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ABSTRACT 

      Ion-containing segmented polyurethanes exhibit unique morphology and physical properties 

due to synergistic interactions of electrostatic, hydrogen bonding, and hydrophobic interactions. 

A fundamental investigation on a series of well-defined ion-containing polyurethanes elucidated 

the influence of charge placement, charge density, and soft segment structure on physical 

properties, hydrogen bonding, and morphologies. An unprecedented comparison of 

poly(ethylene oxide)(PEO)-based sulfonated polyurethanes containing sulfonate anions either in 

the soft segments or hard segments revealed that sulfonate charge placement dramatically 

influenced microphase separation and physical properties of segmented polyurethanes, due to 

altered hydrogen bonding and thermodynamic immiscibility between soft and hard segments. 

Moreover, studies on sulfonated polyurethanes with identical sulfonated hard segments but 

different soft segment structures indicated that soft segment structure tailored sulfonated 

polyurethanes for a wide range of mechanical properties.  

      Sulfonated polyurethanes incorporated with ammonium-functionalized multi-walled carbon 

nanotubes (MWCNTs) generated novel polyurethane nanocomposites with significantly 

enhanced mechanical performance. Modification of MWCNTs followed a dendritic strategy, 

which doubled the functionality by incorporating two ammonium cations per acid site. 

Complementary characterization demonstrated successful covalent functionalization and 

formation of surface-bound ammonium salts. Upon comparison with pristine MWCNTs, 

ammonium-functionalized MWCNTs exhibited significantly enhanced dispersibility in both 
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DMF and sulfonated polyurethane matrices due to good solvation of ammonium cations and 

intermolecular ionic interactions between anionic polyurethanes and cationic MWCNTs. 

      Segmented polyurethanes containing sulfonated PEO-based soft segments and nonionic hard 

segments were incorporated with various contents of room temperature ionic liquid, 1-ethyl-3-

methylimidazolium ethylsulfate (EMIm ES), to investigate the influence of ionic liquid on 

physical properties, morphologies, and ionic conductivity. Results indicated that EMIm ES 

preferentially located in the sulfonated PEO soft phase, leading to significantly enhanced ionic 

conductivity and well-maintained mechanical properties. These properties are highly desirable 

for electromechanical transducer applications. Electromechanical actuators fabricated with 

sulfonated polyurethane/IL composite membranes exhibited effective response under a low 

applied voltage (4 V). However, in the case of an imidazolium-containing segmented 

polyurethane with imidazolium ionic hard segments and hydrophobic poly(tetramethylene oxide) 

(PTMO) soft segments, EMIm ES selectively located into the imidazolium ionic hard domains, 

as evidenced with a constant PTMO soft segment glass transition temperature (Tg) and 

systematically reduced imidazolium hard segment Tg. Dielectric relaxation spectroscopy 

demonstrated that ionic conductivity of imidazolium-containing segmented polyurethanes 

increased by five orders of magnitude upon incorporation of 30 wt% EMIm ES. 

      Imidazolium-containing sulfonated pentablock copolymers were also investigated to 

elucidate the influence of imidazolium counter cation structures on solution rheology, 

morphology, and thermal and mechanical properties. Combination of living anionic 

polymerization and post functionalization strategies provided well-defined sulfonated pentablock 

copolymers containing structured imidazolium cations in sulfonated polystyrene middle block. 

Varying alkyl substitute length on imidazolium cations tailored physical properties and 
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morphologies of sulfonated pentablock copolymers. Results indicated that long alkyl substitutes 

(octyl and dodecyl) on imidazolium cations significantly influenced solution rheological 

behavior, morphology, and water uptake properties of sulfonated pentablock copolymers due to 

the altered characteristic of imidazolium cations. Imidazolium-containing sulfonated pentablock 

copolymers exhibited systematically tailored mechanical properties due to the plasticizing effect 

of alkyl substitutes.  In addition, incorporation of ionic liquids into sulfonated pentablock 

copolymers further tailored their mechanical properties and ionic conductivity, which made these 

materials suitable for electromechanical transducer applications. All sulfonated pentablock 

copolymers were successfully fabricated into actuator devices, which exhibited effective 

actuation under a low applied voltage (4 V).  
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Chapter 1: Introduction 

1.1 Dissertation Overview 

      This dissertation focuses on the synthesis and characterization of ion-containing block and 

segmented copolymers and fabrication of polymer nanocomposites with tailored mechanical 

properties and enhanced ionic conductivity. The initial chapters focus on sulfonated segmented 

polyurethanes to elucidate their structure-morphology-property relationships and investigate the 

influence of carbon nanotubes and ionic liquids on their physical properties and morphologies. 

The subsequent two chapters describe the synthesis and characterization of novel imidazolium-

containing segmented polyurethanes and their ionic liquid-based nanocomposites. The final 

chapters discuss the modification of sulfonated pentablock copolymers with structured 

imidazolium counter cations and imidazolium-based ionic liquids. 

      Chapter two reviews the synthesis, characterization, and application of sulfonated block and 

segmented copolymers. Chapter three focuses on the influence of sulfonate charge placement on 

physical properties and morphologies of segmented polyurethanes containing poly(ethylene 

oxide) (PEO)-based soft segments. PEO-based sulfonated polyurethanes were synthesized 

through direct polymerization of sulfonated monomers, which afforded controlled sulfonate 

charge placement either in the soft segments or hard segments. Sulfonate charge in different 

segments significantly influenced microphase separation behavior of sulfonated polyurethanes, 

leading to dramatically tailored thermal and mechanical properties. Chapter four focuses on 

sulfonated polyurethanes with identical sulfonated hard segments but different soft segments to 

elucidate the influence of soft segment structure on physical properties and morphology. Chapter 

five describes the influence of ionic liquid on performance of PEO-based sulfonated 

polyurethanes. Due to preferential incorporation of 1-ethyl-3-methylimidazolium ethylsulfate 

(EMIm ES) into sulfonated PEO soft phase, sulfonated polyurethane/EMIm ES composite 
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membranes exhibited significantly enhanced ionic conductivity and well-maintained mechanical 

properties. Chapter six describes the modification of multi-walled carbon nanotubes (MWCTNs) 

with surface-bound ammonium cations and the fabrication of PEO-based sulfonated 

polyurethane/ammonium-functionalized MWCNTs nanocomposites. Complementary 

characterization using TGA, XPS, and Raman spectroscopy demonstrated successful covalent 

functionalization and formation of surface-bound ammonium cations. Ammonium-functionalized 

MWCNTs exhibited uniform dispersion in sulfonated polyurethane matrices, leading to linearly 

increased Young’s moduli of sulfonated polyurethanes as a function of MWCNT contents.  

      Chapter seven details the synthesis and characterization of novel ion-containing segmented 

polyurethanes bearing imidazolium cations in the hard segments (IPU), and chapter eight 

discusses the influence of ionic liquid, EMIm ES, on performance of imidazolium-containing 

polyurethanes. In comparison of sulfonated polyurethane/EMIm ES composite membranes, 

where EMIm ES preferentially located in the ionic soft segments, IPU exhibited preferential 

incorporation of EMIm ES in the imidazolium ionic hard segments, as evidenced with 

systematically reduced hard segment Tg and increased inter-domain spacings. 

      Chapter nine describes the influence of imidazolium counter cation structures on solution 

rheology, morphology, thermal and mechanical properties, and water uptake properties of 

sulfonated pentablock copolymers. Characterization results indicated that varying alkyl substitute 

length on imidazolium cations dramatically tailored the morphology and physical properties of 

sulfonated pentablock copolymers. Chapter ten studies the influence of ionic liquid on 

mechanical properties of sulfonated pentablock copolymers and describes the application of 

sulfonated pentablock copolymer/ionic liquid composite membrane for electromechanical 

actuators.   
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Chapter 2: Literature Review: Sulfonated Block and Segmented Copolymers for Emerging 

Technologies 

2.1 Introduction 

      Non-covalent interactions such as hydrogen bonding, ionic interaction, and Van der Waals 

interaction play an important role in controlling the structure and properties of polymers. 

Researchers have utilized non-covalent interactions to design novel polymer structures with 

various desired functions.
1-12

 Compared with hydrogen bonding and Van der Waals interactions, 

ionic interaction is much stronger and thus performs better in tailoring the chemical and physical 

properties of polymers.
13

  

      Sulfonated block and segmented copolymers are a unique class of ion-containing polymers 

that have attracted significant attention because of their current and future applications in 

biomedical materials, water treatments, fuel cells, solar cells, and electroactive devices.
14-27

 

Combination of the properties of different blocks and segments affords sulfonated block and 

segmented copolymers outstanding mechanical properties and high conductivities. Properties of 

sulfonated block and segmented copolymers depend strongly on their chemical architectures 

including block composition, molecular weight and molecular weight distribution on each block, 

sulfonation level, and counteraction structures.
28-30

 Nafion
®
 is an important class of 

commercially available sulfonated copolymers, which has been extensively studied since it was 

discovered by Dupont in 1962.
31-38 

The use of Nafion
® 

(Figure 2.1) as proton conductor for 

proton-exchange-membrane fuel cells (PEMFC) enables to fabricate environmentally friendly 

devices that convert chemical energy from fuels directly into electrical energy. However, high 

costs, high methanol permeability as well as low conductivity at high temperatures (above 80 
o
C) 

and low humidity have seriously limited their applications.
39

 New efforts have been devoted to 
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exploiting new sulfonated copolymers for proton-exchange-membranes.
22,40-49

 In addition, 

sulfonated block and segmented copolymers, e.g. sulfonated poly(styrene-b-ethylene/butylenes-

b-styrene), are also biocompatible and possess antithrombogenic properties.
50

 Researchers have 

utilized these polymers to modify the surface of medical devices such as stents and catheters. 

