 in 1,2-polybutadiene and vinyl cyclopentane), 

5.1 – 5.5 ppm (br, -CH=CH- in 1,4-polybutadiene), 5.5 – 5.7 ppm (br, -CH=CH2 in 1,2-

polybutadiene), 6.4 – 7.3 ppm (br, aromatic protons in polystyrene) 

5.3.2 Synthesis of Epoxidized SBR (SBR-E) 

An epoxidation reaction of the SBR was performed following literature 

procedures (Reaction 1 in Scheme 5.1).16, 31  For this study, a 2.0 mol% modification of 

the SBR is described as a typical example.  SBR (160 g, 2.517 mol of butadiene repeating 

unit) was first dissolved in 4 L CHCl3 in a 4 L beaker with a magnetic stirrer.  A solution 

of 11.5 g of MCPBA (0.050 mol) in 100 mL CHCl3 was added at once to the SBR 

solution at 0 ºC.  The reaction mixture was then stirred at 0 ºC for 3 h.  Water (200 mL) 

was subsequently added with potassium carbonate and stirred for 1 h.  The water was 

exchanged twice to remove salts.  Finally, the water was removed and the polymer was 

precipitated into methanol/water mixture.  The polymer was re-dissolved in either CHCl3 

or THF and the precipitation was repeated at least three times to remove salts.  The 

isolated polymer was dried at room temperature under reduced pressure for 3 days.  1H 
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NMR (400 MHz, CDCl3, δ): 1.0 – 1.8 ppm (br, -CH2CH- in 1,2-polybutadiene, 

polystyrene and next to epoxy ring), 1.9 – 2.2 ppm (br, -CH2- in 1,4-polybutadiene, -

CH2CH- in 1,2-polybutadiene and polystyrene),  2.3 – 2.6 ppm (br, -CH2CH2C6H5, -

CH2C6H5), 2.6 – 3.0 ppm (br, -CH2OCH2-), 4.7 – 5.1 ppm (br, -CH=CH2 in 1,2-

polybutadiene and vinyl cyclopentane), 5.1 – 5.5 ppm (br, -CH=CH- in 1,4-

polybutadiene), 5.5 – 5.7 ppm (br, -CH=CH2 in 1,2-polybutadiene), 6.4 – 7.3 ppm (br, 

aromatic protons in polystyrene) 

5.3.3 Synthesis of Hydroxyl-functionalized SBR (SBR-OH) 

A reduction of epoxides in SBR-E was performed (Reaction 2 in Scheme 5.1).  

SBR-E (55.5 g, 0.021 mol epoxide) was dissolved in 1800 mL THF in a 2L one-neck 

round-bottomed flask equipped with a magnetic stirrer under nitrogen (N2).  1M LiAlH4 

solution (42 mL, 0.042 mol LiAlH4) was then added drop-wise to 0 ºC SBR-E solution 

using a syringe.  The reaction mixture was slowly warmed to room temperature.  In 2-3 h 

after the addition of the 1M LiAlH4 solution, the reaction mixture formed a gel, 

indicating that the lithium alkoxide intermediate had linked the SBR-Es.  The reaction gel 

remained under nitrogen for 5 days to ensure a quantitative reduction.  Water (10 mL) 

was then added slowly over a period of 1 day.  The addition of water disrupted the gel 

and resulted in a homogeneous solution.  The polymer was isolated by precipitation into a 

methanol/water mixture, re-dissolved in CHCl3, washed over water, and re-precipitated 

into a methanol/water mixture.  This separation step was repeated several times to 

remove the lithium and aluminum salts.  The isolated polymer was dried at room 

temperature under reduced pressure for 3 days.  1H NMR (400 MHz, CDCl3, δ): 1.0 – 1.8 

ppm (br, -CH2CH-, in 1,2-polybutadiene, polystyrene, and hydroxyl unit), 1.9 – 2.2 ppm 
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(br, -CH2- in 1,4-polybutadiene, -CH2CH- in 1,2-polybutadiene and polystyrene),  2.3 – 

2.6 ppm (br, -CH2CH2C6H5, -CH2C6H5), 3.4 – 3.6 ppm (br, -CH2OH), 4.7 – 5.1 ppm (br, 

-CH=CH2 in 1,2-polybutadiene and vinyl cyclopentane), 5.1 – 5.5 ppm (br, -CH=CH- in 

1,4-polybutadiene), 5.5 – 5.7 ppm (br, -CH=CH2 in 1,2-polybutadiene), 6.4 – 7.3 ppm (br, 

aromatic protons in polystyrene) 

5.3.4 Synthesis of UPy Isocyanate (MIC- IPDI and MIC-HDI) 

The reaction of MIC with IPDI (Reaction 3 in Scheme 5.1) was performed using 

modifed literature procedures.23  MIC (25.6 g, 0.205 mol) was reacted with a 3-fold 

excess of IPDI (130 mL, 0.614 mol) at 100 ºC for 24 h in a bulk condition under N2.  The 

product was precipitated in heptane, washed with heptane, and filtered.  The filtered 

product was re-dissolved in CHCl3 and the precipitation step was repeated.  The isolated 

compound was dried at 80 ºC under reduced pressure for 20 h.  The reaction of MIC with 

HDI (Reaction (3’) in Scheme 4.1) was also attempted following literature procedures.23, 

28  MIC (12.4 g, 99.17 mmol) was reacted with a 6-fold excess of HDI (100 g, 595 mmol) 

at 100 ºC for 24 h in a bulk condition.  The product was precipitated in n-hexanes and 

washed with n-hexanes several times, filtered, and dried under reduced pressure at 80 ºC 

(yield: 99 %).  1H NMR for MIC-IPDI (400 MHz, CDCl3, δ): 13.2 ppm (m, 1H, -

NHC(CH3)=), 11.9 ppm (m, 1H, -NHCONHCH2-), 10.1 ppm (m, 1H, -NHCONHCH2-), 

5.9 ppm (s, 1H, -CH=C(CH3)), 3.9 ppm (br, 1H, >CHNH- CONH-), 3.6 ppm (br, 1H, 

>CHNCO), 3.0 ppm (s, 2H, -NHCONHCH2-, -CHNCO), 2.2 ppm (s, 3H, -

NHC(CH3)=CH-CO-), 1.3-2.0 ppm (m, 6H, >C(CH3)CH2C(CH3)2-, -

CH(NCO)CH2C(CH3)2-, -CH(NH)CH2C(CH3)2-, >C(CH3)CH2CH(NH)-, 

>C(CH3)CH2CH(NCO)-), 1.0 ppm (m, 9H, –C(CH3)2-, >C(CH3)CH2(NCO), 
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>C(CH3)CH2NH-).  MIC-IPDI was soluble in chloroform and DMSO.  1H NMR for 

MIC-HDI (400 MHz, CDCl3, δ): 13.2 ppm (s, 1H, -NHC(CH3)=), 11.8 ppm (s, 1H, -

NHCONHCH2-), 10.5 ppm (s, 1H, -NHCONHCH2-), 5.8 ppm (s, 1H, -CH=C(CH3)), 

3.3ppm (s, 4H, -NHCONHCH2-, -CH2NCO), 2.2 ppm (s, 3H, -NHC(CH3)=CHCO-), 1.3-

1.7 ppm (s, 8H, -(CH2)4-). MIC-HDI was partially soluble in chloroform and DMSO. 

5.3.5 Synthesis of UPy-SBR 

The introduction of UPy groups to SBRs was conducted through the reaction of 

SBR-OH with IPDI-MIC (Reaction 4 in Scheme 5.1).  SBR-OH (49 g, (0.019 mol 

hydroxyl)) was first dissolved in 1 L CHCl3 in a 2 L one-neck round-bottomed flask 

equipped with a magnetic stirrer.  Nitrogen gas was bubbled through the SBR-OH 

solution for 20 min and 110 mL anhydrous DMSO was added.  Then, 2 mL of DBTDL 

and MIC-IPDI (25.7 g, 0.074 mol) were added.  The reaction was allowed to stir at 60 °C 

for 72 h.  The polymer was precipitated into methanol.  The polymer was re-dissolved in 

THF and precipitated into methanol.  The isolated polymer was dried at room 

temperature under reduced pressure for 3 days.  1H NMR (400 MHz, CDCl3, δ): 0.8 – 1.1 

ppm (br, –C(CH3)2-, >C(CH3)CH2(NCO), >C(CH3)CH2-NH-), 1.0 – 1.8 ppm (br, -CH2-, 

in 1,2-polybutadiene, polystyrene, and hydroxyl unit), 1.9 – 2.2 ppm (br, -CH2- in 1,4-

polybutadiene, >CH- in 1,2-polybutadiene and polystyrene),  2.3 – 2.6 ppm (br, -

CH2CH2C6H5, -CH2C6H5), 4.7 – 5.1 ppm (br, -CH=CH2 in 1,2-polybutadiene and vinyl 

cyclopentane), 5.1 – 5.5 ppm (br, -CH=CH- in 1,4-polybutadiene), 5.5 – 5.7 ppm (br, -

CH=CH2 in 1,2-polybutadiene), 6.4 – 7.3 ppm (br, aromatic protons in polystyrene). 
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Scheme 5.1  Synthesis of UPy-containing SBRs 

 

5.3.6 Polymer Characterization 

1H NMR spectra of the polymers were obtained on a Varian Unity spectrometer 

operating at 400 MHz at ambient temperature.  CDCl3 (Cambridge Isotope Laboratories) 

was used as the solvent.  SEC measurements were performed in THF at 40 °C at a flow 

rate of 1 mL/min using a Waters size exclusion chromatograph equipped with an 

autosampler, three 5-mm PLgel Mixed-C columns, a Waters 2410 refractive index (RI) 

detector operating at 880 nm, and a miniDAWN multiangle laser light scattering 

(MALLS) detector operating at 690 nm, which was calibrated with narrow polydispersity 
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polystyrene standards. The RI increment (dn/dc) was calculated online.  

Thermogravimetric analysis (TGA) measurements were obtained using a TA Instruments 

Hi-Res TGA 2950 thermogravimetric analyzer under N2 at a heating rate of 10 ºC per 

minute.  The films were prepared using a PHI pneumatic press GS-21 at 150 °C for 2 min.  

Dynamic mechanical analysis (DMA) measurements were performed on a TA 

Instruments Q 800 at a heating rate of 3 ºC per minute.  Stress-strain experiments were 

performed using dogbone-shaped film samples (n = 5) cut using a die according to 

ASTM D3368.  The tensile tests were performed under ambient conditions on a 5500R 

Instron universal testing machine at a crosshead displacement rate of 100 mm/min.  

Stress-strain profiles were recorded and analyzed using Bluehill 2 software.  Pneumatic 

grips were used, and no slippage was observed.  Complex viscosities of the films were 

measured using TA Instruments AR G2 rheometer.  A 25 mm parallel plate geometry 

was used, and rheological analysis was performed at a 1% strain amplitude at 1 rad/s with 

a 1000 µm gap under nitrogen atmosphere.   

1.6 mol % UPy-functionalized SBR was first dissolved in THF at a concentration 

of 41 mg/ml. The solution was sonicated for 2 h for complete dissolution of the 

functionalized SBR prior to the processing step. Both pristine and functionalized 

MWCNTs (5 wt%) were then added to the solution and the mixture was sonicated for 2 h.  

The composite films were then cast in TeflonTM molds under ambient conditions.  The 

films were then further dried overnight in a vacuum oven.  Mini dog bone samples (n = 

3) were cut using a die according to ASTM D3368.  Tensile tests were performed under 

ambient conditions on a 5500R Instron universal testing machine at a crosshead 

displacement rate of 500 mm/min.   
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5.4  Results and Discussion 

5.4.1  Synthesis of UPy-containing SBRs 

Reaction strategies used to synthesize the UPy-containing SBRs are illustrated in 

Scheme 5.1.  SBRs were first reacted with MCPBA to epoxidize the butadiene repeat 

units (Reaction 1 in Scheme 5.1).  The target epoxidation levels were 2 and 4 mol%.  The 

epoxidized butadiene repeat units were subsequently reduced with LiAlH4 to afford the 

hydroxyl-functionalized SBR (SBR-OH).  The characterization data for these products 

are summarized in Table 5.1.  The degree of epoxidation was readily calculated based on 

C = C bond conversion.  The epoxidation was quantitative and well-controlled.  1H NMR 

(Figure 5.3) confirmed that only 1,4-poly(butadiene) repeat units were epoxidized, while  

epoxidation was not observed for 1,2-poly(butadiene) repeat units under the same 

reaction conditions.  This follows the well-established trend for epoxidation, which is 

CH2=CH2 < RCH=CH2 < RCH=CHR ~ R2C=CH2 < R2C=CHR < R2C=CR2 = 1 < 24 < 

500 ~ 500 < 6500 < very fast.32 The subsequent change in 1H NMR results, from 2.6 – 

3.0 ppm (epoxide) to 3.6 ppm (methylene adjacent to hydroxyl), demonstrated that the 

epoxides were quantitatively reduced to hydroxyl groups with LiAlH4, which is shown in 

Figure 5.3.  The hydroxy functionalization was quantitative and reproducibly achieved.  

SEC results of 2.0 mol% epoxidized and hydroxy-functionalized SBRs are summarized 

in Table 5.2, and the SEC trace for the 2.0 mol% hydroxy-functionalized SBR is shown 

in Figure 5.4.  The SEC results for the SBR-E and SBR-OH samples ensured a 

monomodel product.  Moreover, no significant change in molecular weight from that of 

SBR precursor was observed.  This revealed that neither branching nor crosslinking had 

occurred during either derivatization step.   
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Although the hydroxyl functionalization was successful using these reaction 

conditions, there were a few issues associated with the derivatization step that we had to 

address.  As described in the experimental section, the reaction mixture formed a gel after 

2-3 h once the 1M LiAlH4 solution had been added.  We attributed this to lithium ion 

linking with the lithium alkoxide intermediates, which formed a gelled SBR network.  

The diffusion of LiAlH4 limited the rate of reduction, which required a long reaction time 

(5 days) to complete.  The quantitative reduction was not achieved for 1 to 2 day reaction 

time.  The presence of residual epoxides would lead to crosslinking during the additional 

derivatization step, during which the hydroxyl groups would react with the epoxides and 

the DBTDL catalyst.  After reacting for 5 days, an addition of water quantitatively 

converted the lithium alkoxides to hydroxyl groups.  In addition, removing lithium salts 

from the polymer solution required multiple precipitations, although we were unable to 

obtain a perfectly clear solution free from lithium salts even with multiple precipitations.  

We could not use typical filtration strategies for the separation step due to the high 

solution viscosity of the SBRs.  In fact, alternative strategies for conducting a ring-

opening reaction involving epoxides generally requires an acid-catalyzed reaction, which 

results in crosslinked polybutadiene repeat units in SBRs.  For example, the 

hydrochlorination of an epoxidized SBR was attempted following literature procedures.16  

Although hydrochlorination was quantitatively achieved, crosslinking was observed in 

the subsequent derivatization step.  We attributed this to the chlorine leaving groups 

initiating the crosslinking with the hydroxyl groups.  We also conducted a ring-opening 

reaction of epoxidized SBRs with sodium methoxide.  This resulted in very little 
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conversion unless we used an acid catalyst, which was unsuitable for this derivatization 

step.   

Table 5.1  Hydroxyl-functionalized and UPy-functionalized SBRs 
SBR-OH 

[mol%-OH] 
UPy conversion 

[%] UPy [mol%] UPy [wt%] 

2.0 84 1.6 11 
3.6 74 2.6 18 

1H NMR conditions; Varian Unity 400 MHz, CDCl3 
 

 

Figure 5.3  1H NMR spectra of SBR with 2.0 mol% degree of modification 

Table 5.2  Molecular weights of 2.0 mol% epoxidized and hydroxy-functionalized SBRs 
  Mn Mw Mw/Mn 
2.0 mol% SBR-OH   146000 251000 1.72 
2.0 mol% SBR-E      150000 257000 1.72 
SBR precursor 133000 221000 1.66 
Determined using SEC at 40 °C in THF with a MALLS detector 
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Figure 5.4  SEC curve of 2.0 mol% hydroxy-functionalized SBR. 

The third synthetic step involved the reaction of 6-methylisocytosine (MIC) with 

either an IPDI or an HDI diisocyanate in a bulk reaction at 100 °C.  Yamauchi et al.23 

synthesized monoisocyanato methylisocytosine (MIC-HDI, reaction (3’) in Scheme 5.1), 

and used this reagent to introduce UPy end-groups to telechelic polyesters.  Following 

reported procedures, the reaction of MIC with HDI was attempted.  All of the resonances 

as shown by 1H NMR for the MIC-HDI were quantitatively assigned (Figure 5.5).  The 

mass obtained using FAB-MS spectrometry was 294.1566, which corresponds well with 

the theoretical mass of 294.1565.  Repeated yields from this reaction were consistently 

greater than 95%.  Although, MIC-HDI was partially soluble in both CHCl3 and DMSO, 

low solubility became an issue during the additional derivatization step.  Thus, the 

synthesis of the alternative compound was attempted.  Specifically, MIC was reacted 

with IPDI in a bulk reaction at 100 °C to prepare a novel compound MIC-IPDI (Reaction 

(3) in Scheme 5.1).  All of the 1H NMR resonances for the MIC-IPDI were quantitatively 

assigned, as shown in Figure 5.6.  The literature has shown that a primary isocyanate 

possesses higher reactivity than a secondary isocyanate in IPDI.24, 27  However, the 1H 

NMR resonance shown in Figure 5.6 revealed no significant selectivity between a 

Minutes
8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 
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primary and a secondary isocyanate upon functionalization, which resulted in 

approximately 50/50 isomers.  This was presumably due to the high reaction temperature 

of 100 °C, which provided enough thermal energy for the MIC to react with either 

isocyanate.  Because either isomer can serve as the UPy isocyanate, no separation step 

was required.  FAB-MS spectrometry was performed for the isolated product.  The 

resulting molecular weight was 348.2038, which was in good agreement with the 

theoretical mass of 348.2036.  Our initial reaction resulted in a 40% isolated yield after 

the product was washed with hexane several times. After the precipitation and washing 

solvent was changed to heptanes, the isolated yield from the reaction was approximately 

70%.  This yield increase implies that the solubility of the final product inhibited our 

ability to obtain a quantitative yield.  MIC-IPDI is a white solid, which was found to be 

highly soluble in both CHCl3 and DMSO—especially in comparison to the MIC-HDI.  

FT-IR spectroscopy confirmed the presence of isocyanate groups in the MIC-IPDI.  In 

addition, the reaction of MIC with IPDI at both 80 °C and 120 °C was attempted.   While 

the reaction at 80 °C resulted in very little conversion to MIC-IPD, the reaction at 120 °C 

resulted in a yellow compound which produced by-products as a number of extra peaks 

seen in 1H NMR.  Moreover, the 80 °C reaction did not provide enough thermal energy 

for IPDI to react with MIC; while a higher reaction temperature (120 °C) initiated 

undesired side reactions.  Therefore, 100 °C appeared sufficient for the reaction of MIC 

with IPDI.   
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Figure 5.5  1H NMR of MIC-HDI 
 1H NMR conditions; Varian Unity 400 MHz, CDCl3 

 

 

Figure 5.6  1H NMR of MIC-IPDI 
1H NMR conditions; Varian Unity 400 MHz, CDCl3 
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The fourth step of synthesis (Reaction 4 in Scheme 5.1) involved reacting a 4-fold 

molar excess of MIC-IPDI with SBR-OH in the presence of a catalytic amount of 

DBTDL.  1H NMR spectra of the SBR-OH and UPy-SBR are shown in Figure 5.3.  Over 

75% UPy conversion was achieved as evidenced by the peaks at 0.8 – 1.1 ppm (three 

methyl groups in IPDI) as shown by 1H NMR.  Our calculations from the UPy conversion 

showed that 1.6 mol% (11 wt%) and 2.6 mol% (19 wt%) UPy-functionalized SBR (UPy-

SBR) had been obtained.  These UPy functionalization results are summarized in Table 

5.1.  We observed increased viscosity during the course of this reaction, which implies 

that the MIC-IPDI was prevented from reacting with all of hydroxyl groups in the SBR-

OH.  The UPy-SBR was soluble in both CHCl3 and THF as long as it was solvated in 

methanol.  Once dried, however, UPy-SBR was no longer soluble in any solvents, which 

we attributed to the strong hydrogen-bonding association that occurred under dry 

conditions. Therefore, isolated UPy-SBR was stored in methanol.  For our 1H NMR 

studies, the UPy-SBR was dissolved in CDCl3, evaporated by half, and redissolved in 

CDCl3.  This procedure was repeated until no methanol was observed via 1H NMR.  

When a methanol-solvated 2.6 mol% functionalized UPy-SBR was dissolved in THF, 

precipitation occurred after 1 day.  This indicates a stronger UPy-UPy association in 

highly functionalized UPy-SBR, which prevented the polymer from remaining soluble in 

THF.     

5.4.2 Thermal and Mechanical Characterization of UPy-containing SBRs   

TGA of 1.6 mol% UPy-SBR, 2.6 mol% UPy-SBR, and SBR were performed and 

the resulting curves are depicted in Figure 5.7.  TGA data indicated that the UPy-SBR 

sample exhibited an onset of weight loss at 180-225 ºC, which is consistent with 
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literature values for UPy-functionalized polymers.24, 25  These reports also linked the 

initial degradation step to the elimination of the UPy groups.  Observed weight loss 

values, as shown in Figure 5.7, were consistent with the weight fractions of the UPy 

groups in the polymer (Table 5.3).   The initial degradation step using 1.6 mol% UPy-

SBR resulted in a 9 wt% weight loss at 350 °C, while the 2.6 mol% UPy-SBR sample 

showed 19 wt% weight loss at 350 °C.  These reported initial weight losses are in a good 

agreement with incorporated weight fraction of the UPy groups, 11 wt% and 18 wt%, 

respectively, which are shown in Table 5.1.  Significant residual weight was observed in 

the UPy-functionalized SBRs, whereas the SBR precursor showed no significant residual 

weight.  This implies that thermal crosslinking occurred in the UPy-functionalized SBRs 

during the degradation step. 

 

Figure 5.7  TGA of 1.6 mol% UPy-SBR, 2.6 mol% UPy-SBR and SBR 
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DMA analysis was performed on the melt-pressed films of 1.6 mol% UPy-SBR, 

2.6 mol% UPy-SBR, and SBR.  The films were prepared using a PHI pneumatic press 

GS-21 at 150 °C for 2 min.  A homogeneous film was obtained from 1.6 mol% UPy-SBR, 

whereas 2.6 mol% UPy-SBR resulted in a cloudy film.  The resulting DMA curves are 

shown in Figure 4.8.  The observed glass transition temperatures (Tg) were as follows:  

SBR -73 °C, 1.6 mol% UPy-SBR -67 °C, and 2.6 mol% UPy-SBR -64 °C.  Tg values for 

the SBRs increased with the increase in the amount of hydrogen bonding groups, which 

acted as physical crosslinks, thereby raising Tg results.  In addition, the storage modulus 

significantly increased with an increase in the number of hydrogen bonding groups in the 

SBR.  SCMHB groups aided the formation of effective crosslinked networks, thereby 

enhancing mechanical performance.  For comparative purposes, DMA experiments were 

conducted at temperatures up to 80 °C, following reported literature procedures16.  In 

Abetz’s work,16 for example, sulfonyl urethane functionalized polybutadiene showed 

little modulus increase via DMA, except the 20 mol% functionalized sulfonyl urethane 

polybutadiene showed a significant increase in modulus.  For our study, the UPy-

functionalized SBR showed a modulus that was an order of magnitude higher than that of 

the 20 mol% functionalized sulfonyl urethane polybutadiene.   
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Figure 5.8  DMA of 1.6 mol% UPy-SBR, 2.6 mol% UPy-SBR and SBR 

Stress-strain experiments were performed using dogbone-shaped film samples (n 

= 5) under ambient conditions at a crosshead displacement rate of 100 mm/min.  Stress-

strain curves are shown in Figure 5.9 and the stress-strain data are summarized in Table 

5.3.  Both the Young’s modulus and the stress-at-break results for the SBR significantly 

increased with an increase in the number of hydrogen bonding groups.  The Young’s 

modulus for the 1.6 mol% UPy-SBR film sample showed an increase of approximately 

250% compared to SBR, while the Young’s modulus for the 2.6 mol% UPy-SBR film 

sample showed an increase of approximately 1000% compared to SBR.  With respect to 

stress-at-break results, the 1.6 mol% UPy-SBR film sample showed an increase of about 

2500% compared to SBR, while the 2.6 mol% UPy-SBR film sample showed a 4900% 

increase in comparison to SBR.  These trends are consistent with storage modulus 

increases observed via DMA experiments.  The UPy groups formed crosslinked networks 
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with enhanced mechanical strength.  A significant increase in elongation-at-break values 

was also observed for the 1.6 mol% UPy-SBR.  The crosslinked network resulted in a 

supramolecular polymer matrix, which accounted for the higher elongation values.  It 

should be noted, however, that the elongation-at-break values for the 2.6 mol% UPy-SBR 

decreased.  We attributed this phenomenon to the increased crosslink junction points with 

increasing numbers of UPy groups.    

0
1
2
3
4
5
6
7
8
9

0 100 200 300 400 500 600 700

tensile strain (%)

te
ns

ile
 s

tre
ss

 (M
P

a)

SBR 1.6 mol% UPy-SBR 2.6 mol% UPy-SBR

 
Figure 5.9  Comparison of tensile testing of 1.6 mol% UPy-SBR, 2.6 mol% UPy-

SBR and SBR 
 
Table 5.3  Tensile testing of 1.6 mol% UPy-SBR, 2.6 mol% UPy-SBR and SBR 

 SBR 1.6 mol% UPy-SBR 2.6 mol% UPy-SBR 
Tensile strain at break (%) 351± 38          595± 62        332± 7 
Tensile stress at break (MPa) 0.16± 0.02 4.03± 0.27 7.75± 0.17 
Young’s Modulus (MPa) 0.995 ±  0.104 2.42 ± 0.17 10.2± 1.9 
Instron 5500, 100 mm/min, film formation for a dog bone: melt press at 150 ºC 

 
The Storage modulus of the 1.6 mol% UPy-SBR, the 2.0 mol% SBR-E, and SBR 

as a function of temperature were measured to verify the thermoreversible behavior of 

UPy-SBR (Figure 5.10).  As shown in Figure 5.10, the 1.6 mol% UPy-SBR did not show 
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any decrease in melt viscosity at higher temperatures, whereas both the precursor SBR 

and the SBR-E showed a consistent decrease in melt viscosity with increasing 

temperature.  Such thermo-irreversible behavior is often seen in covalently crosslinked 

polymers, which may imply the UPy-SBR was covalently crosslinked.  However, the 

reaction scheme we used did not introduce any covalent crosslinks—although we cannot 

eliminate the possibility that this occurred during the derivatization steps.  Strong 

quadruple hydrogen-bonding interactions between high molecular weight SBRs are 

thought to raise the dissociation or flow temperature.  As reported in many polyurea 

studies,17, 18, 21 strong hydrogen-bonding interactions prevent polyureas from flowing 

until a temperature of 200-250 °C has been reached.  TGA experiments showed that UPy 

groups start degrading at 180-225 ºC.  Similarly, the dissociation temperature for UPy-

SBR polymers might be higher than the degradation temperature.  And indeed, once the 

cleavage of UPy groups has occurred, covalent crosslinking seemed to follow, as 

evidenced by TGA results. 
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Figure 5.10  Storage modulus as a function of temperature for unmodified and 

modified SBR 
 

As a component of this study, we performed stress-strain experiments involving 

composites films of 1.6 mol % UPy-SBR with pristine CNTs and UPy-functionalized 

CNTs using dogbone-shaped film samples (n = 3) under ambient conditions.  The 

resulting non-uniform cast films and the difficulty in performing CNT and UPy-CNT 

dispersions in the SBR matrix using a high viscosity media prevented us from obtaining 

any consistent results.  Therefore, we were unable to formulate any meaningful stress-

strain assessments of these composite films.  

 
5.5  Conclusions 

The quantitative epoxidation and hydroxyl functionalization of SBRs were 

achieved and a novel UPy isocyanate compound, MIC-IPDI, was successfully 

synthesized.  1H NMR and FAB-MS of MIC-IPDI confirmed the proposed chemical 
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structure.  Reactions of 2.0 mol% and 3.6 mol% SBR-OH with MIC-IPDI resulted in 1.6 

mol% and 2.6 mol% UPy-functionalized SBRs, respectively.  Initial weight losses in 

TGA were consistent with the weight fraction of the incorporated UPy groups in the 

UPy-SBRs.  The SCMHB network served as a mechanically effective crosslinking 

network.  The crosslinked networks raised the Tg and significantly increased mechanical 

performance.  However, melt viscosity measurements corroborated the thermo-

irreversible behavior of these polymers.  We attributed this to (1) an occurrence of 

covalent-crosslinking, or (2) the fact that too many UPy groups had been incorporated in 

the UPy-SBRs.  This suggests that reducing the number of UPy groups in styrene-

butadiene rubbers would be desirable.  Another possible strategy might involve the use of 

UPy-methacrylate as one of monomers in a styrene, 1,3-butadiene polymerization.  In so 

doing, the derivatization steps would not be required to synthesize UPy-SBR with similar 

chemical composition, as documented in this study. 
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Chapter 6:  Influence of Site-Specific Sulfonation on Acrylic 
Graft Copolymer Morphology 

 
Taken from: 
Tomonori Saito, Brian D. Mather, Philip J. Costanzo, Frederick L. Beyer and Timothy E. 
Long,, “Influence of Site-Specific Sulfonation on Acrylic Graft Copolymer Morphology”, 
Macromolecules, ASAP  

 

6.1 Abstract 

Novel site-specifically sulfonated graft copolymers, poly(methyl methacrylate)-g-

(poly(sulfonic acid styrene)-b-poly(tert-butyl styrene)), poly(methyl methacrylate)-g-

(poly(tert-butyl styrene)-b-poly(sulfonic acid styrene)), and the corresponding sodium 

sulfonate salts were successfully synthesized.  The weight average molecular weights 

(Mw) of the graft copolymers were approximately 200000 g/mol and the polydispersity 

ranged from 1.86 to 2.22.  The graft copolymers contained approximately 9 – 10 

branches on average and 4 wt% of sulfonic acid or sodium sulfonate blocks adjacent to 

the backbone or at the branch terminus.  The mobility of the sulfonated blocks located at 

the branch terminus enabled the sulfonated blocks to more readily interact and form ionic 

aggregates.  The glass transition temperatures of the sulfonated graft copolymer with 

sulfonated blocks at the branch terminus were higher than values for copolymers with 

sulfonated blocks adjacent to the backbone.  This behavior was attributed to the 

sulfonated blocks at the branch terminus more easily forming ionic aggregates.  In 

general, appearance of multiple scattering maxima in the small-angle X-ray scattering 

(SAXS) data indicated the formation of lamellar morphologies.  More facile aggregation 

of sulfonated blocks at the branch terminus resulted in the appearance of ionomer peaks 

in SAXS whereas ionomer peaks were not observed in sulfonated graft copolymers with 
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sulfonated blocks adjacent to the backbone.  Reasonable fits of the Yarusso-Cooper 

model to the SAXS data strongly supported the identification of the non-lamellar maxima 

as ionomer peaks.  Strong ionic interactions with Na+ counter-ions reduced the Bragg 

spacings, d, of the sodium sulfonate graft copolymers and increased the size of the ionic 

aggregates.  The location of sulfonated blocks in both sulfonic acid and sodium sulfonate 

graft copolymers significantly affected thermal properties and morphologies. 

 

6.2 Introduction 

Graft copolymers enable a wide variety of emerging applications due to their 

unique macromolecular architecture.  Understanding intra- and intermolecular 

interactions in graft copolymers is crucial for tuning the functionality and performance of 

graft copolymers.  Well-defined synthesis and characterization of graft copolymers is 

necessary to understand their unique structure-property relationships.1  A generally 

accepted strategy for obtaining more well-defined branched polymers involves 

copolymerization of macromonomers with backbone-forming monomers.  A 

macromonomer is defined as a functional oligomer with a polymerizable end group.2  

The chain length of the macromonomer, which defines the length of branches in the graft 

copolymer, is predetermined and precisely controlled using living polymerization 

strategies.  The choice of monomers and the order of monomer addition also control the 

composition of the branch and backbone upon subsequent copolymerization.3   

Block copolymers, graft copolymers, and ionomers often exhibit microphase 

separation, and this morphological control dramatically influences the physical properties 

of the polymer.  Occurrence of microphase separation depends on many factors, 
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including compositional dissimilarity, molecular weight, and crystallizability.4  The 

Flory-Huggins binary segmental interaction parameter, χ, describes the degree of the 

enthalpic interactions between components.  The volume fraction of the component and 

χN/λ, where N is the degree of polymerization, and λ is the number of branches per graft 

copolymer, predict the phase behavior of graft copolymer systems.5    

Gido and coworkers6, 7 demonstrated the utility of the constituting block 

copolymer hypothesis in their studies on several graft copolymers.  The graft copolymers 

possessed either regularly spaced tetrafunctional branch points6 or randomly placed 

trifunctional and tetrafunctional branch points.7  The morphological behavior of the 

regularly spaced graft copolymers supported the constituting block copolymer hypothesis, 

in which smaller architectural subunits of the graft copolymers dictated the 

morphological behavior of the large complex architectures of graft copolymers.6  Graft 

copolymers with randomly placed branch points also followed the constituting block 

copolymer hypothesis, but exhibited less well-ordered morphologies than analogues with 

regularly spaced branch points.7  

Holdcroft et al. synthesized graft copolymers containing ionic polymer grafts 

(polystyrene sulfonic acid graft chains) attached to a hydrophobic backbone.8, 9  Their 

macromonomer strategy resulted in uniform graft chain length of the poly(styrene 

sulfonic acid) branches.  They studied the thermal, morphological, and proton exchange 

properties.  This study provided insight into the importance of a well-defined graft 

copolymer in determining and understanding the structure-property relationships.  

Although this class of ionomeric graft copolymers is suitable for studying structure-

property relationships, due to the challenging synthesis of well-defined ionomers, the 
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relationship between structure and morphology of branched polymers remains as a 

challenge.   

We are interested in the structure-property relationships of multiphase ionomers 

as a function of the relative location of sulfonated blocks.  The location of sulfonated 

blocks in branched architecture is expected to affect various properties.  Understanding 

this fundamental concept may provide important insight for macromolecular design and 

property tuning.  Researchers have predicted that the distribution of sulfonated groups 

along the backbone, acid strength, and the relative location to the polymer backbone have 

a considerable effect on the final morphology and properties.10   However, due to 

synthetic difficulties, most synthetic methods that are utilized to form acid- and ion-

containing polymers such as proton exchange membranes have resulted in random or 

statistical placement of sulfonic acid units along the copolymer chain.10, 11  Thus, a 

fundamental study of the structure-property relationships with well-defined branched 

sulfonated ionomers has only received sparse attention.   

This chapter describes selectively sulfonated graft copolymers, which leads to the 

elucidation of structure-property relationships of sulfonated graft copolymers as a 

function of the relative location of sulfonated blocks.  The structures and schematic 

representations of the site-specifically sulfonated graft copolymers are shown in Figure 

6.1.  The synthetic methodology that was utilized for controlled graft copolymer 

synthesis with precise location of sulfonated blocks involved preformed 

macromonomers.12  Poly(t-butyl styrene)-b-polystyrene (PtBS-b-PS)  diblock 

macromonomers were synthesized via living anionic polymerization.  The diblock 

macromonomer contained 1000 g/mol polystyrene and 9000 g/mol poly(t-butyl styrene).  
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The macromonomer ensured controlled molecular weight and distribution of the graft.  

PtBS-b-PS diblock macromonomers were subsequently copolymerized with methyl 

methacrylate (MMA).  Polystyrene blocks were selectively sulfonated as the t-butyl 

group hindered sulfonation of the poly(t-butyl styrene) blocks.13-19  The sulfonated blocks 

were placed either adjacent to the backbone, which will be referred to as A, or at the 

branch terminus, which will be referred to as B.  In this manuscript, we will discuss the 

synthesis of well-defined site-specifically sulfonated graft copolymers and thermal and 

morphological characterization of the sulfonated graft copolymers using differential 

scanning calorimetry (DSC), small angle X-ray scattering (SAXS), and transmission 

electron microscopy (TEM) as a function of relative location of sulfonated blocks.  

  

Figure 6.1  Chemical structures and schematic images of the site-specifically 
sulfonated graft copolymers 

 

6.3 Experimental 

6.3.1 Materials and Chemicals 

Styrene (Aldrich, 99%) and tert-butyl styrene (Scientific Polymer Products, 95%) 

were dried over calcium hydride (Aldrich, 95%) for 24 h and distilled under vacuum.  