Currently, there is a high demand for biocompatible materials designed for emerging biomedical 

applications.
51

 In order to tailor sulfonated polymers for desired properties and to explore novel 

sulfonated polymer structures, a fundamental understanding of structure-morphology-property 

relationships of sulfonated block and segmented copolymers is necessary, which requires the 

synthesis of sulfonated copolymers with well-defined structures.  

 

Figure 2.1 General structure of Nafion
®

 

2.2 Synthesis of Sulfonated Block and Segmented Copolymers 

2.2.1 Synthesis via post-sulfonation polymerization 

         Fitzgerald and Weiss et al. conducted detailed studies on the synthesis and characterization 

of sulfonated block copolymers in 1988.
52

 In contrast to carboxylate ionomers, which are usually 

synthesized through copolymerization of corresponding monomers, post-sulfonation of block 

copolymer precursors has been a typical strategy to synthesize sulfonated block copolymers.
53

 

According to different approaches of introducing sulfonate groups into the polymer structures, 

post-sulfonation reactions were divided into several classes. One specific class is the post-

sulfonation of aromatic-containing block copolymers (e.g. styrenic block copolymers), which has 

been one of the most significant routes to prepare sulfonated block copolymers. 
54,55

 Saito and 
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Long et al. recently reported the synthesis of sulfonated graft copolymers with site-specific 

sulfonation on the polymer architectures.
56

 The synthesis involved living anionic polymerization 

of styrene and isoprene to synthesize hydroxyl-terminated block polymer precursor, 

hydrogenation of polyisoprene block, reaction of hydroxyl-terminated precursor with 

methacryloly chloride to synthesize methacrylate macromonomer, and conventional free radical 

polymerization of methacrylate macromonomer with methyl methacrylate. Selective sulfonation 

of polystyrene block with acetyl sulfate in dichloroethane generated sulfonated graft copolymers, 

as shown in Scheme 2.1.  

 

Scheme 2.1 Synthesis of sulfonated graft copolymers
56

 

      Many other sulfonated block copolymers, such as sulfonated polystyrene-b-poly(ethylene-r-

butylene)-b-polystyrene (SSEBS),
57,58

 sulfonated polystyrene-b-polyisobutylene-b-polystyrene 

(SSIBS),
59

 sulfonated poly(acrylic acid)-b-polystyrene (SAAS),
60

 and sulfonated polystyrene-b-

polyvinyl chloride have been synthesized in a similar manner.
61

 Scheme 2.2 depicts the general 

approach to synthesize sulfonated block copolymers. 
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Scheme 2.2 General synthetic scheme of sulfonated styrenic block copolymers 

      Dado et al. reviewed the sulfonation methods of block copolymers in respect of block 

copolymer precursors, sulfonation agents, and reaction medias.
62

 A general configuration of A-

B-A, A-B-A-B-A, (A-B-A)nX, or (A-B)nX (n: integer from 1-30; X: coupling agent residue) is 

preferred for the block copolymer precursors. Here, each end polymer block A is resistant to 

sulfonation while the interior saturated block B is susceptible to sulfonation. The ideal molecular 

weight (Mn) for end block A is in the range between 1000 and 6000 g/mol, while the interior 

block possesses a Mn in the range between 10,000 to 300,000 g/mol. Mild sulfonation agents 

such as acetyl sulfate have been most widely used and can be readily prepared from carboxylic 

acid anhydrides and sulfuric acids.
63

 Generally, non-halogenated solvents are advantageous over 

the halogenated ones because they are more environmentally friendly and free of isolations prior 

to sulfonation.  

      Another typical sulfonation strategy involves the use of 1,3-propanesultone to synthesize 

sulfonated segmented polyurethanes.
64-66

 Scheme 2.3 exemplifies a typical sulfonation process 

of segmented polyurethanes. Polyurethane precursor was initially treated with NaH at -5−0 
o
C 

for 45 min and subsequently reacted with a stoichiometric amount of 1,3-propansultone. Cooper 

et al. synthesized various sulfonated polyurethanes using this strategy and investigated the 

influence sulfonate anions on thermal and mechanical properties, morphology, and 

biocompatibility of sulfonated polyurethanes.
67,68
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Scheme 2.3  Post-sulfonation of polyurethane 

      Phillips and Moore et al. have developed another synthetic route for preparation of sulfonated 

copolymers (as shown in Scheme 2.4).
69

 Sulfonic acid groups were readily introduced when 

cross-linking poly(ethylene-co-vinyl alcohol) (EVOH) with sulfosuccinic acid in dimethyl 

sulfoxide with a vigorous stirring and heat. 

 

Scheme 2.4  Cross-linking of EVOH with sulfosuccinic acid 

    Although post-sulfonation is a suitable and frequently used approach
 
to synthesize sulfonated 

block and segmented copolymers, there are significant drawbacks to the synthetic process and 

therefore limit their applications. Moreover, post-sulfonation involves the reaction between the 
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sulfonation agents and high molecular weight polymers, which is difficult to control the degree 

of sulfonation and the distribution of sulfonate groups on the polymer architectures. Some may 

argue that the degree of sulfonation can be controlled through the reaction conditions. However, 

the dependence of the degree of sulfonation on reaction conditions such as reaction time, 

temperature, and concentrations of sulfonation agents and polymers was inconsistent in varying 

cases. Additional negative attribute of the post-sulfonation method is different side reactions 

such as cross-linking, branching, and chain scission occurred during the sulfonation process.
70

 In 

addition, incorporation of highly hydrophilic sulfonate groups significantly reduce the solubility 

of the copolymers in organic solvents, changing a homogenous system into a heterogeneous one.  

2.2.2 Direct polymerization of sulfonated monomers 

         In comparison with post-sulfonation procedures, direct copolymerization of sulfonated 

monomers has great advantages of avoiding the possible side reactions and affording a good 

control of both the degree of sulfonation and distribution of the sulfonate groups through the 

entire polymer architecture. Park and McGrath et.al recently described the synthesis of highly 

chlorine-tolerant sulfonated copolymers
 
used for water desalination.

71
 Random copolymerization 

of 3，3’-disulfonato-4,4’-dichlorodiphenyl sulfone (SDCDPS) with other monomers (e.g. 4,4’-

biphenol) produced disulfonated poly(arylene ether sulfone) copolymers with a precisely 

controlled degree of sulfonation.  Shi and Palmer et al.
 
reported a sulfonated acrylamide 

copolymers synthesized through copolymerization of 2-arylamido-2-methyl-1-propanesulfonic 

acid (AMPS) with lauryl methacrylamide (LMAm) (as shown in Scheme 2.5).
72
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Scheme 2.5  Copolymerization of AMPS and LMAm 

       Direct copolymerization of sodium-3,3’-disulfonate-bis[4-(3-aminophenoxy)phenyl] sulfone 

(SDADPS) (see Figure 2.2)  with other monomers produced the naphthalene dianhydride based 

sulfonated polyimide copolymers. These polymers can be potentially used as proton-exchange-

membrane fuel cells.
73

 Using direct copolymerization of sulfonated monomers, many other 

sulfonated block and segmented copolymers such as poly(ether sulfone),
74,75

 poly(ether ether 

ketone)s,
75,76

 and sulfonated polyimide copolymers
77,78 

have been synthesized. 

             

Figure 2.2 Monomers used for sulfonated copolymers 

       However, commercially available sulfonated monomers are very limited. A large number of 

specific monomers are necessary to satisfy different property requirements. Currently a lot of 

efforts have focused on designing and synthesizing novel sulfonated monomers. Early in 1973, 

Kangas reviewed the synthesis of sulfonated monomers such as sodium vinyl sulfonate, 

sulfoethyl methacrylate as well as others.
79 

 Earlier studies by Colby
  
et al. on the synthesis of 

poly(ethylene glycol)-based single-ion conductor provided a sufficient way to prepare sulfonated 
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monomers for segmented polyurethanes through the transesterification reaction between 

dimethyl 5-sulfoisophthalate sodium salt and poly(ethylene glycol) using the catalyst of titanium 

isopropoxide at 210 
o
C~230 

o
C.

80
 Lam and Barrie et al. described the synthesis of sulfonated 

diols for the use of preparing segmented polyurethane copolymers.
81

 The synthetic scheme is 

shown as follows. 

 

Scheme 2.6  Synthesis of sulfonated diol
81

 

      There are also some aqueous reactions that can be used to prepare sulfonated monomers. 

Mandrekar reported a novel sulfonated polymer for nuclear track detection.
82

 They introduced 

the sulfonate group into the structure through the substitution reaction of allyl chloride with 

aqueous sodium sulphite. Generally, the compounds with the structures of Cl− or 

Br−CH(R)COR’, or halogenated alcohols, ethers, and esters can be sulfonated in the similar 

manner.
83

 The addition reaction of NaHSO3 to C=C  also served as a good sulfonation method 

(see Scheme 2.7). 