The monomers were treated with an aliquot of dibutylmagnesium (Aldrich, 1.0 M) and 

distilled under vacuum prior to use.  Cyclohexane (Burdick & Jackson, HPLC) and 

Poly(methyl methacrylate) backbone

Poly(t-butyl styrene) block, 9000 g/mol 

A  Sulfonated blocks adjacent to backbone
Poly(methyl methacrylate) backbone

Poly(t-butyl styrene) block, 9000 g/mol

Sulfonated polystyrene 
block, 1000 g/mol Sulfonated polystyrene 

block, 1000 g/mol 

B  Sulfonated blocks at branch terminus 
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tetrahydrofuran (THF, Fischer Scientific) were passed through an activated molecular 

sieve column (Aldrich, 60 Å mesh) and activated alumina column immediately prior to 

use.  Methacryloyl chloride (Aldrich, 96%) was distilled under nitrogen. Triethylamine 

(Aldrich, 99%) was stirred over calcium hydride (Aldrich, 95%) and distilled under 

vacuum.  Methyl methacrylate (MMA, 98%, Aldrich) was de-inhibited via passing 

through activated basic alumina column.  sec-Butyllithium (Aldrich, 1.4 M), ethylene 

oxide (Aldrich, 99.98%), 2,2-azobisisobutyronitrile (AIBN, 99%, Aldrich,) 

dichloroethane (Aldrich, 99%), acetic anhydride (Aldrich, 98%) and sulfuric acid 

(Aldrich, 98%) were used as received.  

6.3.2 Synthesis of Hydroxy-terminated Poly(tert-butyl styrene-block-styrene) 

A 500 mL-capacity anionic polymerization reactor was filled with cyclohexane 

(350 mL) and the temperature was maintained at 50 °C. tert-Butyl styrene (44.12 mL, 

39.00g) was syringed into the reactor.  sec-Butyllithium (3.961 mL, 4.333 mmol) was 

then added to the solution to initiate anionic polymerization. As illustrated in Scheme 6.1 

(1), the first reaction was allowed to proceed 1 h and the second monomer, styrene (4.767 

mL, 4.333 g) was added. After 1 h of polymerization, ethylene oxide was bubbled 

through the reaction solvent for 2 min and then terminated by adding acidified methanol. 

The diblock copolymer was precipitated into methanol, and the recovered polymer was 

dried at 100 °C in vacuum for 24 h.  Synthesis of γ-hydroxy-poly(styrene-block-tert-butyl 

styrene) was also performed by exchanging the order of first block (tert-butyl styrene) 

and the second block (styrene) addition.  1H NMR (400 MHz, CDCl3, δ): 0.6 – 0.8 ppm 

(br, CH3CH2CH(CH3)-), 0.9 – 2.5 ppm (br, -CH2-, -CH2CH-,  -C(CH3)3 in polystyrene 



 

131

and poly(t-butyl styrene) units), 3.2 – 3.4 ppm (br, -CH2CH2OH), 6.0 – 7.3 ppm (br, 

aromatic protons in polystyrene and poly(t-butyl styrene) units).     

+
secBuLi
Cyclohexane
50 ºC, 1 h

CH
CH3

CH2H3C CHCH2 CHCH2 Li
n-1

50 ºC, 1 h

CH
CH3

CH2H3C CHCH2 CHCH2 Li
n

CH2 CH
m-1 +

O H+ in MeOH
CH
CH3

CH2H3C CHCH2 CHCH2
n

CH2 CH2OH
m

+
O

Cl

Triethylamine
THF
0     25 ºC, 18 hCH

CH3
CH2H3C CHCH2 CHCH2

n
CH2 CH2OH

m

+
O

O

AIBN 0.2 wt%
Ethyl Acetate
65 ºC, 48 h

50 wt%

50 wt%

CH2 C

O

CH2OCH
CH3

CH2H3C CHCH2 CHCH2
n

CH2
m

O

CH2OCH
CH3

CH2H3C CHCH2 CHCH2
n

CH2
m

O
CH2

O

CHH3C
CH2
CH3

CH
CH2

CH
CH2

n

CH2

m

O
CCH2

O
k l

CH2 C

O
CH2

O

CHH3C
CH2
CH3

CH
CH2

CH
CH2

n

CH2

m

O
CCH2

O
k l CH2 C

O
CH2

O

CHH3C
CH2
CH3

CH
CH2

CH
CH2

n

CH2

m

O
CCH2

O
k l

S OH
O

O

H2SO4
Acetic Anhydride
Dichloroethane
50 ºC, 5 h, MeOH

(1)

(2)

(3)

(4)

 

Scheme 6.1  Synthesis of selectively-sulfonated graft copolymers, (1) synthesis of γ-
hydroxy-poly(tert-butyl styrene-b-styrene (PtBS-b-PS-OH), (2) reaction of 
PtBS-b-PS-OH with methacryloyl chloride, (3) graft copolymerization of 
methyl methacrylate with the methacrylate macromonomer, (4) 
sulfonation of the graft copolymers 
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6.3.3 Functionalization of Hydroxy-terminated Diblock Copolymers to 
Methacrylate Macromonomers  

 
γ-hydroxy-poly(tert-butyl styrene-block-styrene) (36.60 g) was dissolved in THF 

(350 mL). Triethylamine (3.014 mL, 18.94 mmol) was syringed into the reaction vessel.  

After cooling to 0 °C, methacryloyl chloride (1.683 mL, 17.22 mmol) in dry THF (10 

mL) was added dropwise.  The reaction proceeded for 18 h with warming to room 

temperature. The macromonomer was precipitated into isopropyl alcohol, and the 

recovered copolymer was dried at 50 °C in vacuum for 24 h (Scheme 6.1 (2)).  1H NMR 

(400 MHz, CDCl3, δ): 0.6 – 0.8 ppm (br, CH3CH2CH(CH3)-), 0.9 – 2.5 ppm (br, -CH2-, -

CH2CH-,  -C(CH3)3, CH2=C(CH3)-), 3.7 – 4.1 ppm (br, -CH2CH2OCO-), 5.5 ppm (d, J = 

17.2 Hz, CHHtrans=C(CH3)-), 5.9 ppm (d, J = 17.2 Hz, CHHcis=C(CH3)-),  6.0 – 7.3 ppm 

(br, aromatic protons in polystyrene and poly(t-butyl styrene) units).     

6.3.4 Graft Copolymerization of Methacrylate Macromonomers with Methyl 
Methacrylate 

 
Methacrylate macromonomer (10.1 g), methyl methacrylate (10.737 mL, 10.1 g) 

and AIBN (40.2 mg) were dissolved in ethyl acetate (90 mL). Nitrogen was bubbled 

through the solution for 10 min.  The reaction proceeded for 48 h at 65 °C (Scheme 6.1 

(3)).  The graft copolymer was precipitated into methanol.  The precipitated graft 

copolymer was filtered and dried at 100 °C in vacuum for 24 h.  The graft copolymers, 

poly(methyl methacrylate)-g-(polystyrene-b-poly(tert-butyl styrene) (PMMA-g-PS-b-

PtBS) and poly(methyl methacrylate)-g-(poly(tert-butyl styrene)-b-polystyrene) (PMMA-

g-PtBS-b-PS), were separated from residual methacrylate macromonomer via 

cyclohexane extraction for 3 days.  1H NMR (400 MHz, CDCl3, δ): 0.6 – 0.8 ppm (br, 

CH3CH2CH(CH3)-), 0.9 – 2.5 ppm (br, -CH2-, -CH2CH-,  -C(CH3)3, -C(CH3)-), 3.4 – 3.9 
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ppm (br, -CH2CH2OCO-, CH3OCO-), 6.0 – 7.3 ppm (br, aromatic protons in polystyrene 

and poly(t-butyl styrene) units).     

6.3.5 Selective Sulfonation and Na+ Neutralizaton of Graft Copolymers 

2.5 M acetyl sulfate solution was generated via the sequential addition of sulfuric 

acid (9.3 mL, 0.175 mol) and acetic anhydride (18.9 mL, 0.200 mol) in dichloroethane 

(41.8 mL) at 0 °C.20-27  PMMA-g-PS-b-PtBS (10.5 g) was dissolved in dichloroethane 

(75.0 mL).  Nitrogen was bubbled through the solution for 10 min.  The reaction scheme 

is shown in Scheme 6.1 (4). The reactor was maintained at 50 °C and the acetyl sulfate 

solution (27.1 mL, 2.5 M in dichloroethane) was slowly added.  The reaction was allowed 

to proceed for 5 h at 50 °C until methanol was added to terminate the reaction.  The 

poly(styrene sulfonic acid)-containing graft polymer was first precipitated in a 1:1 

mixture of methanol and water, filtered, re-dissolved in THF, and then precipitated into 

water. The precipitation and recovery were repeated at least three times.  The dried 

sulfonic acid-containing graft polymer was re-dissolved in THF and the acid groups were 

neutralized with one equivalent of NaOH solution (1 mol/L).  The product polymer was 

isolated by precipitation into hot water. 

6.3.6 Polymer Characterization 

1H NMR spectra of the polymers were obtained on a Varian Unity spectrometer 

operating at 400 MHz at ambient temperature.  Deuterated chloroform (Cambridge 

Isotope Laboratories) was used as the solvent.  Size exclusion chromatography (SEC) 

measurements were performed in THF at 40 °C at flow rate 1 mL/min using a Waters 

size exclusion chromatograph equipped with an autosampler, three in-line 5 µm PLgel 

Mixed-C columns, a Waters 410 refractive index (RI) detector operating at 880 nm, and a 
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miniDAWN multiangle laser light scattering (MALLS) detector operating at 690 nm 

which was calibrated with narrow polydispersity polystyrene standards. The RI increment 

(dn/dc) was calculated online.  All reported weight-average molecular weights are 

absolute molecular weights, which were obtained using the MALLS detector.  Glass 

transition temperatures were determined using a differential scanning calorimeter (DSC) 

Q200 (TA instruments) at a heating rate of 10 °C/min under nitrogen.  Glass transition 

temperatures are reported as the onset and the transition midpoint during the second heat.   

6.3.7 Morphological Characterization 

Solvent cast films of the graft polymer precursors and the sulfonic acid graft 

copolymers were prepared from 5 wt% solutions of the polymer in toluene.  The 

solutions were covered to slow solvent evaporation, and films formed over a period of 20 

days.  Solvent cast films of the sodium sulfonate graft copolymers were prepared from 5 

wt% polymer MeOH/THF (50/50) solution, and film formation occurred over a period of 

2 days.  The sodium sulfonate graft copolymers are insoluble in THF and a polar protic 

solvent needed to be added.  The highest solubility of sodium sulfonate graft copolymers 

were observed in MeOH/THF (50/50).  Thin sections of the graft copolymer films (~ 50 

nm) were prepared for TEM by embedding the bulk films in epoxy and ultramicrotoming 

using a Leica EM-FCS microtome at room temperature.  Only the unsulfonated samples 

were able to be sectioned.  The sections were then stained 4 h in OsO4 vapor.  TEM was 

performed using a JEOL 200CX TEM operated at an accelerating voltage of 120 kV.  

SAXS data were collected with a customized pinhole collimated 3 m camera.  X-rays 

were generated with a Rigaku Ultrax18 rotating Cu anode generator operated at 45 kV 

and 100 mA, then filtered with Ni foil to select the CuKα doublet (λ = 1.542 Å).  Two-
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dimensional data sets were collected using a Molecular Metrology multi-wire area 

detector, located approximately 150 cm from the sample.  The raw data were corrected 

for absorption and background noise, then azimuthally averaged.  The corrected data 

were placed on an absolute scale using a sample of type-2 glassy carbon previously 

calibrated at the Advanced Photon Source, Argonne National Laboratory.   

All data reduction and analysis was performed using Igor Pro v5.04B from 

Wavemetrics, Inc.  The features in the scattering data were analyzed by fitting a 

multivariate model to the data using the least squares analysis tool in Igor Pro.  Bragg 

diffraction maxima were modeled as Lorentzian (Cauchy) distributions with three 

variables (amplitude, position, and width). Background functions were usually the sum of 

a constant (one variable) and a power law (two variables), although for determining peak 

positions of strong maxima, a linear background function may have been used.  Ionomer 

scattering maxima were fit using the Yarusso-Cooper model with four independent 

variables, as discussed below.  For complex combinations of functions, rather than letting 

all variables be minimized independently, sections of the data were fitted separately to 

obtain starting values for subsequent analyses.  Where higher order Bragg diffraction 

maxima were present, the starting values for the distribution centers were taken as the 

corresponding multiple of the primary Bragg diffraction peak center. 

 

6.4 Results and Discussion 

6.4.1 Synthesis of Methacrylate Macromonomers 

Hydroxy-terminated poly(tert-butyl styrene-b-styrene) (PtBS-b-PS-OH) and 

hydroxy-terminated poly(styrene-b-tert-butyl styrene) (PS-b-PtBS-OH), containing 1000 
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g/mol polystyrene block and 9000 g/mol poly(tert-butyl styrene) block were synthesized 

via living anionic polymerization and end-capping of the living styryl anions with 

ethylene oxide.  The structural characterization of the diblock copolymers are 

summarized in Table 6.1.  Molecular weights (Mn from NMR and SEC) of the diblock 

copolymers ranged from 9500 - 10300 g/mol with narrow molecular weight distributions 

(Mw/Mn) 1.07 – 1.10.  Based on the integration of the 1H NMR resonance for the 

methylene adjacent to the hydroxyl at 3.2 – 3.4 ppm to the integration of the 1H NMR 

resonance for the two methyls in the sec-butyl fragment at 0.6 - 0.8 ppm, 100 % 

endcapping to the terminal hydroxyl group was obtained for all diblock copolymers.  The 

hydroxyl end-groups of the diblock copolymers (PtBS-b-PS-OH and PS-b-PtBS-OH) 

were reacted with methacryloyl chloride to produce methacrylate macromonomers 

(PtBS-b-PS-methacrylate and PS-b-PtBS-methacrylate). Conversion of hydroxyl groups 

to methacrylate groups ranged from 80 – 87 % based on the analysis of the shift of the 

alcohol methylene resonance at 3.2 – 3.4 ppm to ester methylene resonance at 3.7 – 4.1 

ppm.  Thus, the functionality of the methacrylate macromonomers was 0.80 – 0.87.   

Table 6.1  Properties of hydroxy-terminated poly(tert-butyl styrene-b-styrene) and 
poly(styrene-b-tert-butyl styrene) 

 Mn
a Mn

b Mn PSa Mn PSb Mw/Mn
b 

EO-
endcapping 

[%] 
PtBS-b-PS-OH   9740   9670 1020 1790 1.10 100 
PS-b-PtBS-OH 10300 10200   N/A   915 1.07 100 

a 1H NMR conditions; Varian Unity 400 MHz, CDCl3 
b Determined using SEC at 40 °C in THF with a MALLS detector 
 
6.4.2 Graft Copolymerization of Methacrylate Macromonomer with MMA and 

Subsequent Sulfonation of Polystyrene Blocks 
 

Graft copolymerization of methacrylate macromonomer with MMA via free 

radical copolymerization was performed.  The results are summarized in Table 6.2.  
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Sample A has polystyrene blocks adjacent to the PMMA backbone, and sample B has 

polystyrene blocks at the branch terminus.  The weight average molecular weights were 

approximately 200000 g/mol, and the polydispersity indices were near 2.0.  

Representative SEC traces of a graft copolymer and a macromonomer are shown in 

Figure 6.2.  All SEC results showed a monomodel signal, indicating that the cyclohexane 

extraction quantitatively removed residual macromonomer.  Isolated yields were 60 – 

66 % and based on final composition, macromonomer conversion was 43 – 56 %.  In the 

1H NMR spectrum of the graft copolymers, integrations of the aromatic region (6.0 – 7.3 

ppm) and methyl esters in PMMA (3.4 – 3.9 ppm) determined the molar ratio of PMMA 

to macromonomer.  Based on the polymer composition from 1H NMR and molecular 

weight of the graft copolymers using SEC, an average number of branches (λ) of the graft 

copolymers were calculated and listed in Table 6.2.  The graft copolymers contained 9 - 

10 branches on average.  The wt% and the volume fractions of polystyrene (PS) block in 

the graft copolymers were approximately 4 wt% and 0.04, respectively.   

Site-specific sulfonation of PS blocks with acetyl sulfate solution was performed 

and the sulfonic acid content was determined via acid-base titration.  All graft 

copolymers were 100 % sulfonated of the polystyrene block based on titration results.  

Thus, approximately 4 wt% of the graft copolymer was precisely sulfonated as shown in 

Figure 1.  The sulfonic acid graft copolymers, poly(methyl methacrylate)-g-(sulfonated 

polystyrene-b-poly(tert-butyl styrene)) (PMMA-g-SPS-b-PtBS) and poly(methyl 

methacrylate)-g-(poly(tert-butyl styrene)-b-sulfonated polystyrene) (PMMA-g-PtBS-b-

SPS), were successfully synthesized.  Finally, a portion of the sulfonic acid graft 

copolymers, both PMMA-g-SPS-b-PtBS (A) and PMMA-g-PtBS-b-SPS (B) were 



 

138

neutralized with NaOH to produce sodium sulfonate graft copolymers, poly(methyl 

methacrylate)-g-(sodium sulfonate polystyrene-b-poly(tert-butyl styrene) (PMMA-g-

NaSPS-b-PtBS) and poly(methyl methacrylate)-g-(poly(tert-butyl styrene)-b-sodium 

sulfonate polystyrene) (PMMA-g-PtBS-b-NaSPS).  The equivalent weight (EW) of 

PMMA-g-SPS-b-PtBS (A) and PMMA-g-PtBS-b-SPS (B), which is defined as the 

weight of polymer per mole of sulfonic acid groups, was estimated to be approximately 

2200 g/mol (A) and 2700 g/mol (B), respectively, although the distribution of ionic 

species in these samples is not random and the EW measure is not very helpful in 

describing the salient characteristics of these block-specific sulfonated copolymers.  Ion 

exchange capacity was determined as 0.36 meq/g (A) and 0.33 meq/g (B), respectively. 

Non-sulfonated graft copolymers, sulfonic acid graft copolymers, and sodium 

sulfonate graft copolymers were characterized using DSC, SAXS, and TEM and the 

influence of relative location of sulfonated blocks in the graft copolymer architecture will 

be discussed.  For simplicity, non-sulfonated graft copolymers A and B will be referred to 

AG and BG, sulfonic acid graft copolymers will be referred to AH and BH, and sodium 

sulfonate graft copolymers will be referred to ANa and BNa. 