 

Scheme 2.7  Two aqueous sulfonation reactions 
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      Recently, Cavicchi reviewed various substituted sulfonated monomers that were suitable for 

synthesis of sulfonated copolymers (Figure 2.3).
70

 Researchers have demonstrated that some of 

these monomers with long alkyl substitutes on ammonium cations allowed for controlled free 

radical polymerization to synthesize sulfonated block copolymers. For example, Matyjaszewski 

et al. reported the synthesis of sulfonated block copolymers through controlled free radical 

polymerization of sulfonated monomers.
84

 Scheme 2.8 depicts the atom transfer radical 

polymerization (ATRP) of 2-acrylamido-2-methyl propanesulfonate using a difunctional acrylate 

macroinitiators, which provided sulfonated block copolymers with well-defined architectures.  

 

Figure 2.3 Substituted ammonium sulfonated monomers for synthesis of sulfonated block 

copolymers 

 

Scheme 2.8 Synthesis of sulfonated block copolymers using ATRP 
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2.3 Factors that Affect the Properties of Sulfonated Copolymers 

2.3.1 General concept of ionomers 

         Ionomer is the more general term applied to these ion-containing polymers that contain 

maximum ionic groups of approximately 15~20 mol%.
85

 The percentage of the ionic groups is 

calculated from the number of the atoms on the polymer backbone or the repeat units containing 

ionic groups. Properties of ionomers depend strongly on the interactions of ionic groups, which 

associate at different scales. In order to correlate ionomer morphology with their structure and 

properties, researchers have built up different models to understand the arrangement of ion 

associations in ionomers, including hard-sphere model,
86

 core-shell model,
87

 and Eisenberg-

Hird-Moore (EHM) model,
88,89

 In the hard-sphere model, ionic aggregates are regarded as small 

particles and ionomer peak in small angle X-ray scattering (SAXS) profiles arises from the 

interparticle scattering. The core-shell model illustrates a two-shell-core structure, where an ionic 

core is surrounded with a shell of non-ionic polymers, which in turn, is surrounded with a second 

shell consisting of the polymers with a high ionic density. This model suggests that the ionomer 

peaks result from the intra-particle distance of the two ion-rich regions, rather than the distance 

between particles. In the EHM model, Eisenberg, Hird, and Moore et al. introduced the concept 

of multiplets, which consist of several ion pairs. The number of ion pairs in the multiplets 

depends on the size of the ion pairs, steric restrictions, and dielectric constant of the polymer 

backbones. A schematic representation of a multiplet is shown in Figure 2.4. 
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Figure 2.4 Schematic diagram for a multiplet in poly(styrene-co-sodium methacrylate) system
88

 

2.3.2 Effect of charge density 

         Charge density is expected to play an important role in determining thermal and 

mechanical properties, conductivity, and morphologies of ion-containing polymers.
49,90-95

 In 

general, both the matrix glass transition temperature (Tg) and cluster Tg increase with increasing 

charge density due to the restricted mobility of polymer chains in the presence of ion association. 

However, the values of 
dc

dTg
 vary for different polymer systems, where Tg is the glass transition 

temperature and c is the charge density. Moreover, Gromadzki and Stepanek et al. studied the 

effect of sulfonation level on the ionic transport properties and morphologies of polystyrene-b-

poly(ethylene-alt-propylene) (PS-PEP) block copolymers.
96 

Results indicated that the 

conductivity increased almost exponentially with the degree of sulfonation. Additionally, 

morphological studies with SAXS revealed a progressive transformation of the lamellar 

morphology of the block copolymers into the disordered morphology as the degree of 
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sulfonation increased. Mauritz et al. studied the dynamic mechanical properties of lightly 

sulfonated poly(styrene-b-(ethylene/butylene)-b-styrene) block copolymers, which exhibited 

extended rubbery plateau to higher temperatures with increasing the sulfonation level.
97

  

2.3.3 Effect of charge location 

        The locations of sulfonate groups also have a significant effect on the properties of 

sulfonated block copolymer. 
40,98-101

 Sulfonate groups can either locate on the polymer backbone 

or the pendant side chains of the block copolymers.  Tsang and Holdcroft et al. compared the 

sulfonated graft copolymers bearing sulfonic acid groups on the graft chains with sulfonated 

diblock copolymers bearing sulfonic acid groups on the backbones.
98

 They demonstrated that 

sulfonated graft copolymers exhibited better mechanical properties and higher water uptake 

relative to the sulfonated diblock copolymers. Pang and Jiang et al. synthesized sulfonated 

poly(arylene ether)s bearing pendant sulfoalkyl groups.
102

 Keeping the hydrophilic sulfonate 

groups away from the hydrophobic polymer backbones considerably reduced the swelling ratio 

and increased the conductivity, which were attributed to the high mobility of pendant sulfonate 

groups. In the case of segmented sulfonated copolymers, sulfonate groups located either in the 

soft segments or the hard segments dramatically influenced the properties of segmented 

copolymers, including thermal and mechanical properties, hydrogen bonding, and microphase 

separation.
103,104

 Long et al. recently studied the influence of sulfonate charge placement on 

performance of poly(ethylene oxide) (PEO)-based segmented polyurethanes containing sulfonate 

charge either in the soft segments or hard segments. They demonstrated that polyurethanes 

containing sulfonate charge in the hard segments exhibited significantly increased PEO soft 

segment Tg and reduced modulus due to phase mixing between polar PEO soft segments and 

sulfonated ionic hard segments, as evidenced in atomic force microscopy (AFM) and SAXS. 
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2.3.4 Effect of counterions 

         The types of counterions and their properties such as charge number, size of cations, and 

mobility will significantly influence the properties of sulfonated copolymers.
105-108

 Ding and 

Cooper et al. investigated poly(tetramethylene oxide) (PTMO)/toluene diisocyanate (TDI)-based 

sulfonated polyurethanes neutralized with different counterions, such as Ca
2+

, Ni
2+

, Zn
2+

, Cd
2+

, 

Cs
+
, and Eu

3+
 to elucidate the influence of counterions on the polymer microstructures.

108
 

Extended X-ray absorption fine structure (EXAFS) data indicated that all samples had similar 

coordination in the first shell. However, only the samples neutralized with Ni
2+

 and Eu
3+

 

displayed clear second coordination shells. In contrast, samples neutralized with Ca
2+

 and Cd
2+

 

afforded low order second shells and samples neutralized with Zn
2+

 and Cs
+
 did not possess the 

second shell at all. Li and Chan et al investigated the effect of transition metal counterions of  

Cu
2+

, Ni
2+

, Zn
2+

 on the affinity of sulfonated poly(ether sulfone) membranes and found that all 

three types of transition metal counterions increased the affinity of the sulfonated polymers thus 

enhanced the protein separation performance.
105

 However, membranes in the Cu
2+

 form 

displayed the best protein separation performance, leading to high-purity target protein. 

Suleiman and Crawford et al compared the thermal stabilities of sulfonated poly(styrene-

isobutylene-styrene) (SIBS) block copolymers neutralized with Mg
2+

, Ca
2+

,
 
and Ba

2+
.
106

 The 

desulfonation temperatures of the neutralized polymers increased almost 300 
o
C. However, the 

degradation temperatures of the polymer backbones remain the same. Additionally, cross-links 

resulting from the ionic interactions in the polymers reduced the water swelling and stabilized 

the membrane. Recently, Colby et al. studied a series of sulfonated polyester ionomers with 

various ammonium cations.
109

 They found that ionic conductivity of sulfonated polyester 
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increased by four orders of magnitude when sodium cations were exchanged into 

tetramethylammonium and tetrabutylamonium cations.  

 

Figure 2.5 Cross-links in SIBS-metal complex 

2.4 Microphase separation of sulfonated block and segmented copolymers 

      Sulfonated block and segmented copolymers undergo microphase separation due to the 

thermodynamic immiscibility between different blocks and segments. Tailoring sequence length, 

molecular weight distribution, and chemical composition of each block generate various 

nanostructured materials for applications in water purification, fuel cell membranes, and energy 

storage.
14-27

 Properties of sulfonated polymers depend strongly on their morphologies. Thus, a 

fundamental understanding of microphase separation behavior of sulfonated block and 

segmented copolymers is necessary to tailor polymeric materials for desired properties. 