Table 6.2  Properties of graft copolymers 

 
Number of 
branches λ 

PMMA 
[wt%] 

PtBS 
[wt%] 

PS 
[wt%] 

PMMA 
f 

PtBS 
f 

PS 
f Mw

a Mw/Mn
a

A 9 58.0 37.9 4.1 0.53 0.43 0.04 176000 2.22 
B 10 54.0 42.2 3.8 0.49 0.47 0.04 234000 1.86 

f: volume fraction 
a Determined using SEC at 40 °C in THF with a MALLS detector 
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Figure 6.2  SEC traces of a graft copolymer, PMMA-g-PtBS-b-PS and a 

macromonomer, PS-b-PtBS-methacrylate 
SEC conditions: at 40 °C in THF with RI and MALLS detector 
 

6.4.3 Thermal Characterization 

Glass transition temperatures (Tg) of PMMA-g-PS-b-PtBS (AG), PMMA-g-PtBS-

b-PS (BG), PMMA-g-SPS-b-PtBS (AH), PMMA-g-PtBS-b-SPS (BH), PMMA-g-NaSPS-

b-PtBS (ANa), and PMMA-g-PtBS-b-NaSPS (BNa) are shown in Table 6.3.  All the Tgs 

were determined from the second heating cycle at 10 °C/min.  Some of the samples upon 

the first heating cycle provided two transitions, which were consistent with Tgs of PMMA 

and PtBS.  All graft copolymers had a single Tg in the second heating cycle.  This 

suggested that the rapid cooling rate in DSC did not provide sufficient time for 

microphase separation to occur.  Graft copolymers with immiscible blocks such as 

poly(vinyl acetate)-g-poly(dimethylsiloxane) and  poly(vinyl acetate)-g-polystyrene5 

typically exhibit a Tg for each block.  However, the graft copolymers with low χ value 

blocks such as poly(n-butyl acrylate)-g-polystyrene have been reported to show a single 

Tg.28   

The Gordon-Taylor equation (equation 6-1) was used to predict the Tg of the graft 

copolymers.  The reference Tgs of poly(methyl methacrylate), poly(t-butyl styrene) and  
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polystyrene were 120 °C, 145 °C, and 100 °C, respectively.29  The Tgs and the weight 

fractions of each block in Table 2 were inserted into the Gordon-Taylor equation:      

PSg

PS

PtBSg

PtBS

PMMAg

PMMA

g T
w

T
w

T
w

T ,,,

1
++=      (6-1) 

The calculated Tgs of AG and BG were 127 °C and 128 °C, respectively.  These Tgs 

agreed with the experimentally determined Tgs of AG and BG, reported in Table 6.3, 

suggesting that microphase separation did not occur, resulting in a single glass transition 

in the second heating cycle.   

The Tg values of the sulfonated graft copolymer with sulfonated blocks at the 

branch terminus (BH and BNa) were higher than the Tg values with sulfonated blocks 

adjacent to the backbone (AH and ANa).  The Tg for the PS block in sulfonated 

polystyrene block copolymer generally increases with the increase of the degree of the 

sulfonation (DS).30-32  For example, the Tg of the sulfonated polystyrene segment of 

sulfonated poly(styrene-b-[ethylene-co-butylene]-b-styrene) was reported to increase 

from 82 to 92 °C when DS increased from 2.8 to 14.3%.30  The Tg of SPS block of 

sulfonated poly([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) increased 

from 86 to 166 °C when DS increased from 0 to 40%.32   The increase of Tg is associated 

with ion content and the ionomeric effect.  Small regions of restricted mobility are known 

to act as physical crosslinks and raise Tg.31, 33  In this study, the relative location of the 

sulfonated block was presumed to affect Tg values since the sulfonated graft copolymers 

possessed similar DS.  The higher Tg values of BH and BNa suggested that the sulfonated 

blocks at the branch terminus more easily formed ionic interactions.  The mobility of the 

sulfonated blocks on the branch terminus of BH and BNa presumably enabled more 

sulfonated blocks to interact and produce ionic aggregates.  The sulfonated blocks on the 
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graft branches of AH and ANa were presumed to be less mobile due to the adjacent 

backbone and PtBS segments, preventing dense ionic associations to occur.   

Table 6.3  Glass transition temperatures (Tg) of PMMA-g-PS-b-PtBS (AG), PMMA-g-
PtBS-b-PS (BG), PMMA-g-SPS-b-PtBS (AH), PMMA-g-PtBS-b-SPS (BH), 
PMMA-g-NaSPS-b-PtBS (ANa), and PMMA-g-PtBS-b-NaSPS (BNa) 

 Tg (onset) [°C] Tg (midpoint) [°C] 
AG 122 130 
BG 123 130 
AH 122 131 
BH 128 136 
ANa 129 142 
BNa 135 151 

DSC conditions; TA instrument Q 200, 10 °C/min second heat 
  
6.4.4 Morphological Characterization 

It has been reported that the constituting unit of a graft copolymer, rather than the 

entire polymer, controls the morphological behavior of graft copolymers5-7, 34, 35  Phase 

behavior of graft copolymer systems depends on the volume fraction of the component 

and χN/λ, where χ is Flory-Huggins interaction parameter, N is the total degree of 

polymerization, and λ is the number of branches per graft copolymer.5   As discussed in 

Chapter 2, The values of χ were estimated from the molar volumes and the polymer 

solubility parameters via equation 2-4: 

( )
RT

V 2
120

12
δδ

χ
−

=                (2-4) 

where 0V  is the molar volume,  1δ  and 2δ  the solubility parameters of the respective 

polymer components, R the gas constant, and T  the temperature.  0V  was calculated from 

( ) 2/1
210 VVV =  where 1V  and 2V  are the molar volumes of the respective components.5  

The molar volumes of PMMA, PtBS, PS, and SPS are 85.6 cm3/mol, 168.7 cm3/mol, 99.0 

cm3/mol,36 and 129.1 cm3/mol,36 respectively, where the molar volume for SPS was 
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calculated using addition principle of the group contributions and the atomic 

contributions.36  The solubility parameters of PMMA, PtBS, PS, and SPS are 18.27 

(J/cm3)1/2,29 16.60 (J/cm3)1/2,29 18.66 (J/cm3)1/2,29 and 33.96 (J/cm3)1/2,37, 38 respectively, 

where the solubility parameter for PtBS was calculated using addition principle of the 

molar attraction constant.29   The calculated χ values at T = 298 K are summarized in 

Table 6.4.  The large difference of the solubility parameters between SPS and the other 

components led to very large values of χPMMA/SPS and χPtBS/SPS.  This trend agreed well 

with the trend of χPS/SPS in the literature,39, 40 although the calculation of χ value with ionic 

interaction may not represent the exact value of χ.  Beck Tan et al. reported χPS/SPS was at 

least 5.639 and Winey et al. concluded χPS/SPS was always greater than 25.40  The 

calculated results for χN/λ of the PMMA-g-PS-b-PtBS (AG), PMMA-g-PtBS-b-PS (BG), 

PMMA-g-SPS-b-PtBS (AH), and PMMA-g-PtBS-b-SPS (BH) at 298 K are tabulated in 

Table 6.5.  In AG and BG, PMMA/PtBS and PtBS/PS phases possess χN/λ = 13.4 – 25.5, 

within the weak segregation limit, whereas the χN/λ = 0.63 and 0.79 of PMMA/PS phase 

is too low to cause microphase separation.  Disordered microphase separated 

morphologies were expected for AG and BG since PMMA and PtBS were the dominant 

components, with volume fraction PMMA 0.49 – 0.53 and PtBS 0.43 – 0.47 which are 

shown in Table 2.  On the other hand, extremely large χN/λ values of PMMA/SPS and 

PtBS/SPS phases in AH and BH suggested that introduction of sulfonic acid groups would 

lead to very strong phase separation.  The extent of the microphase separation and the 

morphologies of these graft copolymers were characterized using SAXS and TEM.   

Table 6.4  χ values for the each components between PMMA, PS, PtBS and SPS at T =   
298 K   
χPMMA/PS χPMMA/PtBS χPtBS/PS χPMMA/SPS χPtBS/SPS 
0.00565 0.135 0.221 10.4 18.0 
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Table 6.5  Estimation of χN/λ values for the PMMA-g-PS-b-PtBS (AG), PMMA-g-PtBS-
b-PS (BG), PMMA-g-SPS-b-PtBS (AH), and PMMA-g-PtBS-b-SPS (BH) at T 
= 298 K   

 χPMMA/PSN/λ χPMMA/PtBSN/λ χPtBS/PSN/λ χPMMA/SPSN/λ χPtBS/SPSN/λ 
A 0.63 20.9 13.4 1173 1622 
B 0.79 25.5 14.7   979 1193 

 
SAXS is a powerful tool for determining the long-range structure within polymeric 

structures.41, 42  Scattering of X-rays by ordered structures generates data in the form of a 

Fourier transform of the morphology of the sample, and while the loss of morphological 

information due to the squaring of the scattering amplitude function requires the 

collection of additional morphological information to draw definitive conclusions, the 

ability to examine a large sample volume makes SAXS an appealing technique for 

characterizing bulk morphology.  SAXS is an appropriate characterization technique to 

observe the influence of relative location of sulfonated blocks with constant sulfonation 

level, 4 wt%, in the sulfonated graft copolymers. 

SAXS data for graft copolymers (AG and BG) that were prepared from 5 wt% 

solutions of the polymer in toluene are shown in Figure 6.3.  Absolute scattering intensity 

was plotted versus the magnitude of the scattering vector, q, where q = 2π·sin(θ)/λ, and 

2θ is the scattering angle.  The Bragg spacings, d, were calculated from the primary 

Bragg maxima as d = 2π/q and are listed in Table 6.6.  The data for sample AG clearly 

show multiple Bragg reflections, evidence of long-range morphological order.  For AG, 

the ratio q1:q2:q3 was approximately 1:2:3, consistent with the expected lamellar 

morphology.  The SAXS data for BG exhibited a very weak increase in scattered intensity 

at q ≈ 2·q1 (as indicated by the red arrow in Figure 6.3), implying that a very poorly 

formed lamellar morphology might be present.  It should be noted that these films were 

prepared with a very slow evaporation rate (20 days) to obtain morphologies more 
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equilibrium in character.  The SAXS data for AG and BG, which were cast quickly from 

THF, each showed only a single scattering maximum.  The lack of higher order 

reflections from THF cast films proved that the slow film formation process promoted 

self-assembly. 

 

Figure 6.3  SAXS profiles for PMMA-g-PS-b-PtBS (AG) and PMMA-g-PtBS-b-
PS (BG)  

 
Table 6.6  Physical properties of graft copolymers, sulfonic acid and sodium sulfonated 

graft copolymers investigated in SAXS 
 q1 maxima (= q*) [Å-1] q/q* d [nm]a Morphology 
AG 0.0316     1,2,3 19.9 Lamellar 
BG 0.0334     1,2 18.8 Lamellar 
AH 0.0279     1,2 22.5 Lamellar 
BH 0.0310     1,2 20.2 Lamellar + Ionic Aggregates 
ANa 0.0413     1,2 15.2 Lamellar 
BNa 0.0397     1  15.8 Ionic Aggregates 
aPrimary SAXS reflection, d = 2π/q* 
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Figure 6.4  TEM micrographs of PMMA-g-PS-b-PtBS (AG) and PMMA-g-PtBS-
b-PS (BG) 

  
Figure 6.4 shows TEM micrographs from samples AG and BG.  The micrograph of 

AG shows a lamellar morphology with both domains having approximately equal 

thicknesses.  TEM micrograph of BG shows microphase separation into a poorly ordered 

morphology in which some regions appear to have a lamellar character.  These 

observations from TEM are in agreement with the analysis of the SAXS data in Figure 

6.3.  The lamellar periods of AG and BG from TEM micrographs are approximately 

17 ( )2±  and 16 ( )2±  nm, respectively.  The lamellar spacings are in good agreement with 

the Bragg spacings, given in Table 6.6, as determined from the SAXS data.  PMMA and 

PtBS blocks should have a dominant contribution to the morphology and the expected 

morphology would be lamellar based on the volume fraction of PMMA and PtBS, 0.43 – 

0.53 in Table 3 and χPMMA/PtBSN/λ, 20.9 or 25.5 in Table 6.5.  χPMMA/PtBSN/λ = 20.9 or 25.5 

large enough to possess distinctive microphase separation in comparison with the order-

disorder transition boundary for comb copolymers with randomly placed graft junctions, 

approximately χN/λ = 10.35   

AG BG
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The different morphological behaviors of AG and BG are determined by a balance 

between relatively weak driving forces for microphase separation and self-assembly.  The 

main difference between AG and BG is the location of PS blocks, and because there is a 

significant difference between the χ values for the interactions between PS, PMMA, and 

PtBS, this difference in architecture has a critical effect.  In the AG copolymer, because 

the PS blocks are located adjacent to the PMMA backbone and are nearly miscible with 

PMMA (χPMMA/PS = 0.00565), the strong repulsive forces between PtBS and both PS 

(χPtBS/PS = 0.221) and PMMA (χPMMA/PtBS = 0.135) combine to dominate the morphological 

behavior.  These interactions push the morphological behavior into the weak segregation 

regime and a lamellar morphology is formed (χPMMA/PtBSN/λ = 20.9 and χPtBS/PSN/λ = 13.4).  

In the BG copolymer, however, the PS is located at the end of the grafts, away from the 

PMMA backbone, dramatically impeding the ability of the graft copolymer to 

microphase separate and form an ordered morphology.  Although the PtBS blocks are 

strongly immiscible with the PMMA backbone, they are also strongly repelled by the PS 

blocks at the end of the grafts.  Combined with the near miscibility of the PS and PMMA 

blocks, the formation of microphase separated domains containing both PS and PtBS is 

strongly inhibited.  As a result, the morphology of BG, as shown in Figure 6.4, is 

microphase separated, but with poorly ordered, frustrated lamellar domains. 

Sulfonation of these complex graft copolymers further complicates their 

morphological behavior.  SAXS profiles for sulfonic acid graft copolymers (AH and BH) 

that were cast from 5 wt% solutions of the polymer in toluene are shown in Figure 6.5.  

Two Bragg reflections in the SAXS data for AH indicate that this material retains its 

lamellar morphology, although with a slight decrease in long-range order.  The maxima 
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positions q1 and q2 and the Bragg spacings, d, are summarized in Table 6.  The data for 

sample BH show two maxima, but the shape of the second maximum is unusually broad 

and was not fit well with a single Lorentzian or Gaussian distribution as would be the 

case for a Bragg reflection.  If the angle at which the maximum intensity of the second 

scattering maximum for BH is taken as q2, then BH also exhibits a 2:1 ratio of scattering 

maxima value, again consistent with the predicted lamellar morphology.   

 

Figure 6.5  SAXS profiles for sulfonic acid graft copolymers PMMA-g-SPS-b-
PtBS (AH) and PMMA-g-PtBS-b-SPS (BH)  

 
Due to the extremely brittle nature of sulfonated samples, TEM data were not 

obtained.  However, for both AH and BH, the SAXS data (Figure 6.5) show clear and 

noteworthy differences from that obtained for AG and BG.  In both AH and BH, the 

polystyrene sulfonic acid  (SPS) blocks comprise only 4 wt% of each graft copolymer, 
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but due to the strong enthalpic repulsion between the SPS and both PMMA and PtBS 

(χPMMA/SPS  = 10.4 and χPtBS/SPS = 18.0), the morphological behavior as deduced from the 

SAXS data is significantly altered.  First, quick casting from THF was sufficient to 

produce well-ordered lamellar microphase separation, a marked contrast from the 

behavior of the THF-cast AG and BG.  Second, for AH, the location of the SPS block at 

the PMMA backbone has an effect similar to the location of the PtBS block at the 

backbone in BG, creating a situation where the block grafted to the backbone is strongly 

driven to microphase separate both from the backbone and the end of the graft.  In the 

case of AH, the underlying lamellar morphology of the graft copolymer is only somewhat 

disrupted, with only two Bragg maxima observed in SAXS, rather than the three maxima 

observed for AG (Figure 6.3).  Third, the lamellar period of AH (22.4 nm) is slightly 

larger than that for AG (19.6 nm), a natural result of the addition of bulky sulfonic acid 

groups to the PS block and possibly indicative of water uptake. 

The effect of sulfonating the PS block is much more profound for the B 

architecture (BH).  Instead of the single SAXS maximum observed for BG, a large, broad 

second maximum is observed.  The unusual shape of the second maximum in sample BH 

was estimated to be a combination of a second-order Bragg reflection, located around q ≈ 

2*q1, and a third feature in the scattering data.  The molecular architecture of this sample, 

with sulfonated PS blocks at the end of the grafts, makes the formation of ionic 

aggregates such as those observed in ionomers very likely.  SAXS data for such ionomers 

is characterized by a strong “ionomer peak”, usually attributed to interparticle scattering 

between aggregates of ionic functional groups, and generally fit using the Yarusso-

Cooper (YC) model.43 
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The YC model treats the ionic aggregates as spherical particles with an ionic core 

having radius R1.  The ionic aggregates are not allowed to come into contact with each 

other, using the approach of Guinier and Fournet to include liquid-like ordering of the 

aggregates in the sample.42  A shell of restricted mobility with radius RCA defined from 

the center of each aggregate, where the closest approach distance between two aggregates 

is 2·RCA.  The average sample volume per aggregate is defined as Vp.  In this model, the 

X-ray scattering intensity is represented by 
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where I(q) is the observed intensity and Ie(q) is the intensity scattered by a single electron 

under the experimental conditions, V is  the volume of the sample, ρ1 is the electron 

density difference between the matrix and the ionic aggregate, and є is a constant close to 

unity.  Because Ie(q) can be regarded as a constant, the term Ie(q)Vρ1
2 can be viewed as a 

single adjustable parameter.  Thus, the model has four fitting parameters: R1, RCA, Vp, and 

Ie(q)Vρ1
2.  By fitting calculated scattering data to the experimental data, one can 

determine a combination of the four most probable fitting parameters, describing the 

characteristics of ionic aggregates in the sample.43-46    
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Figure 6.6  Fitting SAXS ionomer peak of PMMA-g-PtBS-b-SPS(BH) to 

Yarusso-Cooper model 
 

The result of fitting the YC model to the ionomer peak in the SAXS data for 

PMMA-g-PtBS-b-SPS (BH) is shown in Figure 6.6.  Lorentzian distributions were used 

for the primary Bragg maximum and for a secondary Bragg maximum centered at 

approximately 2·q1.  The significantly diminished intensity of the second order reflection 

relative to the primary Bragg reflection, in addition to the increase in peak width, is 

consistent with typical scattering data from lamellar materials with moderate long-range 

order.  The YC model was used to add a contribution from ionic aggregates to the second 

maximum in the data, which has a shape expanded beyond the second Lorentzian.  This 

approach generated hypothetical scattering data that fit the main features of the SAXS 

data very well, particularly the slight dip in scattered intensity between q2 = 0.06 Å-1 and 
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q = 0.085 Å-1, where the contributions from the second Bragg maximum and the ionomer 

peak overlap.  The YC fitting parameters for the ionomer peak are summarized in Table 

6.7.     