      Small-angle X-ray scattering (SAXS) is a useful tool to study microphase-separated 

morphologies of sulfonated block copolymers.
96,110-113

 X-ray scattering is very sensitive to the 

periodic fluctuations in electron density of ion-containing polymers. When the microphase 

separation occurs in the polymer systems, X-rays are scattered coherently and the so-called ionic 

peaks will show up in the SAXS profile, which provide the information of morphologies. Story 

and Baugh studied the morphology characteristic of the discontinuous domains in sulfonated 

poly(styrene-b-isobutylene-b-styrene) block copolymers based on the scattering vector values (q) 

relative to the scattering vector of the first-order scattering peak.
114

 Relative q values of 1,   
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,  ,     indicate the morphology of the spheres arranged in cubic lattice and values of 1,    , 

   ,    ,     indicate the cylinders  arranged in hexagonal lattice.
114

 Higher q values of 1,2,3,4 

indicate the lamellar morphology.
115

 In SAXS experiment, samples are normally prepared in two 

ways, one is solution casting while the other is compression molding. How the samples are 

prepared is critical because sometimes they will significantly influence the morphology of the 

polymers. Kim and Ihn et al. investigated the effect of casting solvent (MeOH/THF) on the 

morphology and physical properties of partially sulfonated polystyrene-b-poly(ethylene-r-

butylene)-b-polystyrene copolymers and found  that the increased MeOH transformed a well-

ordered lamellar morphology into a disordered morphology.
110

  

      Atomic force microcopy (AFM) provides a facile way to visualize surface morphology of 

sulfonated block copolymers.
14,116-119

 In a typical AFM phase images, high-modulus high-Tg 

domains appear as bright regions and low-Tg soft domains appear as darker regions. For 

example, McGrath et al. studied the microphase separation of a segmented sulfonated 

poly(arylene ether sulfone)-b-polyimide copolymer (BPSH m-PI n, where m×10
3
  g/mol is the 

number-average molecular weight (Mn) of BPSH block and  n×10
3
 g/mol is the Mn of PI block) 

using AFM.
120

 Figure 2.6 displays the AFM phase and height images of BPSH-PI with different 

block lengths. It clearly showed that bright nonionic domains converted from irregular round 

domains into well-defined, continuous lamellar morphology as block length increased from 5000 

g/mol (BPSH)-5000 g/mol (PI) to 15000 g/mol (BPSH)-15000 g/mol (PI). Mauritz and Beyer et 

al. imaged the surface morphology of sulfonated poly(styrene-b-ethylene-co-butylene-b-styrene) 

using AFM. Morphological features revealed with AFM correlated well with X-ray scattering 

data.
117
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Figure 2.6 (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
120

  

      Transmission electron microscopy (TEM) enables to visualize bulk morphology of 

sulfonated block and segmented copolymers. Mezzenga et al. investigated the dependence of 

proton conductivity on the morphologies of sulfonated polystyrene-b-poly(methyl methacrylate) 

diblock copolymers.
121

 They demonstrated that water vapor annealing favored formation of 

highly ordered, lamellar and hexagonally perforated lamellar morphology, as demonstrated with 

TEM images in Figure 2.7.  Additionally, proton conductivity and water swelling properties of 

these sulfonated block copolymer depended strongly on their morphology. Polymers with a 

lamellar morphology exhibited higher proton conductivity and higher water uptake.  



 

19 

 

 

Figure 2.7 TEM images of vapor annealing for samples: (a) S1_20 (IEC=1.66), (b) S1_17 

(IEC=0.353), (C) S2_35 (IEC=0.766), and (d) S3_37 (IEC=0.564).
121

  

2.5 Sulfonated block and segmented copolymers for electromechanical transducers 

      Electromechanical polymeric transducers have received significant attention recently for 

many emerging applications, including electromechanical actuators, sensors, electro-active 

coatings, and artificial muscles. Figure 2.8 shows schematic representation of an ionomeric 

polymer actuator, which contains a central, ionomeric membrane, conductive network composite 

(CNC) layers, and electrode layers. The actuator mechanically deforms (actuates) upon an 

applied potential. Desirable properties for polymeric membranes in electromechanical 

transducers include high ionic conductivity, tunable modulus versus temperature behavior, 

efficient response at relatively low voltages (<5 V), and facile fabrication processes. Currently, 

perfluorinated sulfonated copolymers, e.g. Nafion
®
, exhibited good properties and performance 

in electromechanical actuator applications.
122

 However, to overcome the limits of perfluorinated 

sulfonated copolymers and obtain more tunable properties, researchers have extensively 
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investigated various block and segmented copolymers. Sulfonated block and segmented 

copolymers emerge as suitable candidates for applications in electromechanical transducers. Lee 

et al. fabricated electromechanical actuators using sulfonated poly(styrene-b-ethylene-co-

butylene-b-styrene).
123

 Figure 2.9 demonstrated that the resulting actuators exhibited harmonic 

response of displacement and current at 0.2 Hz sinusoidal signal with 1.5 V amplitude. More 

recently, Spontak et al. reported polymeric electromechanical actuators fabricated from a 

sulfonated pentablock copolymers, poly(t-butyl styrene-b-(ethylene/propylene)-b-(styrene-ran-

styrenesulfonate)-b-(ethyelen/propylene)-b-t-butyl styrene).
124

 Figure 2.10 displays the digital 

images showing the bending behavior of resulting actuators. It indicated that actuators swollen 

with glycerol bended towards the anode (a); however, actuators swollen with ethylene glycol 

displayed bending to the cathode (b).  This study suggested that swollen solvents regulated 

actuation direction of the sulfonated pentablock copolymer-based actuators. 

 

Figure 2.8 Schematic representation of an ionomeric polymer actuator, which exhibits bending 

under applied voltages. 
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Figure 2.9 Harmonic response of displacement and current of sulfonated poly(styrene-b-

ethylene-co-butylene-b-styrene)-based actuator at 0.2 Hz sinusoidal signal with 1.5 V 

amplitude
123

 

 

Figure 2.10 Digital images of actuation performance of sulfonated pentablock copolymer based-

actuators swollen with (a) glycerol and (b) ethylene glycol
124

 

      To optimize the properties and performance of polymeric membranes for electromechanical 

transducer applications, ionic liquids have been utilized as diluents to enhance ionic conductivity 

of polymeric membranes. Ionic liquids, which are defined as organic salts with melting 

temperatures below 100 
o
C, possess a unique set of desirable properties including high ionic 

conductivity, high electrochemical and thermal stability, and low volatility.
125,126

 However, 
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polymeric membranes incorporated with ionic liquids often suffered reduced mechanical 

performance due to the plasticizing effect of ionic liquids. In order to enhance the ionic 

conductivity with ionic liquids while maintaining the mechanical properties, researchers have 

designed various ABA triblock copolymers, where “A” blocks form nonionic, high-Tg domains 

that serve as physical cross-links and provide desirable mechanical strength even in the presence 

of ionic liquid, and B blocks are low-Tg, ion-rich domains that provide ion transport pathway and 

impart high ionic conductivity. Most current studies have focused on ion-containing diblock 

copolymers or PEO-based triblock copolymers and networks to fundamentally understand the 

influence of ionic liquids on morphologies and ionic conductivity.
127-129

 Studies on ion-

containing multiblock and segmented copolymers are much less noted in the literature, which 

will be one of the major focuses of this dissertation. 
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Chapter 3: Influence of Ionic Charge Placement on Performance of Poly(ethylene glycol)-

Based Sulfonated Polyurethanes 

(Gao, R.; Zhang, M.; Dixit, N.; Moore, R.B.; Long, T.E.* Polymer 2012, 53, 1203-1211) 

3.1 Abstract 

Poly(ethylene glycol) (PEG)-based sulfonated polyurethanes bearing either sulfonated soft 

segments (SSSPU) or sulfonated hard segments (SHSPU) were synthesized using sulfonated 

monomers. Differential scanning calorimetry (DSC) revealed that sulfonate anions either in the 

soft segments or hard segments both increased the glass transition temperatures (Tg’s) of the soft 

segments and suppressed their crystallization. Moreover, dynamic mechanical analysis (DMA) 

and tensile analysis demonstrated that SSSPU possessed a higher modulus and tensile strength 

relative to SHSPU. Fourier transform infrared (FTIR) spectroscopy revealed that hydrogen 

bonding interactions in SHSPU were suppressed compared to SSSPU and noncharged PU. This 

observation suggested a high level of phase-mixing for SHSPU. In addition, atomic force 

microscopy (AFM) phase images revealed that both SSSPU and noncharged PU formed well-

defined microphase-separated morphologies, where the hard segments phase-separated into 

needle-like hard domains at the nanoscale. However, SHSPU showed a phase-mixed 

morphology, which was attributed to increased compatibility of polar PEG soft segments with 

sulfonated ionic hard segments and disruption of hydrogen bonds in the hard segment. The 

phase-mixed morphology of SHSPU was further demonstrated using small angle X-ray 

scattering (SAXS), which showed a featureless X-ray scattering profile. In contrast, SAXS 

profiles of SSSPU and noncharged PU demonstrated microphase-separated morphologies. 

Moreover, SSSPU also displayed a broad ionomer peak ranging in q=1~2 nm
-1

, which resulted 
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from the sodium sulfonate ion pair association in the polar PEG soft phase. Morphologies of 

sulfonated polyurethanes correlated well with thermal and mechanical properties. 

3.2 Introduction 

     Polyurethane (PU) is an important class of segmented block copolymers for many 

applications including durable coating,
1,2

 foams,
3
 high performance adhesives,

4
 biomaterials,

5,6
 

and automotive materials
7
. Due to the microphase separation of the incompatible alternating hard 

and soft segments, polyurethanes perform as high strength thermoplastic elastomers. However, 

properties are further tailored with modification of the molecular structure of the hard and soft 

segments,
8-12

 variation of volume fractions of the two different segments,
13-17

 and incorporation 

of additional chemical or physical crosslinking sites.
18

 

    Among the many different types of polyurethanes, ion-containing polyurethanes, or 

polyurethane ionomers, have received growing attention for their unique morphology and 

properties, which are attributed to synergistic interactions of Coulombic, hydrogen bonding, and 

hydrophobic interactions. In recent years, many efforts have probed the structure-morphology-

property relationships of ion-containing polyurethanes.
19-23

 Researchers determined that the 

morphology and thermomechanical properties of ion-containing polyurethanes depend strongly 

on the ion concentration, ion type, and counterion structure. Cooper et al. reported a comparison 

of the physical properties of carboxylated polyurethane and sulfonated polyurethane ionomers.
24

 

They demonstrated that sulfonated polyurethane ionomers showed a higher degree of phase 

separation, which provided higher tensile strength than carboxylated polyurethanes. More 

recently, Colby et al. investigated the influence of various counter cations on performance of 

polyurethane-carboxylate ionomers.
25

 They found that replacement of sodium cations with larger 

ammonium cations reduced the glass transition temperature (Tg) from 47 
o
C to -6 

o
C and 
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enhanced the ionic conductivity by 5 orders of magnitude. In addition to ion type and counterion 

structure, researchers have demonstrated that ion placement also plays an important role in 

determining the morphology and properties of ionomers.
26,27

 Our research group reported the 

influence of sulfonate charge placement on morphologies of sulfonated acrylic graft copolymers. 