Table 6.7  Best-fit parameters of the Yarusso-Cooper model for the ionomer peak 

 R1 (Å) RCA (Å) Vp (Å3) RCA - R1 (Å) V1 (Å3) Vp
-1 (Å-3) V1/Vp 

BH  19 35 2.0 510×  16 2.9 410×  4.9 610−×  0.14 
BNa 30 38 2.5 510×   8 1.1 510×  4.0 610−×  0.45 

 

 
Figure 6.7  SAXS profiles for sodium sulfonate graft copolymers PMMA-g-

NaSPS-b-PtBS (ANa) and PMMA-g-PtBS-b-NaSPS (BNa) prepared 
from THF/MeOH  

 
The SAXS data for the sodium sulfonate graft copolymers (ANa and BNa), 

prepared from THF/MeOH solutions, are shown in Figure 6.7.  For sample ANa they 

show multiple Bragg reflections for which the ratio of scattering angles follows q1:q2 = 

1:2, indicating a lamellar morphology.  When compared to the scattering data for AH, the 
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peaks for ANa appear to have been broadened by neutralization of the copolymer with 

sodium, indicating the formation of a less well-ordered microstructure.  This observation 

agrees with Weiss’ findings that the SAXS reflections broadened as the ionic interactions 

increased (i.e., as the cation was changed from H+ to Zn2+ to Na+, the morphology 

became less ordered).47, 48  The degree of ordering of the block copolymer morphology 

should depend on the strength of the ion-dipole interactions since the relaxation behavior 

of the dipolar interactions dictates the local viscosity of the medium.48  The lamellar 

periods, d, of the sodium sulfonate graft copolymers were only 15.2 nm for ANa and 15.8 

nm for BNa, significantly less than those measured for either AG and BG or the acid forms 

AH and BH, confirming that the strong ionic interactions with the Na+ counter ions have a 

dominant effect on morphology.  The change of the Bragg spacings, d upon 

neutralization derived from shifting scattering maxima in SAXS profiles.  The positions 

of the primary Bragg maxima were shifted to higher q value upon neutralization.   

The scattering data for the second sodium neutralized copolymer, BNa, does not 

present scattering data typical of lamellar microphase separated block copolymer 

morphologies.  The second maximum is unusually strong and broad.  In addition, a third 

order reflection is also absent, which would be expected given the intensity of the second 

order reflection.  As was seen for BH, the molecular architecture of this sample, with 

sulfonated PS blocks at the branch termini, appears to promote the formation of ionic 

aggregates.  Therefore, the same approach used to model the scattering data for BNa was 

used for BH, where the second maximum was modeled as an ionomer peak using the YC 

model.  
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Figure 6.8  Fitting SAXS ionomer peak of PMMA-g-PtBS-b-SNaPS(BNa) to 

Yarusso-Cooper model 
 

The calculated scattering data fit to the SAXS data collected for PMMA-g-PtBS-

b-NaSPS (BNa) is shown in Figure 6.8.  The second maxima (ionomer scattering maxima) 

were fitted using the YC model.  A reasonable fit is obtained when the YC model is used 

to fit the second maximum while a Lorentzian is used for the primary scattering 

maximum, supporting the hypothesis that the second maximum is due primarily to the 

presence of ionic aggregates.   

The fitting parameters for BNa from the YC model are summarized in Table 6.7.  

R1 increases upon neutralization, while RCA remains constant.  This leads to a decrease in 

the thickness of the restricted mobility layer RCA - R1.  V1 increased due to the increase of 

R1, indicating that the size of the ionic aggregates increased upon neutralization.  The 

number density of scattering particles (1/Vp) was almost constant.  The volume fraction of 
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aggregates in the sample, V1/Vp increased upon neutralization.  A sodium counter ion is 

larger than a proton counter ion, which may lead to the increase of V1 and V1/Vp.  The 

increase of the number of sodium sulfonate blocks (the increase of the number of sodium 

sulfonate graft copolymers) per an aggregate might also lead to the increase of V1 and 

V1/Vp.   

 

6.5 Conclusions 

Novel selectively-sulfonated graft copolymers, PMMA-g-(SPS-b-PtBS) and 

PMMA-g-(PtBS-b-SPS) were successfully synthesized and characterized via DSC, 

SAXS, and TEM.  The graft copolymers contained approximately 9 – 10 branches on 

average and 4 wt% of sulfonic acid or sodium sulfonate blocks.  The location of the 

sulfonated blocks, either adjacent to the backbone or at the branch termini, was 

determined from the molecular architecture of the starting graft copolymer.  The thermal 

properties of the site-specific sulfonated graft copolymers were characterized using DSC 

and a single glass transition temperature was observed.  The sulfonated graft copolymer 

with sulfonated blocks at the branch terminus (BH and BNa) had higher Tg values than 

those with sulfonated blocks adjacent to the backbone (AH and ANa).  The trend of higher 

Tgs indicated that sulfonated graft copolymer B enabled more sulfonated blocks to 

interact due to the mobility of the sulfonated blocks at the graft ends.  SAXS data for the 

non-sulfonated graft copolymers (AG and BG), sulfonic acid graft copolymers (AH and 

BH), and sodium sulfonate graft copolymers (ANa), showed the Braggs reflections 

indicative of lamellar morphologies.  TEM confirmed the lamellar morphology of AG and 

lamellar-type morphology of BG.  Both χ and χN/λ values were used to predict the phase 
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behavior of the ordered morphologies considering the location of each block.  The 

expected morphologies from χ and χN/λ values were consistent with the observed 

morphologies.      

The SAXS data for the sulfonated graft copolymers with the B architecture 

revealed an ionomer peak whereas the sulfonated graft copolymers with the A 

architecture did not show evidence of ionic aggregates.  The presence of ionomer peaks 

in the B samples was consistent with the observation of strong ionic interaction in Tg 

analysis.  The scattering from the ionic aggregates was characterized using the YC model.  

The best-fit parameters via the YC model suggested an increase of the size of the ionic 

aggregates and decrease of the restricted mobility layer upon neutralization.   

The observation of resolved ionomer peaks in the scattering data for the samples 

with a B-type molecular architecture (BH and BNa) illustrated that the balance between 

molecular architecture and microphase separation in these materials was not strictly 

dominated by large enthalpic repulsion of the SPS from the other blocks.  Placing the 

sulfonated block at the branch terminus allowed the formation of ionic aggregates due to 

the mobility of the branch ends, while copolymers with the sulfonated blocks close to the 

polymer backbone exhibited little insignificant formation of ionic aggregates.  Thus, 

while the calculated values of the Flory-Huggins parameter for SPS and the blocks are 

remarkable, it is clear from these experiments that molecular architecture plays a 

significant morphological role, and can be used as a design parameter for utilization of 

ionomers.    
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Chapter 7:  Influence of Site-Specific Sulfonation in Graft 
Copolymer Architecture 

 

7.1 Abstract 

This study involves investigating the structure-property relationships of 

multiphase ionomers as a function of the relative location of sulfonated blocks.  

Poly(ethylene-co-propylene)-b-polystyrene (PEP-b-PS) diblock macromonomers 

containing 1000 g/mol PS and 9000 g/mol PEP were synthesized using living-anionic 

polymerization and subsequent hydrogenation.  The macromonomers were 

copolymerized with methyl methacrylate (MMA) and PS blocks were selectively 

sulfonated.  The sulfonated polystyrene blocks (SPS) were designed either adjacent to the 

backbone (A) or at the branch terminus (B).  The novel site-specific sulfonated graft 

copolymers, PMMA-g-SPS-b-PEP (A) and PMMA-g-PEP-b-SPS (B) were characterized 

as the weight average molecular weights 90000 - 220000 g/mol, the polydispersity 

indices 1.5 – 2.2, and 1 – 2 branches on average.  Estimated χN values predicted the 

phase separation of each block. Differential scanning calorimetry and dynamic 

mechanical analysis (DMA) confirmed the phase separation of each block components of 

the graft copolymers.  Two α transitions, Tgs of PEP block (Tg
1) at approximately -60 °C, 

and Tg of PMMA block (Tg
2) at 80-100 °C, and β transition at around 10 °C were 

observed in the graft copolymer precursors.  The aggregation of sulfonic acid or sodium 

sulfonate groups at the branch terminus hindered the glass transition of PEP block and 

glass transition of PEP block was not observed in sulfonated graft copolymer with 

sulfonated blocks at the branch terminus.  This lack of the glass transition of PEP block 

resulted in higher storage modulus than sulfonated graft copolymer with sulfonated block 
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adjacent to backbone.  This work demonstrated that placing sulfonated block at the 

branch terminus enhanced the formation of ionic aggregates due to the mobility of the 

branch ends, while graft copolymers with the sulfonated blocks adjacent to the polymer 

backbone exhibited little significant formation of ionic aggregates.   

 

7.2 Introduction 

Graft copolymers possess features of physical blends and random copolymers as 

well as features similar to block copolymers.1  Graft copolymers are also looked as 

chemically linked pairs of homopolymers, which constitute a comb-like structure.  The 

unique macromolecular architecture enables graft copolymers to have a wide variety of 

emerging applications.  Well-defined synthesis and characterization of graft copolymers 

is necessary to understand their unique structure-property relationships.2   

A generally accepted strategy for obtaining well-defined graft copolymers 

involves copolymerization of macromonomers with backbone-forming monomers.  A 

macromonomer is defined as a functional oligomer with a polymerizable end group.3  

Living polymerization strategies for synthesis of macromonomers predetermine the chain 

length of the macromonomer, which defines the length of branches in the graft copolymer.  

The choice of monomers and the order of monomer addition also control the composition 

of the branch and backbone upon subsequent copolymerization.4   

We are interested in the structure-property relationships of graft copolymers as a 

function of the relative location of sulfonated blocks, because the location of sulfonated 

blocks in branched architecture is expected to alter the properties.  Understanding this 

fundamental concept will give an important insight for macromolecular designing and 
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property tuning.  Researchers have predicted that the distribution of sulfonated groups 

along the chain as well as the acid strength and the linkage to the polymer backbone have 

a considerable effect on the morphology and the properties.5   Due to the synthetic 

difficulties, most synthetic methods that are currently utilized to form ion-containing 

materials such as proton exchange membranes result in random or statistical placement of 

sulfonic acid units along the copolymer chain.5, 6  Therefore, the fundamental study of the 

structure-property relationships with well-defined branched sulfonated ionomers has 

rarely been reported.   

Our previous study7 demonstrated that the location of sulfonated blocks in both 

sulfonic acid and sodium sulfonate graft copolymers significantly affected the thermal 

and morphological properties.  Placing the sulfonated block at the end of the graft chains 

enhanced the ionomeric character of the grafts due to the mobility of the branches, while 

those copolymers with the sulfonated blocks adjacent to the polymer backbone exhibited 

less ionomeric behavior.  This demonstrated that the location of ionomeric blocks in 

branched polymers could significantly affect the subsequent properties and provided 

insight into the design of branched polymers for their best utilization.  However, the 

brittleness of the sulfonated graft copolymers prevented further mechanical 

characterization.  

This work involves the synthesis and characterization of graft copolymers 

containing site-specifically sulfonated blocks for improved performance.  The structures 

and schematic representations of the site-specific sulfonated graft copolymers are shown 

in Figure 7.1.  The synthetic methodology that was utilized for controlled graft 

copolymer synthesis with precise location of sulfonated blocks was the use of preformed 
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macromonomers.8  Polyisoprene-b-polystyrene (PI-b-PS) diblock copolymers were 

synthesized via living anionic polymerization and polyisoprene blocks were subsequently 

hydrogenated.  The diblock macromonomer contained 1000 g/mol polystyrene and 9000 

g/mol poly(ethylene-co-propylene) (PEP).  Then, PEP-b-PS diblock macromonomers 

were copolymerized with methyl methacrylate (MMA) and polystyrene blocks were 

selectively sulfonated.  The sulfonated blocks were placed either adjacent to the 

backbone which will be referred to as A or at the branch terminus which will be referred 

to as B.   

 

Figure 7.1 Chemical structures and schematic images of the site-specifically 
sulfonated graft copolymers  

 

A - sulfonated blocks adjacent to backbone B - sulfonated blocks at the branch terminus 
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7.3 Experimental 

7.3.1 Materials and Chemicals 

Styrene (Aldrich, 99%) and triethylamine (Aldrich, 99%) were dried over calcium 

hydride (Aldrich, 95%) for 24 h and distilled under vacuum.  The distilled styrene and 

isoprene (Aldrich, 99%) were treated with dibutyl magnesium (Aldrich, 0.10 mM) and 

distilled under vacuum prior to use.  Cyclohexane (Fisher Scientific, HPLC) and 

tetrahydrofuran (THF, Fisher Scientific, HPLC) were passed through an activated 

molecular sieve column (Aldrich, 60 Å mesh) and activated alumina column immediately 

prior to use.  Methacryloyl chloride (Aldrich, 96%) was distilled under nitrogen.  Methyl 

methacrylate (MMA, 98%, Aldrich) was de-inhibited via passing through activated basic 

alumina column. sec-Butyllithium (Aldrich, 1.4 M), ethylene oxide (Aldrich, 99.98%), 

nickel 2-ehtylhexanoate (nickel octoate, Alfa Aesar), 1.0 M triethylaluminum in hexanes 

(Aldrich), citric acid (Aldrich, 98%), 2,2-azobisisobutyronitrile (AIBN, 99%, Aldrich,) 

dichloroethane (Aldrich, 99%), acetic anhydride (Aldrich, 98%) and sulfuric acid 

(Aldrich, 98%) were used as received.  
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Scheme 7.1  Synthesis of site-specifically sulfonated graft copolymers 

 
7.3.2 Synthesis of Hydroxy-terminated Poly(isoprene-block-styrene) 

A 600 mL-capacity anionic polymerization reactor was filled with cyclohexane 

(350 mL) and the temperature was maintained at 50 °C.  The glass anionic reactor 
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consisted of a 600 mL glass bowl, a stainless steel top plate, and stainless steel 

magnetically coupled mechanical stirrer.9  In addition, a heat-exchange coil, a 

thermocouple, a septum sealed port, various stainless steel transfer lines to introduce 

solvent (cyclohexane), and inlet/vent for purified nitrogen are equipped to the anionic 

reactor.  The anionic reactor system was maintained at a constant nitrogen pressure (40 

psi).  Isoprene (104 mL, 70.8g) was syringed into the reactor.  sec-Butyllithium (5.62 mL, 

7.87 mmol) was then added to the solution to initiate the anionic polymerization.  As 

illustrated in Scheme 7.1 (1), the first reaction was allowed to proceed 2 h and the second 

block monomer, styrene (7.79 mL, 7.08 g) was added.  After 1 h of polymerization, 

ethylene oxide was bubbled through the reaction solvent for 2 min and then terminated by 

adding nitrogen-degassed methanol (Scheme 7.1 (2)).  The diblock copolymer solution 

was passed through a filter to remove lithium salts and the filtered solution was directly 

used in the next step synthesis.  Synthesis of γ-hydroxy-poly(styrene-block-isoprene) was 

also performed with exchanging the first block (isoprene) and the second block (styrene).  

1H NMR (400 MHz, CDCl3, δ): 0.6 – 0.8 ppm (br, CH3CH2CH(CH3)-), 1.0 – 2.5 ppm (br, 

-CH2-, -CH2CH-,  -CH3 in polystyrene and polyisoprene units), 3.2 – 3.6 ppm (br, -

CH2CH2OH), 4.6 – 4.8 ppm (br, -C(CH3)=CH2, 3,4-addition), 4.8 – 5.4 ppm (br, -

CH=C(CH3)-, 1,4-addition), 6.3 – 7.3 ppm (br, aromatic protons in polystyrene). 

7.3.3 Hydrogenation of Polyisoprene Blocks 

Cyclohexane (50 mL) and nickel octoate (1.0g, 2.9 mmol) were added to a flame-

dried 100 mL amber bottle equipped with a magnetic stirrer.  1.0 M triethylaluminum 

solution (8.69 mL, 8.9 mmol) was added dropwise to the nickel solution.  An opaque, 

black colloidal suspension formed immediately and was allowed to sit for 15 min at room 
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temperature under a nitrogen atmosphere to form a homogeneous solution.  Previously 

described PI-b-PS-OH (77 g) cyclohexane solution (500 mL) and the preformed nickel 

catalyst (30 mL, 1.5 mmol) were added to a 600 mL reactor.  The reactor was pressurized 

with hydrogen and vented three times.  The vessel was pressurized with hydrogen (90 

psi) and heated to 50 °C for 72 h.  Since 100% hydrogenation was not achieved, another 

preformed nickel catalyst (30 mL, 1.5 mmol) was added.  The reactor was again 

pressurized with hydrogen and vented three times.  The vessel was pressurized with 

hydrogen (90 psi) and heated to 50 °C for 96 h (Scheme 7.1 (3)).  The nickel catalyst was 

extracted from the polymer solution with citric acid washes.  The polymer solution was 

precipitated into methanol, and dried in reduced pressure at room temperature for 72 h.  

1H NMR (400 MHz, CDCl3, δ): 0.6 – 1.0 ppm (br, -CH3), 1.0 – 1.4 ppm (br, -CH2-), 1.4 – 

2.2 ppm (br, -CH2CH-), 3.2 – 3.6 ppm (br, -CH2CH2OH), 6.3 – 7.3 ppm (br, aromatic 

protons in polystyrene). 

7.3.4 Functionalization of Hydroxy-terminated Diblock Copolymers to 
Methacrylate Macromonomers 

 
PEP-b-PS-OH (70 g) was dissolved in dry THF (1500 mL).  Triethylamine (12.41 

mL, 78 mmol) was syringed into the reaction vessel.  After cooling to 0 °C, methacryloyl 

chloride (3.81 mL, 39 mmol), which dissolved in THF (70 mL), was added dropwise.  

The reaction was allowed to proceed for 48 h with warming to room temperature.  The 

macromonomer was precipitated into methanol, re-dissolved in THF and precipitated in 

methanol.  The precipitation step was repeated several times to remove unreacted 

methacryloyl chloride.  The recovered polymer was dried at room temperature in a 

reduced pressure for 72 h (Scheme 7.1 (4)).  1H NMR (400 MHz, CDCl3, δ): 0.6 – 1.0 

ppm (br, -CH3), 1.0 – 1.4 ppm (br, -CH2-), 1.4 – 2.2 ppm (br, -CH2CH-), 3.6 – 4.2 ppm 
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(br, -CH2CH2OC(O)-), 5.5 ppm (d, J = 16.8 Hz, CHHtrans=C(CH3)-), 5.9 ppm (d, J = 16.8 

Hz, CHHcis=C(CH3)-),  6.3 – 7.3 ppm (br, aromatic protons in polystyrene).  

7.3.5 Graft Copolymerization of Methacrylate Macromonomers with Methyl 
Methacrylate   

 
Methacrylate macromonomer (5.6 g), methyl methacrylate (18.0 mL, 16.8 g) and 

AIBN (18.4 mg) were dissolved in THF (75 mL).  Nitrogen was bubbled through the 

solution for 10 min.  The reaction was allowed to stir for 48 h at 65 °C (Scheme 7.1 (5)).  