These copolymers contained sulfonated blocks either adjacent to the backbone or at the branch 

termini.
28

 We demonstrated that only the sulfonated graft copolymer with sulfonated block at the 

branch termini showed ionic aggregates due to a higher mobility of the terminal sulfonated block 

than sites adjacent to the backbone. Several other studies on sulfonated polyetheretherketones or 

sulfonated polyimides also demonstrated that charge placement significantly influenced the 

performance of ionomers.
29-31

 However, to the best of our knowledge, a systematic study that 

investigates the influence of charge placement on performance of PEG-based sulfonated 

polyurethanes does not exist in the literature. 

     PEG-based sulfonated polyurethanes are particularly interesting because of emerging energy 

and biomedical applications, and for example, sulfonated copolymers are good candidates for 

fuel cell membrane applications.
32-35

 Moreover, PEG-containing copolymers blended with 

lithium salts were also reported as suitable materials for solid-state batteries and fuel cells. 

Studies showed that rapid segmental motion of PEG segments afforded faster ion transport and 

higher ionic conductivity.
36,37

 In the biomedical arena, researchers have demonstrated that 

sulfonated polyurethanes and PEG-containing polyurethanes had enhanced biocompatibility.
38-40

  

For example, Shen et al. modified polyurethanes with sulfobetaine and demonstrated enhanced 

blood compatibility of sulfonated polyurethanes using hemolytic testing and platelet-rich plasma 

adhesion experiments.
41

 Previous work in our group has focused on synthesis and property 

characterization of poly(tetramethylene oxide) (PTMO)-based polyurethanes containing 
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phosphonium cations in the hard segment.
42

 We demonstrated that phosphonium cations in the 

hard segment significantly influenced hydrogen bonding interactions, which contributed to the 

thermal and mechanical properties of phosphonium-containing polyurethanes.  

      In the current study, we successfully synthesized PEG-based sulfonated polyurethanes 

containing sulfonate charge either in the soft segment or hard segment using a sulfonated 

monomer strategy. Upon comparison with a noncharged polyurethane analogue, we 

systematically investigated the influence of sulfonate charge placement on performance of PEG-

based sulfonated polyurethanes using complementary characterization techniques. Our study 

demonstrated that the placement of sulfonate charge on the segmented polyurethane backbone 

dramatically influenced thermal and mechanical properties, hydrogen bonding interactions, and 

morphologies of PEG-based sulfonated polyurethanes.  

3.3 Experimental 

Materials 

       Dimethyl 5-sulfoisophthalate sodium salt (98%), ethylene glycol (99%), titanium (IV) 

isopropoxide, poly(ethylene glycol) (PEG) (Mn=950-1000 g/mol and Mn=2000 g/mol) were 

purchased from Aldrich and dried at 60 
o
C in vacuo overnight immediately prior to use. 

Anhydrous N,N-dimethylformamide (DMF) (99.8%) was purchased from Aldrich and used as 

received. The chain extender 1,4-butanediol (BD) (99%) was purchased from Aldrich and 

distilled from calcium hydride. Dibutyltin dilaurate (DBTDL) (95%) was purchased from 

Aldrich and diluted to 1 wt% using anhydrous tetrahydrofuran. Methanol (HPLC grade) and 

anhydrous diethyl ether (99%) were purchased from Fisher Scientific. Dicyclohexylmethane-
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4,4’-diisocyanate (HMDI) (99.5%) was kindly provided by Bayer MaterialScience and used as 

received. 

Synthesis of bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt (SD) 

       In a two-necked, round-bottomed flask equipped with a stir bar and condenser, ethylene 

glycol (21.32 g, 0.34mol), dimethyl 5-sulfoisophthalate sodium salt (10.28 g, 0.034mol), and 

0.05 wt% of titanium (IV) isopropoxide were added and purged with nitrogen. The reaction was 

allowed to proceed at 170 
o
C with nitrogen flow. 

1
H NMR spectroscopy was used to confirm 

complete reaction. The excess ethylene glycol was removed by distillation under reduced 

pressure at 70 
o
C. The crude product was subsequently dissolved in methanol and precipitated 

into diethyl ether three times. The final product was obtained as a white solid with a yield of 

91%.  FAB MS negative mode: m/z=333.03. 
1
H NMR (400 MHz, DMSO, 25 

o
C) (δ, ppm): 3.68-

3.71 (4H, h,-CH2-), 4.3 (4H, t,-CH2-OH), 5.0 (2H, t, OH), 8.45-8.5 (3H, t, phenyl).  

Synthesis of PEG-based sulfonated polyol (SPEG) 

       PEG-based sulfonated polyol was synthesized in a similar manner as described for the 

synthesis of bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt. 1K PEG (23.70 g, 23.7 mmol) 

and dimethyl 5-sulfoisophthalate sodium salt (3.51 g, 11.8 mmol) were added to a two-necked, 

round-bottomed flask equipped with a stir bar. 0.05 wt% titanium (IV) isopropoxide was used as 

the catalyst. The reaction was allowed to proceed at 170~190 
o
C under N2 flow. Complete 

reaction was determined using 
1
H NMR spectroscopy. The crude product was dissolved in 

acetone and precipitated in diethyl ether 3 times. 
1
H NMR (400 MHz, DMSO, 25 

o
C) (δ, ppm): 

3.40-3.63 (174H, broad,-CH2-CH2-O-), 3.78 (4H, t,-CH2-OH), 4.44 (4H, t, CH2-COO), 4.57 (2H, 

t, OH), 8.40-8.44 (3H, t, phenyl). 
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Synthesis of segmented polyurethanes bearing sulfonated soft segments (SSSPU)    

      The polymer was synthesized according to a typical two-step process. The first step provided 

HMDI end-capped SPEG. SPEG (7.25 g, 2.69 mmol) was weighed into a three-necked, round-

bottomed flask equipped with an addition funnel, nitrogen inlet, and an overhead mechanical 

stirrer. HMDI (2.05 mL, 8.33 mmol)) was subsequently syringed into the flask. The reaction was 

allowed to proceed for 4 h at 80 
o
C under a N2 atmosphere in the absence of solvent. 1 wt% 

DBTDL in THF (50 ppm) was used as the catalyst. In the second step, 1,4-butanediol was 

dissolved in anhydrous DMF and added dropwise to the flask. The reaction was continued for an 

additional 24 h at 80 
o
C. FTIR spectroscopy was used to confirm complete consumption of the 

isocyanate groups. 

Synthesis of segmented polyurethanes bearing sulfonated hard segments (SHSPU)  

       The SHSPU synthesis was conducted in a three-necked, round-bottomed flask equipped with 

an addition funnel, nitrogen inlet, and an overhead mechanical stirrer. Following a typical two-

step synthetic route as described above, pre-dried PEG (Mn=2000 g/mol) was first end-capped 

with HMDI at 80 
o
C for 4 h using DBTDL (50 ppm) as the catalyst. In the second step, bis(2-

hydroxyethyl)-5-sulfoisophthalate sodium salt was dissolved in anhydrous DMF (15 wt% solids) 

and added dropwise to the prepolymers. The reaction was allowed to proceed for 24 h at 80 
o
C 

under a N2 atmosphere. FTIR spectroscopy demonstrated complete consumption of the 

isocyanate groups. Noncharged PU was synthesized similarly except that 1,4-butanediol was 

used as the chain extender, rather than bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt. In 

this study, all polyurethane solutions were directly cast in Teflon
®
 modes and dried in air at 23 

o
C for 72 h with a relative humidity (RH) of 32% to form solid membranes. The resulting 

membranes were subsequently dried in vacuo at 50 
o
C for additional 72 h to remove residual 
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solvent and moisture. All samples showed negligible weight loss at 100 
o
C in TGA. The samples 

were kept in a dessicator (RH=20%) at 23 
o
C, and dried in vacuo at 50 

o
C for at least 24 h 

immediately prior to characterization. SSSPU and SHSPU resulted in optically clear films; in 

sharp contrast, noncharged PU resulted in opaque films due to crystallization of PEG soft 

segments.  