The graft copolymer was precipitated into methanol.  The precipitated graft copolymer 

was filtered and dried at 80 °C in reduced pressure for 24 h.  The graft copolymers, 

poly(methyl methacrylate)-g-(polystyrene-b-poly(ethylene-co-propylene) (PMMA-g-PS-

b-PEP) and poly(methyl methacrylate)-g-(poly(ethylene-co-propylene)-b-polystyrene) 

(PMMA-g-PEP-b-PS), were then separated from residual methacrylate macromonomers 

via heptane extraction for 7 days.  The fractionation of the graft copolymers in heptanes 

was also performed to remove residual methacrylate macromonomers.  1H NMR (400 

MHz, CDCl3, δ): 0.7 – 1.1 ppm (br, -CH3), 1.1 – 1.5 ppm (br, -CH2-), 1.5 – 2.2 ppm (br, -

CH2CH-), 3.4 – 3.8 ppm (br, -C(O)OCH3), 6.3 – 7.3 ppm (br, aromatic protons in 

polystyrene).  

7.3.6 Site-specific Sulfonation and Na+ Neutralizaton of Graft Copolymers 

1.0 M acetyl sulfate solution was generated via the sequential addition of sulfuric 

acid (2.1 mL, 0.04 mol) and acetic anhydride (4.7 mL, 0.05 mol) in dichloroethane (33.2 

mL) at 0 °C.  PMMA-g-PS-b-PEP (8.3 g) was dissolved in dichloroethane (47.1 mL).  

Nitrogen was bubbled through the solution for 10 min (Scheme 7.1 (6)).  The reaction 

was maintained at 50 °C and the acetyl sulfate solution (12.5 mL, 1.0 M in 

dichloroethane) was slowly added.  The reaction was allowed to proceed for 5 h at 50 °C 
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until methanol was added to terminate the reaction.  The poly(styrene sulfonic acid)-

containing graft polymer was first precipitated in a 1:1 mixture of methanol/water, 

filtered, re-dissolved in THF, and then precipitated into water.  The precipitation and 

recovery were repeated at least three times.  A portion of the dried sulfonic acid-

containing graft polymer was re-dissolved in THF and the acid groups were neutralized 

with one equivalent of NaOH solution (0.01 M).  The product polymer was isolated by 

precipitation in water and dried at 40 °C in reduced pressure for 48 h. 

7.3.7 Polymer Characterization 

1H NMR spectra of the polymers were obtained on a Varian Unity spectrometer 

operating at 400 MHz at ambient temperature. Deuterated chloroform (Cambridge 

Isotope Laboratories) was used as the solvent.  Size exclusion chromatography (SEC) 

measurements were performed in THF at 40 °C at flow rate 1 mL/min using a Waters 

size exclusion chromatograph equipped with an autosampler, three 5-mm PLgel Mixed-C 

columns, a Waters 2410 refractive index (RI) detector operating at 880 nm, and a mini 

DAWN multiangle laser light scattering (MALLS) detector operating at 690 nm which 

was calibrated with narrow polydispersity polystyrene standards. The RI increment 

(dn/dc) was calculated online.  Reported weight-average molecular weights were absolute 

molecular weights, which were obtained using the MALLS detector.   

Solvent cast films of the graft polymer precursors and the sulfonic acid graft 

copolymers were cast from 8 wt% solutions of the polymer (0.387 g) in THF (5 mL) onto 

a glass slide (5 x 7 cm).  The solutions were covered to slow solvent evaporation, and 

films formed over a period of 2 days.  Solvent cast films of the sodium sulfonate graft 

copolymers were cast from 8 wt% polymer (0.387 g) MeOH/THF (5/95) (5 mL) solution 
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onto a glass slide (5 x 7 cm), and film formation occurred over a period of 2 days.  The 

sodium sulfonate graft copolymers are insoluble in THF and a polar protic solvent needed 

to be added.   

Glass transition temperatures were determined using a differential scanning 

calorimeter (DSC) Q200 (TA instruments) at a heating rate of 10 °C/min under nitrogen.  

Glass transition temperatures are reported as the onset and the transition midpoint during 

the second heat.  Dynamic mechanical analysis (DMA) was performed with a TA 

Instruments Q800 dynamic mechanical analyzer in tension mode at 5 µm amplitude and 

at a frequency of 1 Hz with a heating rate of 3 °C/min.    

 

7.4 Results and Discussion 

7.4.1 Synthesis of Methacrylate Macromonomers 

PEP-b-PS-OH and PS-b-PEP-OH, containing 1000 g/mol polystyrene block and 

9000 g/mol poly(ethylene-co-propylene) block were synthesized via living anionic 

polymerization and subsequent hydrogenation.  The properties of the diblock copolymers 

are summarized in Table 7.1.  Molecular weights (Mn from NMR and SEC) of the diblock 

copolymers were approximately 10000 g/mol and narrow molecular distributions 

(Mw/Mn) 1.02 – 1.03 were repeatedly obtained.  Based on the integration of the 1H NMR 

resonance for the methylene adjacent to the hydroxyl at 3.2 – 3.4 ppm to the integration 

of the 1H NMR resonance for the two methyls in the sec-butyl fragment at 0.6 - 0.8 ppm, 

89 - 100% endcapping to the terminal hydroxyl group was achieved.  The vinyl peaks in 

1H NMR at 4.6 – 5.4 ppm from polyisoprene blocks disappeared upon hydrogenation, 

indicative of quantitative hydrogenation achievement.  The hydroxyl end-groups of the 
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diblock copolymers (PEP-b-PS-OH and PS-b-PEP-OH) were reacted with methacryloyl 

chloride to produce methacrylate macromonomers (PEP-b-PS-methacrylate and PS-b-

PEP-methacrylate).  Furthermore, quantitative conversion of hydroxyl groups to 

methacrylate groups were achieved based on 1H NMR shifting from alcohol methylene at 

3.6 ppm to ester methylene at 4.2 ppm.  The functionality of the methacrylate 

macromonomers was 0.89 – 1.00.   

Table 7.1  Property of PEP-b-PS-OH and PS-b-PEP-OH 

 Mn
a 

PEP 
Mn

a 
PS 

Mn
a 

PEP-b-PS 
Mn

b 
PEP-b-PS Mw/Mn

b functionality 

PEP-b-PS-OH 9060 1160 10320 11300 1.02 1.00 
PS-b-PEP-OH 8670 1220 10000   9300 1.03 0.89 
a 1H NMR conditions; Varian Unity 400 MHz, CDCl3 
b Determined using SEC at 40 °C in THF with a MALLS detector 
 
7.4.2 Graft Copolymerization of Methacrylate Macromonomer with MMA and 

Subsequent Sulfonation of Polystyrene Blocks 
 

The results of graft copolymerization of methacrylate macromonomer with MMA 

via free radical copolymerization are summarized in Table 7.2.  Sample A possesses 

polystyrene blocks adjacent to the PMMA backbone, while sample B has polystyrene 

blocks at the branch terminus.  The weight average molecular weight Mw ranged 90000 - 

220000 g/mol, and the polydispersity indices ranged 1.58 – 2.16.  The SEC traces of a 

graft copolymer, PMMA-g-PEP-b-PS (B1 and B2) and PS-b-PEP-methacrylate 

macromonomer are shown in Figure 7.2.  All of SEC traces showed a monomodel signal, 

indicating that the hexane extraction or fractionation was sufficient to remove the residual 

macromonomer.   

Total conversion of MMA and macromonomer was 50 – 60 % based on the yield 

and the macromonomer conversion was 30 – 50 %.   In the 1H NMR spectrum of the 

graft copolymers, integrations of the methylene region (1.1 – 1.5 ppm) and methoxy 
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groups in PMMA (3.4 – 3.8 ppm) determined the ratio of PMMA to macromonomers.  

The amount of incorporated branches ranged approximately 10 wt% in an entire graft 

copolymer and the polystyrene blocks contributed to approximately 1 wt% in the graft 

copolymer.   

Based on the ratio from 1H NMR and Mw of the graft copolymers, an average 

number of branches of the graft copolymers was calculated and listed in Table 7.2.  The 

graft copolymer A and B1 contained one average grafted branch and the graft copolymer 

B2 contained an average of two grafted branches due to higher molecular weight.  Graft 

copolymerizations of MMA with higher ratio of macromonomers were also attempted to 

synthesize graft copolymers with higher number of branches; however, higher 

incorporation of PEP-b-PS branches prevented separating the residual macromonomer 

from the synthesized graft copolymer due to the solubility.  Leaving residual 

macromonomer would lead to ill-defined graft copolymers.  Therefore, graft copolymers 

with higher number of branches could not be prepared, unlike previous study.7   

Site-specific sulfonation of PS blocks with acetyl sulfate solution was confirmed 

via acid-base titration for the sulfonic acid content.  All of the graft copolymers contained 

quantitative sulfonation of polystyrene block based on the titration results.  Thus, 

approximately 1 wt% in all of the graft copolymers was sulfonated with precise locations 

as shown in Figure 7.1.  The sulfonic acid graft copolymers, poly(methyl methacrylate)-

g-(sulfonic acid polystyrene-b-poly(ethylene-co-propylene) (PMMA-g-SPS-b-PEP) and 

poly(methyl methacrylate)-g-(poly(ethylene-co-propylene)-b-sulfonic acid polystyrene) 

(PMMA-g-PEP-b-SPS), were successfully synthesized.  Finally, a portion of the sulfonic 

acid graft copolymers were neutralized with an equivalent of NaOH to produce sodium 
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sulfonate graft copolymers, poly(methyl methacrylate)-g-(sodium sulfonate polystyrene-

b-poly(ethylene-co-propylene) (PMMA-g-NaSPS-b-PEP) and poly(methyl 

methacrylate)-g-(poly(ethylene-co-propylene)-b-sodium sulfonate polystyrene) (PMMA-

g-PEP-b-NaSPS). 

Table 7.2  Property of Sulfonated Graft Copolymers 
  Number of 

Branches (λ) PMMA [wt %] PEP [wt %] PS [wt%] Mw
a Mw/Mn

a 

A 1 89.7 9.0 1.3   92300 2.16 
B1 1 91.1 7.7 1.2 129000 1.75 
B2 2 92.9 6.2 0.9 206800 1.58 
a Determined using SEC at 40 °C in THF with a MALLS detector 
 

 

Figure 7.2   SEC traces of a graft copolymer, PMMA-g-PEP-b-PS (B1 and B2) and 
a macromonomer, PS-b-PEP-methacrylate 
SEC conditions: at 40 °C in THF with RI and MALLS detector 

 
7.4.3 Thermal Characterization and Molecular Interaction of Each Block 

Non-sulfonated graft copolymers, sulfonic acid graft copolymers, and sodium 

sulfonate graft copolymers were cast on a glass slide and clear colorless films were 

obtained.  The representative cast films are shown in Figure 7.3.  For simplicity, non-

sulfonated graft copolymers A, B1, and B2 will be referred to AG, B1G, and B2G, sulfonic 
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acid graft copolymers will be referred to AH, B1H, and B2H, and sodium sulfonate graft 

copolymers will be referred to ANa, B1Na, and B2Na. 

 

Figure 7.3   Cast films of AG, AH, and ANa 

Glass transition temperatures (Tg) of PMMA-g-PS-b-PEP (AG), PMMA-g-PEP-b-

PS (B1G, B2G), PMMA-g-SPS-b-PEP (AH), PMMA-g-PEP-b-SPS (B1H, B2H), PMMA-g-

NaSPS-b-PEP (ANa), and PMMA-g-PEP-b-NaSPS (B1Na, B2Na) were measured using 

DSC.  All the Tgs were determined from the second heating cycle at 10 °C/min.  All graft 

copolymers had a single Tg ranging from 125 – 130 °C, which corresponded to the Tg of 

the PMMA block.  Although Tg of PEP block was not observed, the constant Tg of the 

PMMA block suggested that each block possessed their own Tg and these graft 

copolymers were phase separated.   

The phase-separation behavior can be estimated using estimated χN/λ, where χ is 

Flory-Huggins interaction parameter, and N is the total degree of polymerization.  As 

shown in Chapter 2 and 6, the calculation of χ follows the equation 2-4: 

( )
RT

V 2
120

12
δδ

χ
−

=               (2-4) 

The molar volumes of PMMA, PEP, PS, and SPS are 85.6 cm3/mol,10 81.8 cm3/mol,10 

99.0 cm3/mol,10 and 129.1 cm3/mol,10 respectively, where the molar volume for SPS was 

calculated using the addition principle of the group contributions and the atomic 

contributions.10  The solubility parameters of PMMA, PEP, PS, and SPS are 18.27 

(J/cm3)1/2,11 16.74 (J/cm3)1/2,10, 12 18.66 (J/cm3)1/2,11 and 33.96 (J/cm3)1/2,13, 14 respectively.  

AG AH ANa
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The calculated χ values and χN/λ at T = 298 K are summarized in Table 7.3 and Table 7.4, 

respectively.  The χN/λ values in Table 7.4 implied the phase separation occurrence 

between each block except for PMMA/PS.  This estimated χN/λ values supported the 

obtained trend of Tg values from DSC.   

Table 7.3  χ values for the each components between PMMA, PS, PEP and SPS at T =  
298 K   
χPMMA/PS χPMMA/PEP χPEP/PS χPMMA/SPS χPEP/SPS 
0.00565 0.0791 0.127 10.4 12.9 

 

Table 7.4  Estimation of χN values for the PMMA-g-PS-b-PEP (AG), PMMA-g-PEP-b-
PS (B1G, B2G), PMMA-g-SPS-b-PEP (AH), PMMA-g-PEP-b-SPS (B1H, B2H), 
PMMA-g-NaSPS-b-PEP (ANa), and PMMA-g-PEP-b-NaSPS (B1Na, B2Na) at T 
= 298 K   

 χPMMA/PSN/λ χPMMA/PEPN/λ χPEP/PSN/λ χPMMA/SPSN/λ χPEP/SPSN/λ 
A 4  90 18 11111 1856 
B1 5  99 18 12468 1792 
B2 6 121 18 15445 1792 

 

  Storage modulus and loss modulus as a function of temperature for PMMA-g-PS-

b-PEP (AG) and PMMA-g-PEP-b-PS (B1G), PMMA-g-SPS-b-PEP (AH) and PMMA-g-

PEP-b-SPS (B1H), PMMA-g-NaSPS-b-PEP (ANa), and PMMA-g-PEP-b-NaSPS (B1Na, 

B2Na) are shown in Figure 7.4, 7.5 and 7.6, respectively.  Loss modulus peaks determined 

the transition temperatures, which are summarized in Table 7.5.   

Precursor graft copolymers, AG and B1G in Figure 7.4 showed three transition 

temperatures.  The α transition (Tg
1) at -61 (AG) and -52 °C (B1G) corresponded to the Tg 

of the PEP block, which ranges from -57 to -63 ºC.11, 15  The other α transition (Tg
2) at 94 

(AG) and 91 °C (B1G) implied the Tg of the PMMA blocks.  Transition at 8 (AG) or 9 °C 

(B1G) is assigned to β transition.  β transition of polymethacrylates were reported in the 

range of 0 ±  40 ºC and β transition was attributed to pendant ester chain mobility in 
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polymethacrylates according to various published data.16-23  Loss modulus curve at α 

transition (Tg
1) -61 ºC for AG showed a sharp peak, whereas that for B1G (-52 °C) gave a 

broad transition.  This difference was presumably due to the location of PS block.  As 

described in Chapter 6, B-type unsulfonated graft copolymer impeded the ability of the 

graft copolymer to microphase separate and to form an ordered morphology.  This was 

due to the strongly repelled thermodynamic frustration in both ends of PtBS block.7   

Similar influence of relative PS block location was seen in these α transitions (Tg
1).  AG 

sample did not possess significant effect of adjacent PS block since PEP block was 

located at the branch terminus.  On the other hand, PS block at the branch terminus in BG 

sample seemed to hinder the glass transition of PEP since PEP block was between 

PMMA backbone and PS block.   

 

 Figure 7.4  Dynamic mechanical analysis of PMMA-g-PS-b-PEP (AG) and 
PMMA-g-PEP-b-PS (B1G) 
DMA condition: tension mode at 2 µm amplitude at a frequency of 
1 Hz at a heating rate of 3 °C/min 
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Table 7.5  Primary and secondary transition temperatures of PMMA-g-PS-b-PEP (AG), 
PMMA-g-PEP-b-PS (B1G, B2G), PMMA-g-SPS-b-PEP (AH), PMMA-g-
PEP-b-SPS (B1H, B2H), PMMA-g-NaSPS-b-PEP (ANa), and PMMA-g-PEP-
b-NaSPS (B1Na, B2Na) 

 Tg
1 [°C] Tg

2 [°C] Tβ
1 [°C] Tβ

2 [°C] 
AG -61 94 8 - 
B1G -52 91 9 - 
AH -58 87 15 43 
B1H - 94 9 55 
ANa -58 82 5 - 
B1Na - 84 9 - 
B2Na - 80 7 - 
 

 Sulfonic acid graft copolymers, AH and B1H in Figure 7.5 showed similar α 

transitions to precursor graft copolymers (AG and B1G), which corresponded to Tgs of 

PEP and PMMA block.   B1H sample did not provide clear α transition of PEP block.  As 

seen in Chapter 6, sulfonic acid groups at the branch terminus enhance the formation of 

ionic aggregates.7  The aggregation of sulfonic acid groups at the end of graft chain 

presumably restriced the glass transition of PEP block.  The lack of the glass transition of 

PEP block in B1H sample also resulted in higher storage modulus in the temperature 

range between Tg
1 and Tβ

2.  Interestingly, AH and B1H samples showed two β transitions 

(Tβ
1 and Tβ

2) and the Tβ
2 transition was clearly observed especially in B1H sample.  Tβ

1 

corresponded to the above described β transition of PMMA backbone.  Tβ
2 appeared to be 

the β transition of ionic phase, namely the β transition of the branch.  Clear second β 

transition (Tβ
2) in B1H sample also suggested the formation of ionic aggregates, whereas 

AH sample presumably formed sparse ionic aggregates.  

 Hara et al.’s study21 supported the observation of the two β transitions.  They 

characterized 0 – 25 mol% PMMA-based ionomer using DMA and reported PMMA-

based ionomer possessed two β transitions.  The first β transition was attributed to the 
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rotation of the methoxycarbony side group (-COOCH3), β transition of no ionic phase or 

ion-poor phase.  Pure PMMA provided only this first β transition, whereas the ionomers 

provided the second β transition.  The second β transition was attributed to a rotation in 

ion-rich phase.  The ionic interaction restricted the local motion (β transition) and 

resulted in the second relaxation peak at higher temperature than the first β transition.     