Polymer characterization
 

         1
H NMR spectroscopy was performed on a Varian INOVA 400 MHz spectrometer using d-

DMSO as the solvent. FAB-MS was obtained on a JEOL HX110 dual-focusing mass 

spectrometer using a negative ion mode. Size exclusion chromatography (SEC) was performed 

on a Waters SEC equipped with two Waters Styragel HR5E (DMF) columns, a Waters 717plus 

autosampler, and a Waters 2414 differential refractive index detector. The molecular weight of 

noncharged PU was measured at 50 
o
C in DMF. Differential scanning calorimetry (DSC) was 

performed using a TA Instruments Q2000 differential scanning calorimeter under a nitrogen flow 

of 50 mL/min with a heating rate of 10 
o
C/min. For isothermal crystallization studies, the 

samples were heated to 150 
o
C to eliminate thermal history and subsequently quenched to 0 

o
C. 

The samples were maintained at 0 
o
C for 120 min. Dynamic mechanical analysis (DMA) 

measurements were performed on a TA Instruments Q800 dynamic mechanical analyzer in the 

film tension mode at a frequency of 1 Hz and a temperature ramp of 3 
o
C/min over the range -80 

to 120 
o
C. Tensile analysis was performed on a 5500R Instron universal testing instrument with a 

cross-head rate of 50 mm/min at ambient conditions. FTIR experiments were carried out using a 

Varian 670-IR spectrometer (DTGS detector) equipped with a Pike Technologies variable 

temperature GladiATR
TM

 attachment (diamond crystal). The spectra were collected at a 

resolution of 4 cm
-1

, and 32 scans were averaged. For variable temperature FTIR experiments, 
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the spectra were collected every 10 
o
C starting from 30 to 140 

o
C with a temperature ramp of 1 

o
C/min.  Atomic force microscopy (AFM) was conducted on a Veeco MultiMode AFM in a 

tapping mode at ambient conditions. SAXS and wide angle X-ray diffraction (WAXD) were 

performed using a Rigaku S-Max 3000 3 pinhole SAXS system equipped with a rotating anode 

emitting X-rays with a wavelength of 0.154 nm (Cu K ). Scattering from a silver behenate 

standard was used to calibrate the sample-to-detector distance. For SAXS, the sample-to-detector 

distance was 1603 mm, and for WAXD, the sample-to-detector distance was 82.5 mm. Two-

dimensional SAXS patterns were obtained using a fully integrated 2D multi-wire, proportional 

counting, gas-filled detector during an exposure time of 1 h per sample. SAXS data were 

corrected for sample thickness, sample transmission, and background scattering. WAXD two-

dimensional diffraction patterns were obtained using an image plate with an exposure time of 1 

h. All SAXS/WAXD data were analyzed using the SAXSGUI software package to obtain 

radially integrated SAXS/WAXD intensity versus scattering vector q (SAXS) or 2θ (WAXD) 

profiles, where q=4 sin(θ)/ , θ is half of the scattering angle, and   is the X-ray wavelength.  

WAXD data were corrected for sample thickness, and the profiles were vertically shifted to 

facilitate a comparison of peak positions.  

3.4 Results and Discussion 

3.4.1 Sulfonated polyurethane synthesis 

         Sulfonated polyurethanes with controlled sulfonate charge placement either in the soft 

segments (SSSPU, as shown in Scheme 3.1) or in the hard segments (SHSPU, as shown in 

Scheme 3.2) were synthesized using a sulfonated monomer strategy. Oligomeric sulfonated PEG 

and sulfonated diol, bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt, were synthesized and 

used as the polyol and chain extender, respectively. Sulfonate anions were readily incorporated 
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into the polyurethane backbone during polymerization. Post-sulfonation has been widely used for 

sulfonated polyurethane syntheses, however, the sulfonated monomer strategy enabled better 

control of sulfonation level and sulfonate charge placement while avoiding possible side 

reactions.
43

 In addition to sulfonated polyurethanes, a noncharged polyurethane (PU) was also 

synthesized for comparative purposes. The polyurethane samples contained the same molecular 

weight of the soft segments and the same mole fraction of hard segments, which enabled the 

study of the influence of sulfonate charge and charge placement on polyurethane performance.  

In all these polyurethane syntheses, complete polymerizations were demonstrated using FTIR 

spectroscopy, i.e. the isocyanate stretching vibration peak at 2260 cm
─1

 completely disappeared. 

Moreover, molecular weight of noncharged PU was determined using DMF SEC, which showed 

a number-average molecular weight (Mn) of 32 kg/mol.  However, no reliable SEC data were 

obtained for SSSPU and SHSPU due to polymer aggregation in SEC solvents, which was 

verified with dynamic light scattering.  
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Scheme 3.1 Synthesis of sulfonated polyurethanes bearing sulfonated soft segments (SSSPU) 
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Scheme 3.2 Synthesis of sulfonated polyurethanes bearing sulfonated hard segments (SHSPU) 

3.4.2 Thermal properties 

         DSC thermograms in Figure 3.1 reveal the influence of sulfonate charge placement on 

thermal transitions of PEG-based sulfonated polyurethanes. In the first heat DSC curves as 

shown in Figure 3.1(a), noncharged PU and SSSPU showed similar endothermic transitions at 

107 
o
C and 110 

o
C, respectively, which were assigned to hard segment crystallization; however, 

SHSPU did not show hard segment crystallinity. Several factors possibly contributed to reduced 

crystallinity of SHSPU hard segments. First, the bulky sulfonated diol structure disrupted the 

regularity of the hard segment and prevented effective chain packing. Second, ionic-dipole and 

dipole-dipole interactions among the sodium sulfonate ion pairs disrupted hydrogen bonding 
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interactions, which strongly contribute to hard segment crystallization. Finally, sulfonated hard 

segments underwent phase-mixing with PEG soft segments, reducing the homogeneity of the 

hard domains.  In the second heat DSC curves, significant difference in glass transition and 

crystallization behavior of PEG-based soft segments was observed among these three polymers. 

Only the noncharged PU showed Tc at 0 
o
C, Tm at 34 

o
C, and Tg at -53 

o
C for the PEG soft 

segments. In contrast, both SSSPU and SHSPU showed significantly higher soft segment Tg’s, 

which were -26 
o
C and -5 

o
C, respectively. The increased soft segment Tg of SSSPU was 

attributed to the reduced mobility of sulfonated PEG soft segments due to the sodium sulfonate 

ion pair association and the coordination of PEG ether oxygens with sodium cations. SAXS 

experiments, shown below, demonstrated the existence of sodium sulfonate ion pair association. 

In addition, Tang et al. reported that PEG-based polyurethanes containing NaClO4 salt showed 

increased soft segment Tg due to the coordination of sodium cations with PEG ether oxygens.
44

 

More interestingly, SHSPU, despite bearing noncharged PEG soft segments, showed the highest 

soft segment Tg. It was presumed that the increased soft segment Tg of SHSPU was due to phase-

mixing of hard and soft segments. In order to further demonstrate the influence of sulfonated 

hard segments on the glass transition and crystallization behavior of PEG soft segments, 

sulfonated polyurethanes, which had identical PEG soft segments but hard segments with 

different sulfonation levels, were prepared. The polyurethane compositions and thermal 

transition data are summarized in Table 3.2. The soft segment Tg was systematically increased 

with increasing the sulfonation level of the hard segments, i.e. a higher fraction of SD was used 

as the chain extender. Moreover, crystallization of PEG soft segments was completely 

suppressed at 50% SD as the chain extender. We hypothesize that the sodium sulfonate ions in 

the hard segments increase the compatibility of the hard segments with the polar PEG soft 
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segments, leading to phase-mixing.
24

 Higher contents of sodium sulfonate ions in the hard 

segments cause more phase-mixing and higher soft segment Tg’s. The influence of sulfonation 

level of hard segments on crystallization behavior of PEG soft segments was further studied with 

isothermal DSC experiments. Figure 3.2 shows the isothermal crystallization curves of all five 

polymers at 0 
o
C. It is clear that the sulfonate anions significantly retarded the crystallization of 

PEG soft segments. Noncharged PU (BD/SD=100/0) started to crystallize immediately upon 

quenching to 0 
o
C, and a relatively sharp crystallization peak at t1/2=2.6 min was observed. In 

contrast, the crystallization peak for SHSPU-2 (BD/SD=75/25) was retarded to t1/2=20 min with 

a much longer crystallization time of 30 min. However, the noncharged PU and SHSPU-

2(BD/SD=75/25) showed comparable degree of crystallinity for the PEG soft segments. It was 

also worth mentioning that SHSPU-3 (BD/SD=50/50) did not show crystallization over a 120-

min time scale, the sample crystallized after 2 mo storage at 23 
o
C. These observations suggested 

that the soft segment mobility was reduced by the sulfonated hard segments. However, due to the 

lack of effective physical crosslinking sites, PEG soft segments remained mobile and contributed 

to the crystalline PEG phase.    
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Figure 3.1 DSC traces of noncharged PU, SSSPU, and SHSPU. Conditions: 10 
o
C/min 
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Table 3.1 Chemical compositions and thermal transition temperatures of noncharged PU, 

SSSPU, and SHSPU 

 Soft Segment Isocyanate Chain Extender Tg (
o
C) Tm (

o
C) HS (mol%) HS (wt%) 

SSSPU 2K SPEG HMDI BD -26 ND 83 30 

SHSPU 2K PEG HMDI SD -5 110* 83 43 

PU 2K PEG HMDI BD -52 34, 107* 83 33 

*data obtained from 1
st
 heat of DSC experiment; ND=not detected 

 