 

Figure 7.5  Dynamic mechanical analysis of PMMA-g-SPS-b-PEP (AH) and 
PMMA-g-PEP-b-SPS (B1H) 
DMA condition: tension mode at 5 µm amplitude at a frequency of 1 
Hz at a heating rate of 3 °C/min 

 
 
 α transitions of sodium sulfonate graft copolymers, ANa, B1Na, and B2Na, in Figure 

7.6 resulted in similar to that of sulfonic acid graft copolymers (AH and B1H).  The α 

transitions corresponded to the Tgs of the PEP and PMMA block.   As seen in B1H 

sample, B1Na and B2Na samples did not provide significant α transition of PEP block.  
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transition of PEP block in the loss modulus curve.  This lack of the glass transition of 

PEP block in B1Na and B2Na samples again resulted in higher storage modulus in the 

temperature range between Tg
1 and Tg

2.  Although sulfonic acid graft copolymer AH and 

B1H samples showed two β transitions (Tβ
1 and Tβ

2), ANa, B1Na, and B2Na did not show Tβ
2.  

Tβ
2 values of ANa, B1Na, and B2Na were expected to be higher temperature than that of AH 

and B1H due to stronger ionic interaction of sodium sulfonate groups than sulfonic acid 

groups.  The second β transitions (Tβ
2) for ANa, B1Na, and B2Na

 were presumably hidden 

in α transition of Tg
2 .  In addition, B1Na, and B2Na did not show significant difference, 

which implied that the graft copolymer architecture affected the properties rather than the 

molecular weight. 

 

 

 Figure 7.6  Dynamic mechanical analysis of PMMA-g-NaSPS-b-PEP (AH) and 
PMMA-g-PEP-b-NaSPS (B1H, B2H) 
DMA condition: tension mode at 5 µm amplitude at a frequency of 1 
Hz at a heating rate of 3 °C/min 
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7.5 Conclusions 

Novel selectively-sulfonated graft copolymers, PMMA-g-(SPS-b-PEP) (A) and 

PMMA-g-(PEP-b-SPS) (B) were successfully synthesized.  The graft copolymers 

contained approximately 1-2 average branches and 1 wt% of sulfonic acid or sodium 

sulfonate blocks adjacent to the backbone (A) or at the branch terminus (B).  Estimated 

χN values predicted the phase separation occurrence of each block and the constant Tg 

values of PMMA block for all graft copolymers upon DSC suggested the phase 

separation of the graft copolymers, although the Tg values of PEP block in DSC was not 

observed.  DMA experiment also confirmed the phase separation of each block 

components of the graft copolymers.  Precursor graft copolymers, AG and B1G showed 

three transition temperatures.  Two α transitions were attributed to the Tgs of PEP block 

(Tg
1) and Tg of PMMA block (Tg

2).  Transitions at around 10 °C were attributed to β 

transition, which was a rotation of pendant ester chains in PMMA backbone.  The 

aggregation of sulfonic acid or sodium sulfonate groups at the branch terminus restricted 

the glass transition of PEP block and glass transition of PEP block was not observed in 

B1H, B1Na, and B2Na samples, whereas AH and ANa showed the glass transition of PEP 

block in the loss modulus curve.  This lack of the glass transition of PEP block in B1H, 

B1Na, and B2Na samples also resulted in higher storage modulus in the temperature range 

between Tg
1 and Tg

2 than AH and ANa,.   

This work demonstrated that placing sulfonated block at the branch terminus 

enhanced the formation of ionic aggregates due to the mobility of the branch ends, while 

copolymers with the sulfonated blocks adjacent to the polymer backbone exhibited little 

insignificant formation of ionic aggregates.  The formation of ionic aggregates in B-type 
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graft copolymers altered the subsequent thermal transitions.  Therefore, location of ionic 

blocks in molecular architecture plays a significant role in the subsequent properties, and 

the location of ionic block in molecular architecture can be utilized as a design parameter 

for utilization of ionomers.   
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Chapter 8:  Synthesis and Characterization of Well-Defined 
Low Tg Diblock Copolymers 

 
 
8.1 Abstract 

Well-defined 3000 g/mol hydrogenated PI (poly(ethylene-co-propylene), PEP) 

and symmetric (16000 g/mol each block) and asymmetric (14000 g/mol and 10000 g/mol 

each block) poly(ethylene-co-propylene)-b-poly(dimehtyl siloxane) (PEP-b-PDMS) were 

synthesized using living anionic polymerizationa and subsequent hydrogenation.   The 

incorporated amount of each block was consistent with the weight loss of each thermal 

degradation step in thermogravimetric analysis.  The onset of thermal degradation for 

PEP-b-PDMS diblock copolymer was higher than 300 ºC and PEP-b-PDMS was more 

thermally stable than the precursor polyisoprene-b-PDMS.  Differential scanning 

calorimetry analysis of PEP-b-PDMS provided Tg of PDMS -125 ºC, Tg of PEP -60 or -

61 ºC, Tc of PDMS -90 or -91 ºC, and Tm of PDMS -46 and -38 ºC, respectively.   

Appearance of thermal transitions of each PEP and PDMS block revealed the formation 

of phase separation.  The phase separation was also supported by calculating χN of 43 

and 33 for 16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS.   

 

8.2 Introduction 

The compositional dissimilarity of blocks in block copolymers leads to 

microphase separation and results in the ordered structure in morphology as described in 

Chapter 2 and Chapter 6.  The chemical architecture and composition of block 

copolymers results in unique properties and usage in various applications.  Block 
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copolymer melts also exhibit similar behavior to amphiphilic systems such as soaps and 

surfactants.1   

Block copolymers have been investigated as compatibilizers for immiscible 

polymer blends of the block components.2, 3  The microstructure of the polymer blends 

during processing influences the resulting properties.  The addition of compatibilizers 

stabilizes a fine microstructure between two phases and the components of 

compatibilizers affect deformation, break-up and coalescence of droplets during 

processing.4, 5  The addition of block copolymers as compatibilizers for the two 

immiscible polymer blends suppresses droplet coalescence and retains the desired 

properties of the polymer blends.   

Macosko et al. reported an important example of block copolymer compatibilizers.  

They investigated the effect of block copolymers on the cocontinuous morphology of 

50/50 (w/w) polystyrene (PS)/high density polyethylene (HDPE) blends using symmetric 

polystyrene–polyethylene block copolymers (PS-b-PE) with molecular weights varying 

from 6 to 200 kg/mol.2  Macosko and Puyvelde et al. also reported the effect of block 

copolymer architecture on the coalescence and interfacial elasticity in compatibilized 

polymer blends using polyisoprene-b-poly(dimethylsiloxane) (PI-b-PDMS).  The effect 

of molecular weight and asymmetry of block copolymers as compatibilizers was studied.3   

PI-b-PDMS possess a characteristic of low Tg values (PI -71 ºC,6 and PDMS -123 

ºC7).  This low Tg property makes PI-b-PDMS a suitable diblock copolymer for a 

compatibilizer study or a phase behavior study due to the equilibrated phase-separated 

behavior at room temperature.  However, PI block possesses poor oxidative stability8 and 

a long time storage or experiment at ambient condition with heat would not produce 
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reliable data.  Therefore, the hydrogenation of PI block to poly(ethylene-co-propylene) is 

the common strategy to alter it to oxidatively stable composition.       

Poly(ethylene-co-propylene)-b-PDMS (PEP-b-PDMS), where PEP is 

hydrogenated PI, has been synthesized and used for various phase behavior studies.1, 8-20  

None of the phase behavior studies described the detail discussion of synthetic scheme or 

the thermal characterization of PEP-b-PDMS.  In this chapter, we report the detail 

synthesis of PEP (hydrogenate PI) and PEP-b-PDMS, and thermal characterization using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).   

 

8.3 Experimental  

8.3.1 Materials and Chemicals  

Isoprene (Aldrich, 99%) was treated with dibutylmagnesium (Aldrich, 0.10 mM) 

and distilled under vacuum prior to use.  Cyclohexane (Fisher Scientific, HPLC) was 

passed through an activated molecular sieve column (Aldrich, 60 Å mesh) and activated 

alumina column immediately prior to use.  1.6 M sec-butyllithium solution in hexanes 

(secBuLi, FMC Lithium), nickel 2-ehtylhexanoate (nickel octoate, Alfa Aesar), 1.0 M 

triethylaluminum in hexanes (Aldrich), citric acid (Aldrich, 98%), triethylamine (Aldrich, 

99%), methanol (Fisher Scientific) and deuterated chloroform (CDCl3, Cambridge 

Isotope Laboratories) were used as received.  Hexamethylcyclotrisiloxane (D3, Aldrich, 

98%) was dried over calcium hydride (Aldrich, 95%) for 24 h and distilled under vacuum.  

Chlorotrimethylsilane (Aldrich, 99%) was treated with an aliquot of sec-butyllithium 

(Aldrich, 1.4 M) and distilled under vacuum prior to use.  Higher distillation efficiency of 

D3 was achieved through dissolving D3 in cyclohexane with calcium hydride and distilled 
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both at once under vacuum.  Tetrahydrofuran (THF, Fisher Scientific) were passed 

through PURE SOLV MD-3 SOLVENT PURIFICATION SYSTEM (Innovative 

Technology Inc.) immediately prior to use. 

+   D3

(1) Cyclohexane, 
      R.T.,  18 h
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Scheme 8.1  Synthesis of PEP (1) and PEP-b-PDMS (2)  

8.3.2 Synthesis of PI 

A 600 mL-capacity anionic polymerization reactor was filled with cyclohexane 

(350 mL) and the temperature was maintained at 50 °C.  The glass anionic reactor21 

consists of a 600 mL glass bowl, a stainless steel top plate, and stainless steel 

magnetically coupled mechanical stirrer.  In addition, a heat-exchange coil, a 

thermocouple, a septum sealed port, various stainless steel transfer lines to introduce 

solvent (cyclohexane), and inlet/vent for purified nitrogen are equipped to the anionic 

reactor.  The anionic reactor system was maintained at a constant nitrogen pressure (40 
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psi).  Isoprene (88 mL, 60 g) was syringed into the reactor.  sec-BuLi (12.49 mL, 20.0 

mmol) was then added to the solution to initiate the anionic polymerization.  As 

illustrated in Scheme 8.1 (1), the reaction was allowed to proceed 2 h and terminated by 

adding nitrogen-degassed methanol.  The PI solution was passed through a filter to 

remove lithium salts and the filtered solution was directly used in the next step synthesis.  

1H NMR (400 MHz, CDCl3, δ): 0.8 – 0.9 ppm (br, CH3CH2CH(CH3)-), 1.1 – 1.2 ppm (br, 

-CH3 in 1,2-polyisoprene units), 1.2 – 1.5 ppm (br, -CH2CH-, -CH2CH-  in 1,2-

polyisoprene and 3,4-polyisoprene units), 1.61 ppm (br, -CH3 in trans-1,4-polyisoprene 

units), 1.64 ppm (br, -CH3 in 3,4-polyisoprene units), 1.68 ppm (br, -CH3 in cis-1,4-

polyisoprene units),  1.8 – 2.2 ppm (br, -CH2CH=, -CH2C(CH3)= in 1,4-polyisoprene 

units), 4.6 – 4.8 ppm (br, -C(CH3)=CH2 3,4-polyisoprene units and -CH=CH2 1,2-

polyisoprene units), 4.8 – 5.4 ppm (br, -CH=C(CH3)- 1,4-polyisoprene units). 

8.3.3 Synthesis of PI-b-PDMS   

 The reaction procedure for synthesizing PI-b-PDMS was modified from 

Hadjichristidis’ previously reported procedure.22  Cyclohexane (25 mL) was transferred 

to a flame-dried 100 mL round-bottomed flask equipped with a magnetic stirrer.  

Isoprene (11.01 mL, 7.5 g) was syringed into the reactor and the temperature was held at 

50 ºC.  sec-BuLi (0.28 mL, 0.442 mmol) was then added to the solution to initiate the 

anionic polymerization.  The first reaction was allowed to proceed 2 h and a portion of 

the reaction mixture was taken out for PI characterization.  Then, D3 in cyclohexane 

(18.7 mL of 0.5 g/mL D3 solution, 9.4g D3) was added to the reaction mixture and the 

reaction mixture was allowed to stir for 18 h at room temperature to ensure the crossover 

reaction from isoprenyllithium to lithium silanolate.  THF (24 mL, 30 vol%) was 
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transferred to the reaction and the reaction mixture was stirred at 4 ºC in a refrigerator for 

78 h.  1.2 fold of chlorotrimethylsilane was syringed into the reaction mixture to 

terminate the reaction (Scheme 8.1 (2)).  After 10 min, aliquot of triethylamine was 

added to scavenge acid and the solution was precipitated into methanol.  The 

precipitation was repeated three times to remove salts and unreacted D3 monomer.  The 

obtained PI-b-PDMS was dried under reduced pressure at room temperature for 72 h.  1H 

NMR (400 MHz, CDCl3, δ): 0 ppm (br, -Si(CH3)2O-), 0.8 – 0.9 ppm (br, 

CH3CH2CH(CH3)-), 1.1 – 1.2 ppm (br, -CH3 in 1,2-polyisoprene units), 1.2 – 1.5 ppm (br, 

-CH2CH-, -CH2CH-  in 1,2-polyisoprene and 3,4-polyisoprene units), 1.61 ppm (br, -CH3 

in trans-1,4-polyisoprene units), 1.64 ppm (br, -CH3 in 3,4-polyisoprene units), 1.68 ppm 

(br, -CH3 in cis-1,4-polyisoprene units),  1.8 – 2.2 ppm (br, -CH2CH=, -CH2C(CH3)= in 

1,4-polyisoprene units), 4.6 – 4.8 ppm (br, -C(CH3)=CH2 3,4-polyisoprene units and -

CH=CH2 1,2-polyisoprene units), 4.8 – 5.4 ppm (br, -CH=C(CH3)- 1,4-polyisoprene 

units).   

8.3.4 Hydrogenation of Polyisoprene Blocks 

Cyclohexane (50 mL) and nickel octoate (1.0g, 2.9 mmol) were added to a flame-

dried 100 mL amber bottle equipped with a magnetic stirrer.  1.0 M triethylaluminum 

solution (8.69 mL, 8.9 mmol) was added dropwise to the nickel solution.  An opaque, 

black colloidal suspension formed immediately and was allowed to age for 15 min at 

room temperature under a nitrogen atmosphere to form a homogeneous solution.  

Previously described PI (60 g) cyclohexane solution (400 mL) or PI-b-PDMS (12 g) 

cyclohexane solution (200mL) and a preformed nickel catalyst (30 mL, 1.5 mmol) were 

added to a 600 mL reactor.  The reactor was pressurized with hydrogen and vented three 
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times.  The vessel was pressurized with hydrogen (90 psi) and heated to 50 °C.  The 

reaction mixture was allowed to stir for 24 h.  Another preformed nickel catalyst (30 mL, 

1.5 mmol) was added.  The reactor was again pressurized with hydrogen and vented three 

times.  The vessel was pressurized with hydrogen (90 psi), heated to 50 °C, and stirred 

for another 24 h (Scheme 8.1 (2)).  The nickel catalyst was extracted from the polymer 

solution with citric acid washes.  The polymer solution was precipitated into methanol, 

and dried in vacuo at room temperature for 72 h.  1H NMR (400 MHz, CDCl3, δ) for 

hydrogenated PI (PEP): 0.7 – 1.0 ppm (br, -CH3), 1.0 – 1.6 ppm (br, -CH2-).  1H NMR 

(400 MHz, CDCl3, δ) for PEP-b-PDMS: 0 ppm (br, -Si(CH3)2O-), 0.7 – 1.0 ppm (br, -

CH3), 1.0 – 1.6 ppm (br, -CH2-). 

8.3.5 Polymer Characterization  

1H NMR spectra of the polymers were obtained on a Varian Unity spectrometer 

operating at 400 MHz at ambient temperature.  CDCl3 was used as the solvent.  Size 

exclusion chromatography (SEC) measurements were performed in THF at 40 °C at flow 

rate 1 mL/min using a Waters size exclusion chromatograph equipped with an 

autosampler, three 5-mm PLgel Mixed-C columns, a Waters 410 refractive index (RI) 

detector operating at 880 nm, and a miniDAWN multiangle laser light scattering 

(MALLS) detector operating at 690 nm which was calibrated with narrow polydispersity 

polystyrene standards.  The RI increment (dn/dc) was calculated online.  Glass transition 

temperatures, crystallization temperatures, and melting temperatures were determined 

using a differential scanning calorimeter (DSC) Q100 (TA instruments) at a heating rate 

of 10 °C/min under helium.  Glass transition temperatures are reported as the transition 

midpoint during the second heat.  Thermogravimetric analysis (TGA) measurements 
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were conducted using a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer 

under N2 at a heating rate of 10 ºC/min.   

 

8.4 Results and Discussion 

8.4.1 Synthesis of PEP and PEP-b-PDMS 
 

PEP (target MW 3000 g/mol) was synthesized via living anionic polymerization 

and subsequent hydrogenation.  The integration of the 1H NMR resonances for two 

methyl groups in the sec-butyl group (A) at 0.8 - 0.9 ppm and the integrations of 

C(CH3)=CH2 3,4-polyisoprene units and -CH=CH2 1,2-polyisoprene units at 4.6 – 4.8 

ppm and  -CH=C(CH3)- 1,4-polyisoprene units at 4.8 – 5.4 ppm were used to calculate 

the number-average molecular weight.  The microstructure of the polyisoprene was 

estimated using the integration for a methyl group in 1,2-polyisoprene units at 1.15 ppm, 

a methyl group in trans-1,4-polyisoprene units at 1.61 ppm, a methyl group in 3,4-

polyisoprene units at 1.64 ppm, and a methyl group in cis-1,4-polyisoprene units at 1.68 

ppm.  The molecular weights and microstructure are summarized in Table 8.1.  The 

molecular weights (Mn from NMR and SEC) were approximately 3000 g/mol and narrow 

molecular distributions (Mw/Mn) 1.04 were obtained.  SEC analysis for both PI and PEP 

exhibited monomodel curves, which indicated no side reaction occurrence upon 

hydrogenation.   

Table 8.1  Molecular weights and microstructure of 3000 g/mol PI and PEP 
 Microstructure [%]    
 cis-1,4 trans-1,4 3,4 1,2 Mn

a Mn
b Mw/Mn

b 
PI 70 24 5 1 3030 2930 1.04 
PEP      3100 1.04 
a 1H NMR conditions; Varian Unity 400 MHz, CDCl3 
b Determined using SEC at 40 °C in THF with a MALLS detector 
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 Symmetric PI-b-PDMS (target molecular weight, 16kPI-b-16kPDMS) and 

asymmetric PI-b-PDMS (target molecular weight, 16kPI-b-12kPDMS) were synthesized 

via living anionic polymerization.  The molecular weight calculation from 1H NMR 

followed the above described 1H NMR assignments for PI and used the integration of -

Si(CH3)2O-  from PDMS block at 1H NMR  resonance 0 ppm.  Molecular weights of PI-

b-PDMS are summarized in Table 8.2.  1H NMR of 16kPI-b-16kPDMS is shown in 

Figure 8.1 (1) and SEC trace of 16kPI-b-16kPDMS is depicted in Figure 8.2 (1).   