Table 3.2 Thermal transitions for sulfonated polyurethanes with sulfonated hard segments at 

various sulfonation levels  

 HMDI PEG BD SD* BD/SD Tg(ss)(
oC) Tc (

oC) T1/2(min) ΔHm(J/g) %cryst wt% HS 

PU 3 1 2 0 100/0 -52 34 2.6 29.29 22.08 33 

SHSPU-2 3 1 1.5 0.5 75/25 -46 33 20 28.65 22.57 35 

SHSPU-3 3 1 1 1 50/50 -24 ND ND ND ND 38 

SHSPU-4 3 1 0.5 1.5 25/75 -16 ND ND ND ND 41 

SHSPU 3 1 0 2 0/100 -5 ND ND ND ND 43 

*SD=bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt; ND=not detected 

 

   

Figure 3.2. Isothermal (T=0 
o
C) crystallization behavior of SHSPU with various sulfonate 

charge densities 
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3.4.3 Thermomechanical behavior 

         Thermal dynamic mechanical properties of noncharged PU, SSSPU, and SHSPU were 

investigated using dynamic mechanical analysis (DMA). The temperature dependency of storage 

modulus (G’) of these three polyurethanes is shown in Figure 3.3. DMA clearly demonstrated 

that sulfonate charge placement dramatically influenced the thermal transition behavior, which 

correlated well with DSC experiments. Noncharged PU possessed crystalline PEG soft segments, 

which showed the lowest Tg. In contrast, both SSSPU and SHSPU showed increased soft 

segment Tg and no soft segment crystallinity. Figure 3.3 also indicates that sulfonate charge and 

sulfonate charge placement significantly influence the mechanical performance of these 

polymers. Due to the soft segment crystallization, noncharged PU showed a narrow rubbery 

plateau ranging from 50 
o
C to 85 

o
C. However, SSSPU showed a much broader rubbery plateau 

ranging from 10 
o
C to 110 

o
C. This suggested that incorporation of sodium sulfonate ions into 

the soft segments significantly increased the continuous use temperature range of PEG-based 

polyurethanes. In contrast, SHSPU showed a narrow rubbery plateau with a lower storage 

modus. This suggested that SHSPU lacked effective physical crosslinking sites, which were 

typically attributed to the microphase-separated hard domains. In addition, noncharged PU and 

SSSPU showed comparable flow temperatures at 120 
o
C. It should be noted that, due to the low 

storage modulus of SHSPU at high temperature, the DMA could not detect a reliable mechanical 

response for the SHSPU film. Thus, the experiment was stopped at 120 
o
C in all cases. 
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Figure 3.3 DMA curves of noncharged PU, SSSPU, and SHSPU (Conditions: 3 
o
C/min; 1 Hz; 

film tension mode) 

3.4.4 Tensile analysis 

         Uniaxial stress-strain tensile analysis was conducted to elucidate the influence of charge 

placement on mechanical properties of PEG-based sulfonated polyurethanes. Figure 3.4 shows a 

comparison of the stress-strain curves of noncharged PU, SSSPU, and SHSPU. The most notable 

difference among these polymers was the Young’s modulus, which was calculated from the 

slope of the initial stress-strain curve below 2.5% elongation.
45

 SSSPU and noncharged PU had 

higher Young’s moduli (9.11±0.88 MPa and 14.38±2.38 MPa, respectively) than SHSPU 

(1.34±0.27 MPa). The difference in Young’s moduli of polyurethane elastomers is often 

attributed to the microphase-separated structure.
46

 In a strong phase-separated polyurethane, the 

hard segments form the high Tg hard domains, which serve as reinforcing “fillers” that provide a 

high modulus. More well-defined phase-separation usually results in more homogenous hard 

domains, which serve as more effective fillers to reinforce polyurethane elastomers.  The tensile 
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data suggested that non-charged PU and SSSPU had more well-defined phase-separated 

morphology than SHSPU. Moreover, the ionic aggregates in SSSPU and crystalline PEG soft 

segments in noncharged PU also serve as reinforcing fillers to further enhance moduli. Another 

significant difference in the mechanical performance is the extent of elongation. SSSPU and 

SHSPU showed comparable maximum elongation, which were 803±108% and 818±156%, 

respectively.  However, noncharged PU showed significantly reduced elongation of 391±17%, 

which might be due to the crystalline PEG soft segments. Hammond et al. previously reported 

that polyurethanes with high crystalline PEG soft segments exhibited reduced elongation.
47

 

Moreover, difference in molecular weights of these polyurethanes may also contribute to the 

different elongation, although noncharged PU showed a reasonable high molecular weight 

(Mn=32 kg/mol) in DMF SEC. 
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Figure 3.4 Comparison of tensile properties of noncharged PU, SSSPU, and SHSPU 

(Conditions: 50 mm/min, ambient conditions) 

3.4.5 Hydrogen bonding characterization 

         Fourier transform infrared (FTIR) spectroscopy is a sensitive tool to characterize hydrogen 

bonding interactions of polyurethanes.
48

 In a polyurethane system, C=O “acceptor” groups 

hydrogen-bond with the N-H “donor” groups. Due to the hydrogen bonding interactions, the 

electron distribution on the hydrogen-bonded C=O groups is disrupted, which shifts the C=O 

stretching vibration to a low wavenumber in FTIR spectra. In addition, previous studies in our 

laboratories demonstrated that N-H stretching peaks in FTIR spectra narrowed as the hydrogen 

bonding extent increased.
42

 Here we utilized both the C=O stretching region and N-H stretching 

region (as shown in Figure 3.5 (a) and (b), respectively) to investigate the influence of charge 

placement on hydrogen bonding interactions of PEG-based sulfonated polyurethanes. In Figure 

3.5 (a), the peaks at 1716 cm
-1

 were attributed to the stretching vibration mode of free C=O 

groups, and the peaks at 1689 cm
-1

and 1662 cm
-1

 were attributed to hydrogen-bonded C=O 
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groups.
49

 The spectra clearly showed that SHSPU did not contain hydrogen bonding interactions; 

however, both noncharged PU and SSSPU displayed shifted C=O peaks to a lower wavenumber, 

indicating the presence of hydrogen bonding interactions. In addition, the N-H stretching region 

in Figure 3.5 (b) showed relatively sharp N-H stretching vibration peaks near 3300 cm
-1

 for 

noncharged PU and SSSPU due to the high extent of hydrogen bonding interactions, and SHSPU 

displayed broad N-H stretching peaks. Painter et al. reported earlier that hydrogen bonding 

causes self-association of polyurethane hard segments and serves as an additional driving force 

for polyurethane microphase separation.
50

 We proposed that the absence of hydrogen bonding in 

SHSPU presumably arises from a phase-mixed morphology and irregular hard segment structure. 

However, higher extent of hydrogen bonding interactions in noncharged PU and SSSPU was 

consistent with a higher degree of microphase-separation. In order to further understand the 

correlation between hydrogen bonding and hard segment morphological features, we performed 

variable temperature FTIR spectroscopy to investigate the temperature dependence of hydrogen 

bonding interactions in noncharged PU (Figure 3.6-a) and SSSPU (Figure 3.6-b). For 

noncharged PU, the spectra clearly showed that absorbance of bonded carbonyl peaks at 1689 

cm
-1

and 1662 cm
-1

 diminished significantly at 100 
o
C and completely disappeared at 120 

o
C due 

to hydrogen bonding dissociation. SSSPU showed a similar shift of bonded carbonyl peaks upon 

heating. However, the hydrogen bonds in SSSPU started to dissociate at 120 
o
C and disappeared 

at 130 
o
C. The hydrogen bonding dissociation temperature correlated well with hard segment 

melting points (Tm’s) as shown in DSC, in which, noncharged PU and SSSPU showed Tm’s at 

107 
o
C and 110 

o
C, respectively. This observation indicated that hydrogen bonding is strongly 

related to hard segment crystallization in these polyurethanes.  
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Figure 3.5 FTIR spectroscopy of the (a) C=O region and (b) N-H region of noncharged PU, 

SSSPU, and SHSPU  
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Figure 3.6 Variable temperature FTIR spectra in carbonyl region for noncharged PU (a) and 

SSSPU (b) 
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3.4.6 Morphological characterization 

         Morphological features of noncharged PU, SSSPU, and SHSPU were characterized using 

complementary techniques including atomic force microscopy (AFM), small angle X-ray 

scattering (SAXS), and wide angle X-ray diffraction (WAXD). Recently, AFM has been widely 

used to study the microphase-separation of polyurethanes.
51

 In a typical AFM phase image of a 

microphase-separated polyurethane, the hard domains appear as lighter regions and the soft 

phase appears as darker regions. Figure 3.7 shows the AFM tapping mode phase images of 

noncharged PU, SSSPU, and SHSPU obtained at ambient conditions. AFM indicated that both 

noncharged PU and SSSPU possessed well-defined microphase-separated morphologies. The 

hard segments phase separated from the continuous soft phase to form needle-like cylindrical 

hard domains. These hard domains were randomly orientated with diameters on the order of 5-10 

nm. The length of the needles was approximately 50 to 100 nm. Similar AFM surface 

morphology of segmented polyurethanes has been reported in the literature.
47,52-54

  In contrast, 

SHSPU showed a more phase-mixed morphology without distinct hard domains.  The 

morphologies observed from AFM correlated well with observations in DSC, DMA, and FTIR 

experiments, which all indicated a microphase-separated morphology for noncharged PU and 

SSSPU and a phase-mixed morphology for SHSPU.   
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Figure 3.7 Comparison of surface morphologies of noncharged PU, SSSPU, and SHSPU using 

AFM phase images (Conditions: tapping mode; tip spring constant=42 N/m) 

      Small angle X-ray scattering and wide angle X-ray diffraction revealed the bulk morphology 

of noncharged PU, SSSPU, and SHSPU. The SAXS profiles plotted as scattering intensity versus 

scattering vector q (nm
-1

) are shown in Figure 3.8. SAXS data for the noncharged PU displayed 

a broad scattering peak near q=0.6 nm
-1

, arising from the microphase-separation of the hard 

domains and the PEG-based soft phase. The average inter-domain spacing was related to the 

scattering peak position by d=2  q*, where q* is the maximum q value at the scattering peak. 