Molecular weight from 1H NMR agreed well with the SEC molecular weight and narrow 

polydispersity indices less than 1.1 were obtained.  The symmetric and asymmetric PI-b-

PDMS were prepared in the range of the target molecular weight.  As shown in SEC 

curve in Figure 8.2 (1), a partial termination of PI block occurred for 16kPI-b-16kPDMS, 

while 14kPI-b-10kPDMS did not show the partial termination.  This was due to the 

impurity upon second block D3 monomer addition.  D3 monomer final conversion ranged 

75 – 80 % whereas isoprene gave quantitative conversion.  The amount of D3 monomer 

addition for PDMS block utilized the assumption of 80% D3 conversion to obtain the 

target molecular weight.  The microstructure of PI block for both 16kPI-b-16kPDMS and 

14kPI-b-10kPDMS resulted in 70% cis-1,4, 25% trans-1,4, and 5% 3,4 microstructure, 

which were consistent with the microstructure of PI homopolymer in Table 8.1.   

 Hydrogenation of symmetric and asymmetric PI-b-PDMS was conducted.  1H 

NMR and SEC curve of 16kPEP-b-16kPDMS are shown in Figure 8.1 (2) and Figure 8.2 

(2).  The molecular weights of 16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS are 

tabulated in Table 8.3.  As shown in 1H NMR in Figure 8.1, the double bond of isoprene 

block at 4.6 – 5.4 ppm disappeared, which indicated achievement of the quantitative 
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hydrogenation.  The molecular weights and of PEP-b-PDMS in Table 8.3 retained the 

precursor molecular weights of PI-b-PDMS in Table 8.2 and the narrow polydispersity 

indices were maintained.  In addition, the reduction of tailing in SEC curve in Figure 8.2 

(2) was observed, which suggested that the fractionation upon precipitation in methanol 

removed the PEP homopolymer in the 16kPEP-b-16kPDMS sample.  

Table 8.2  Molecular weights of PI-b-PDMS 

Target MW Mn 
PIa 

Mn 
PDMSa 

Mn 
PI-b-PDMSa 

Mn 
PIb 

Mn 
PI-b-PDMSb 

Mw/Mn 
PI-b-PDMSb

16kPI-b-
16kPDMS 15500 15800 31400 15500 31000 1.03 

16kPI-b-
12kPDMS 14100 9700 23800 13300 24200 1.09 

a 1H NMR conditions; Varian Unity 400 MHz, CDCl3 
b Determined using SEC at 40 °C in THF with a MALLS detector 
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Figure 8.1  1H NMR of 16kPI-b-16kPDMS (1) and 16kPEP-b-16kPDMS (2) 
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Figure 8.2  SEC curves of 16kPI-b-16kPDMS (1) and 16kPEP-b-16kPDMS (2) 
 
Table 8.3  Molecular weights of PEP-b-PDMS 
 Mn

* Mw/Mn
* 

16kPEP-b-16kPDMS 32000 1.04 
14kPEP-b-10kPDMS 25300 1.04 

*Determined using SEC at 40 °C in THF with a MALLS detector 

 
8.4.2 Thermal Characterization and Phase Separation of PI- b-PDMS and PEP-b-

PDMS 
 

Thermal degradation behavior of PI-b-PDMS and PEP-b-PDMS diblock 

copolymers was studied using a TGA analyzer.  TGA and derivative TGA of 16kPI, 

16kPI-b-16kPDMS and 14kPI-b-10kPDMS are shown in Figure 8.3 and the data are 

Minute0.0 26.0

(1) 16k PI-b-16k PDMS 

Minute0.0 26.0

(2) 16k PEP-b-16k PDMS 
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summarized in Table 8.4.  The first step degradation of the diblock copolymer 

corresponded to the degradation of PI block, where Tmax1 ranged 351 – 354 ºC.  The Tmax1 

range of PI was consistent with the degradation study of PI and other analogues.23  The 

second transition with Tmax2 corresponded to the thermal degradation of PDMS block.  

Thermal degradation study of polysiloxanes24 reported the onset of degradation of PDMS 

ranged 370 – 380 ºC in both in air and nitrogen and the previously reported degradation 

behavior of polysiloxanes24-27 was consistent with the degradation of PDMS block in 

these PI-b-PDMS diblock copolymers. 

Two step thermal degradations of PI-b-PDMS also indicated the incorporated 

amount of each block.  The first degradation of PI block appeared to become a plateau 

around 425 ºC.  16kPI-b-16kPDMS and 14kPI-b-10kPDMS showed 53% and 38% 

residual weight at 425 ºC, respectively.  The residual weights were in good agreement 

with the incorporated amount of PDMS block in 16kPI-b-16kPDMS and 14kPI-b-

10kPDMS.  Determination of the amount of block in diblock copolymer incorporated 

using thermal transition in TGA was also previously reported, e.g. in PDMS-b-poly(alkyl 

methacrylic acid)28 and this TGA study showed the similar trend to the previous 

example.28    

Thermal degradation behavior between 16kPI-b-16kPDMS and 16kPEP-b-

16kPDMS was compared and the TGA curves are shown in Figure 8.4.  PEP (or PE, PP) 

is more thermally stable than PI.25-27  The derivative maximum of the thermal 

degradation in the first step, Tmax1, resulted in 417 ºC (Table 8.4), which was 

approximately 65 ºC higher than that of PI block.  The first degradation of PEP block 

showed a plateau around 437 ºC and the residual weight of 16kPEP-b-16kPDMS at 437 
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ºC resulted in 50% (Table 8.4), which is consistent with incorporated amount of PDMS.  

The onset 5 wt% degradation temperature of 16kPEP-b-16kPDMS resulted in 345 ºC.  

This implies that PEP-b-PDMS diblock copolymer is thermally stable over 300 ºC.       

 
Figure 8.3  TGA analysis of 16kPI, 16kPI-b-16kPDMS and 14kPI-b-10kPDMS  

 
Table 8.4  Thermal degradation of 16kPI, 14kPI-b-10kPDMS, 16kPI-b-16kPDMS, and 

16kPEP-b-16kPDMS 
 Tmax1 [ºC] Tmax2 [ºC] Weight % at 

425 ºC 
Weight % at 

437 ºC 
16kPI 352 -  8 - 
14kPI-b-10kPDMS 354 459 38 - 
16kPI-b-16kPDMS 351 488 53 - 
16kPEP-b-16kPDMS 417 515 - 50 
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Figure 8.4  TGA analysis of 16kPI, 16kPI-b-16kPDMS and 16kPEP-b-16kPDMS 

 
 DSC analysis of 16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS were performed 

and the DSC curves are shown in Figure 8.5 and 8.6.  The observed glass transition 

temperature (Tg), crystallization temperature (Tc), and melting temperature (Tm) are 

shown in Figure 8.5 and 8.6 as well as tabulated in Table 8.5.  Both 16kPEP-b-16kPDMS 

and 14kPEP-b-10kPDMS provided the same temperature range of four transitions, which 

were glass transition (Tg), an exothermal crystalline formation (cold crystallization, Tc), 

and melting of two different crystalline form (Tm).29   

PDMS block showed Tg – 125 ºC, Tc -90 or -91 ºC, and Tm -46 and -38 ºC.  The 

transition values of PDMS block were consistent with the previously reported values.7, 29-

36  Existence of two Tm was due to crystallites of different size and perfection or different 

crystal forms of PDMS.29, 33, 36   These two Tm transition changes to one Tm if PDMS is 

cooled at slow rate such as -2 ºC/min.33   On the other hand, PEP block showed Tg -60 or 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

D
er

iv
. W

ei
gh

t (
%

/°
C

)

0

20

40

60

80

100

120

W
ei

gh
t (

%
)

0 100 200 300 400 500 600

Temperature (°C) Universal V3.9A TA Instruments

16kPI 
16kPI-b-16kPDMS 
16kPEP-b-16kPDMS 



 197

-61 ºC, while Tm was not observed in either block copolymer.  These Tg values are good 

agreement with a Tg value in literatures, -57 to -63 ºC.7, 37   

Both PDMS block and PEP block gave own Tg values, which indicated the 

synthesized PEP-b-PDMS block copolymers were phase-separated.  The phase-

separation behavior was confirmed estimating χN, where χ is Flory-Huggins interaction 

parameter, and N is the total degree of polymerization.  The calculation of χ followed the 

equation 2-4: 

( )
RT

V 2
120

12
δδ

χ
−

=               (2-4) 

The molar volumes of PDMS and PEP are 73.5 cm3/mol38 and 81.8 cm3/mol,38 

respectively.  The solubility parameters of PDMS and PEP are 14.97 (J/cm3)1/2 7, 39 and 

16.74 (J/cm3)1/2,38, 40 respectively.   These values were plugged into the equation 2-4 and 

the calculated χPDMS/PEP value at T = 298 K resulted in 0.098.  Utilizing the component 

molecular weight of 16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS in Table 8.2, N for 

16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS were estimated as 441 and 337, 

respectively.  Therefore, χN for 16kPEP-b-16kPDMS and 14kPEP-b-10kPDMS are 43 

and 33, respectively, which are large enough to produce phase separation between PEP 

block and PDMS block.   
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Figure 8.5  DSC analysis of 16kPEP-b-16kPDMS 

 

Figure 8.6  DSC analysis of 14kPEP-b-10kPDMS 

Tg PDMS 
-125 ˚C 

Tc PDMS -90 ˚C 

Tg PEP 
-60 ˚C 

Tm PDMS 
-46 ˚C, -38 ˚C 

Tg PDMS 
-125 ˚C 

Tc PDMS, -91 ˚C 

Tg PEP
-61 ˚C 

Tm PDMS 
-46 ˚C, -38 ˚C
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Table 8.5  Thermal transition of 14kPEP-b-10kPDMS and 16kPEP-b-16kPDMS 
 TgPDMS  

[ºC] 
TgPEP 
[ºC] 

TcPDMS  
[ºC] 

TmPDMS1  
[ºC] 

TmPDMS2  
[ºC] 

14kPEP-b-10kPDMS -125 -60 -90 -46 -38 
16kPEP-b-16kPDMS -125 -61 -91 -46 -38 
 

8.5 Conclusions 

The synthesis of PEP (hydrogenated PI) and PEP-b-PDMS were performed using 

living anionic polymerization and subsequent hydrogenation.  PEP and PEP-b-PDMS 

with well-defined molecular weight and narrow polydispersity indices were successfully 

achieved.  In TGA measurements, the initial thermal degradation of PI-b-PDMS and 

PEP-b-PDMS corresponded to that of PI and PEP, and the second thermal degradation 

corresponded to that of PDMS.  The residual weight at between two degradation steps 

agreed well with the incorporated amount of the PDMS block.  The PEP-b-PDMS 

diblock copolymer was thermally stable over 300 ºC and this thermal and oxidative 

stability made PEP-b-PDMS diblock copolymer a good candidate for various 

applications.  DSC analysis of PEP-b-PDMS provided Tg, Tc, and Tm of each PEP and 

PDMS block, and the values were consistent with the reported values earlier.  

Appearance of Tg for each PEP and PDMS block indicated the formation of phase 

separation.  The calculation of χN supported the phase separation between PEP and 

PDMS block.   
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Chapter 9:  Overall Conclusions 
 

Introducing non-covalent interactions altered polymer properties.  Placing 

functional groups (hydrogen-bonding or ionic groups) in a specific location on 

macromolecular architecture played a significant role in the resulting thermal, mechanical 

and morphological properties.   

Novel sulfonated graft copolymers, with precise location of the sulfonated blocks, 

either adjacent to the backbone or at the branch termini, were successfully synthesized 

using living anionic polymerization, free radical graft copolymerization, and post-

sulfonation.  The location of sulfonated blocks in both sulfonic acid and sodium sulfonate 

graft copolymers significantly affected the thermal, mechanical and morphological 

properties.  The mobility of the sulfonated blocks located at the branch termini enabled 

the sulfonated blocks to more readily interact and form ionic aggregates.  The glass 

transition temperatures (Tg) of the sulfonated graft copolymers with sulfonated blocks at 

the branch termini were higher than that of graft copolymers with sulfonated blocks 

adjacent to the backbone.  The appearance of ionomer peaks in SAXS also demonstrated 

more facile aggregation of sulfonated blocks at the branch termini.  The aggregation of 

sulfonic acid or sodium sulfonate groups at the branch termini restricted the glass 

transition of the PEP block in DMA.  Molecular architecture plays a significant 

morphological role, and can be used as a design parameter for utilization of ionomers.    

 Living anionic polymerization methodology also enabled synthesis of well-

defined various macromolecular architectures.  1000 g/mol 60% 1,2-liquid polybutadiene 

homopolymer was prepared using conventional anionic polymerization and anionic 

telomerization.  Maintaining both the initiation and reaction temperatures at lower than 
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70 °C minimized the chain transfer and synthesized well-defined liquid PBs with narrow 

polydispersity indices.  MALDI-TOF MS also verified that liquid PBs synthesized from 

anionic telomerization possessed one benzyl and one proton end groups.   

Synthesis of well-defined PEP (hydrogenated PI) and PEP-b-PDMS with narrow 

polydispersity indices was successfully achieved.  PEP-b-PDMS diblock copolymer was 

thermally stable over 300 ºC.  This thermal and oxidative stability broadened its 

application of PEP-b-PDMS diblock copolymer.  Appearance of Tg for each PEP and 

PDMS block in DSC demonstrated the formation of phase separation, which was also 

supported by calculated χN.   

 Furthermore, 2-ureido-4[1H]-pyrimidone (UPy) quadruple hydrogen-bonding was 

successfully introduced to telechelic poly(ethylene-co-propylene) (PEP) and styrene-

butadiene rubbers.  Introducing UPy groups to SBRs or PEP drastically altered the 

physical properties of these materials.  The hydrogen-bonding networks served as 

mechanically effective crosslinks, which raised Tg and enhanced the mechanical 

performance.  The composites with UPy-functionalized carbon nanotubes further 

enhanced the mechanical properties and the UPy-UPy association between the matrix 

polymer and carbon nanotubes prevented the decrease of an elongation at break.   
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Chapter 10:  Suggested Future Work 
 

10.1 Site-specific Sulfonated Graft Copolymers: Study in Mixed 
Solvent System 

 
In Chapter 6, poly(methyl methacrylate)-g-(poly(sulfonic acid styrene)-b-

poly(tert-butyl styrene)), poly(methyl methacrylate)-g-(poly(tert-butyl styrene)-b-

poly(sulfonic acid styrene)), and the corresponding sodium sulfonate salts were 

synthesized, and thermal and morphological characterization were performed.  These 

sulfonated graft copolymers also showed unique solubility property in THF/MeOH 

mixture.  Figure 10.1 depicts the solubility of the sulfonic acid graft copolymers and 

sodium sulfonate graft copolymers in THF/MeOH mixture. 

 

Figure 10.1 Solubility of the sulfonic acid graft copolymers (1) and sodium 
sulfonate graft copolymers (2) in THF/MeOH mixture. 

 

Further investigation of the site-specific sulfonated graft copolymer properties in 

the mixed solvent has not been performed.  The suggested future work will include: 

(1) (2)
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1. Solution rheology of site-specific sulfonated graft copolymers in various 

THF/MeOH ratio. 

2. Investigation of the aggregation behavior using dynamic light scattering 

(Preliminary study was already performed.) 

3. Morphological study of spin-coated films from various THF/MeOH graft 

copolymer solution.  (Preliminary study was already performed.) 

 

10.2 Site-specific Sulfonated Graft Copolymers with Low Tg 
Fluorinated Backbone 

 
Chapter 7 described the development of site-specific sulfonated graft copolymers 

for improved performance.  Exchanging PtBS block to PEP improved the mechanical 

properties; however, large number of branches could not be incorporated due to the 

solubility of the resulting graft copolymers.   To overcome this issue, a fluorinated 

polyisoprene backbone is proposed as a future work. 

Synthesis and characterization of site-specific sulfonated graft copolymers with 

fluorinated polyisoprene backbone will be;   

1. (1) Graft copolymerization of isoprene with PtBS-b-PS diblock macromonomer 

or PI-b-PS diblock macromonomer.  (2) Metalation graft polymerization1 of 

PtBS-b-PS from PI backbone; n-BuLi/TMEDA complex metalates allylic C-H 

bonds in isoprene units (Scheme 10.1 above) and graft polymerization occurs 

from the PI backbone. 

2. Fluorination of PI backbone using difluorocarbene (:CF2) generated from 

thermolysis of hexafluoropropyleneoxide (HFPO)2 

3. Post sulfonation of the fluorinated graft copolymers 



 207

4. Morphological characterization using AFM, TEM and SAXS 

5. Proton conductivity measurement (sulfonated PS block should be designed to be 

longer than that of previous study in Chapter 6 and 7) 

6. Investigation of water uptake and swelling relating to the measured proton 

conductivity 

7. Mechanical testing of the site-specific sulfonated graft copolymers with various 

counter ions using DMA and tensile measurement. 
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Scheme 10.1 Introducing UPy groups to butadiene backbone: Metalation of 
allylic carbon and subsequent Michael reaction 

 

10.3 Another Strategy for Introducing SCMHB to SBR Backbone  
 

Chapter 5 described multiple step functionalizations of SBRs.  To achieve facile 

UPy-functionalization of SBRs, another proposed strategy uses one step functionalization.  

The first step involves metalation of allylic carbon using TMEDA/nBuLi.1  The second 

step utilizes Michael reaction with UPy-methacrylate3 as shown in Scheme 10.1.   UPy-
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groups might prevent the Michael reaction, thus, preliminary experiments will be 

necessary to confirm that this chemistry works.  The suggested future work includes: 

1. Introduction of UPy-methacrylate to SBRs 

2. Determination of incorporated amount of UPy groups using NMR and TGA 

3. Mechanical testing using DMA and tensile measurement 

4. Melt rheology to understand the thermoreversibility 

5. Tensile experiment to measure the elastic property 

 
 

10.4 Supramolecular Polymers Containing SCMHB  
 

Novel UPy-containing isocyanate, MIC-IDPI, was synthesized in Chapter 5.  

Introducing MIC-IPDI to functional ends of oligomers will form thermoreversible 

supramolecular polymers.  For example, the reaction of MIC-IPDI with phosphonium-

diol was attempted.  The reaction scheme and schematic image is shown in Figure 10.2.   

Synthesis of novel thermoreversible supramolecular polymers involves: 

1. Introduction of UPy-IPDI to various diols or diamines 

2. Determination of incorporated amount of UPy groups using TGA 

3. Mechanical testing using DMA and tensile measurement 

4. Melt rheology to understand the thermoreversibility 

5. Morphological characterization using AFM 

6. Melt or solution electrospinning 
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Figure 10.2 Reaction of MIC-IDPI with phosphonium-diol and resulting 
supramolecular polymer 
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