The calculated inter-domain spacing for non-charged PU was approximately 10 nm, which was 

similar to the literature value reported for a comparable polyurethane.
52

   In contrast, SSSPU 

showed a very weak scattering peak at q=0.5 nm
-1

.  In light of the well-defined microphase-

separated features as evidenced in AFM and the X-ray scattering characteristics, it is reasonable 

to speculate that the weak X-ray scattering peak for SSSPU is due to the reduced electron density 

difference between the hard and soft phases. In addition, it is of interest to note that SSSPU 

shows a broad scattering peak ranging from 1 to 2 nm
-1

, which may be attributed to sodium 

sulfonate ion pair association. Due to the high polarity of the PEG soft phase, sodium sulfonate 

ion pairs tend to form ionic aggregates with a wide size distribution, leading to a broad scattering 
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peak.
55

 In contrast, SHSPU showed a featureless SAXS profile, where the scattering intensity 

decreased monotonically with the scattering vector q. The absence of ionic peak for SHSPU was 

due to specific interactions of sodium cations with PEO ether oxygens. Thus, sodium sulfonate 

ion pairs were not free to aggregate. This observation indicates a high level of phase-mixing for 

SHSPU.
56

 

 

Figure 3.8 Small angle X-ray scattering intensity vs scattering vector q plotted in log-log scale 

for noncharged PU, SSSPU, and SHSPU 

      Figure 3.9 shows the WAXD data of all three polyurethanes with a PEG (2K g/mol) and a 

hard segment (HS) homopolymer analogue. The hard segment analogue was synthesized through 

the reaction of HMDI with 1,4-butanediol at a 1:1 stoichiometry to mimic hard segments.  The 

data indicated that PEG (2K g/mol) showed two sharp crystalline peaks at 2θ=18.8
o
 and 

2θ=22.9
o
, and the HS analogue showed three weak crystalline peaks at 2θ=17.9

o
, 18.9

o
, and 

23.5
o
, which were in agreement with Furukawa et al.
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profiles of PEG and HS analogue, SHSPU only displayed a broad amorphous peak around 

2θ=18
o
 without any sharp crystalline peaks.  However, noncharged PU showed two sharp 

crystalline peaks at 2θ=18.8
o
 and 2θ=22.9

o
, which were attributed to the crystalline PEG soft 

segments. In addition, both noncharged PU and SSSPU showed a small shoulder around 2θ=18
o
, 

which corresponded to the crystalline hard segments. It was important to note that the WAXD 

data agreed well with the DSC observations.  

 

Figure 3.9 Wide-angle X-ray diffraction profiles of noncharged PU, SSSPU, SHSPU, HMDI-

BD-based hard segment analogue, and PEG 
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3.5 Conclusions 

      PEG-based sulfonated polyurethanes with controlled sulfonate charge placement either in the 

soft segments (SSSPU) or hard segments (SHSPU) were synthesized using a sulfonated 

monomer strategy.  For comparative purposes, a noncharged PU was also synthesized using 1,4-

butanediol as the chain extender. DSC, DMA, and tensile analyses demonstrated that 

incorporation of sulfonate charge in polyurethane soft segments led to increased soft segment Tg 

(from -52 
o
C to -26 

o
C), suppressed PEG crystallization, comparably high Young’s modulus 

(9.11±0.88 MPa), and more well-defined rubbery plateau relative to noncharged PU.  In contrast, 

sulfonate charge in polyurethane hard segments further increased the soft segment Tg (from -52 

o
C to -5 

o
C) and suppressed crystallization of both soft and hard segments, however, charge 

significantly decreased the Young’s modulus (1.34±0.27 MPa) and narrowed the rubbery 

plateau. The significantly different influence of charge placement on sulfonated polyurethane 

performance correlated well with morphologies. SSSPU containing sulfonate charge in the soft 

segments showed similar well-defined microphase-separated morphology to noncharged PU. 

Both showed needle-like microphase-separated hard domains in AFM and X-ray scattering peaks 

around q=0.5~0.6 nm
-1

 in SAXS. However, sulfonate charge in the hard segments led to phase-

mixing of hard and soft segments due to increased compatibility. Additionally, both SSSPU and 

noncharged PU showed hydrogen bonding interactions in FTIR spectroscopy. However, the 

hydrogen bonding interactions in SHSPU was significantly suppressed due to the phase-mixed 

morphology and hard segment irregularity. An understanding of charge placement influence on 

sulfonated polyurethane performance will lead to precise design of polyurethane ionomers for 

specific applications. 
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Chapter 4: Sulfonated Polyurethane Chain-Extended with Sulfonated Diol: Correlation of 

Soft Segment Composition with Physical Properties and Morphology 

Gao, R.; Zhang, M.; Dixit, N.; Moore, R.B.; and Long, T.E. (prepared for publication) 

4.1 Abstract 

Sulfonated polyurethanes containing different soft segments (poly(ethylene oxide) (PEO) and 

poly(tetramethylene oxide) (PTMO), respectively) were synthesized using a sulfonated monomer 

strategy, which afforded precisely controlled charge density in hard segments. A fundamental 

investigation of these sulfonated polyurethanes elucidated the influence of soft segment 

composition on properties and morphology of sulfonated polyurethane ionomers.  PTMO-based 

sulfonated polyurethane exhibited lower soft segment glass transition temperature (Tg) and more 

well-defined rubbery plateau relative to PEO-based sulfonated polyurethane, as evidenced in 

differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA), respectively. 

Tensile analysis demonstrated that PTMO-based sulfonated polyurethane offered superior tensile 

strength compared to PEO-based sulfonated polyurethane. Moreover, Fourier transform infrared 

spectroscopy (FTIR) indicated that PTMO-based sulfonated polyurethane exhibited a higher 

degree of hydrogen bonding than PEO-based sulfonated polyurethane. Thermal and mechanical 

properties and hydrogen bonding of these sulfonated polyurethanes correlated well with their 

morphologies. Atomic force microscopy (AFM) phase images revealed clear, microphase-

separated, morphological features of PTMO-based sulfonated polyurethane. Small angle X-ray 

scattering (SAXS) profile of PTMO-based sulfonated polyurethane displayed distinct scattering 

peaks at q=0.5 nm
-1

 and q=2.5 nm
-1

, corresponding to microphase separation of hard and soft 

segments and sodium sulfonate ion pair association in the hard segments, respectively. In 
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contrast, both AFM and SAXS indicated a phase-mixed morphology for PEO-based sulfonated 

polyurethane. 

4.2 Introduction 

      Segmented polyurethane is an important class of copolymers comprising alternated soft and 

hard segments.
1-4

 Due to thermodynamic immiscibility of soft and hard segments, polyurethanes 

undergo microphase separation, which forms unique microstructures containing flexible, low-Tg 

soft domains and rigid, high-Tg hard domains.
5-8

  Properties of these segmented polyurethanes 

depend strongly on microphase-separated structures, which are tunable through the block 

length,
9-12

 chemical composition,
13,14

 and compatibility of both soft and hard segments.
9,15,16

  

      Many efforts have probed the influence of hard segment structure and content on properties 

of segmented polyurethanes.
17-24

   However, for a fixed hard segment, molecular weight, 

chemical composition, and crystallinity of soft segments also play important roles in microphase 

separation and final properties of segmented polyurethanes.
11,25-30

 For example, Runt et al. 

compared the microphase separation behavior of three model segmented polyurethanes, which 

contained a fixed hard segment but different soft segment structures.
31

 They demonstrated that 

PTMO-based polyurethane exhibited a higher degree of microphase separation than a poly(1,6-

hexyl-1,2-ethyl carbonate)-based polyurethane due to weaker hydrogen bonding between PTMO 

soft segments and 4,4’-methylenediphenyl diisocyanate (MDI)-based hard segments. Cooper et 

al. demonstrated that molecular weights of soft segments significantly influenced microphase 

separation of polycaprolactone-based polyurethanes.
9
 High molecular weight soft segments 

favored a higher degree of microphase separation.  Researchers also determined the influence of 

soft segments on mechanical properties, biodegradability, and moisture-permeability of 

segmented polyurethanes.
11,12,32-34

 However, most of these studies focused on nonionic 
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polyurethanes. Ion-containing polyurethanes with various soft segment structures are relatively 

unexplored.    

      Ion-containing polyurethanes, or polyurethane ionomers have attracted increasing attention 

for their unique properties and wide applications in biomedical materials, smart coatings, water 

treatment, and biocides.
35-38

 Understanding the structure-morphology-property relationships of 

polyurethane ionomers is of great importance to design novel materials with desired properties. 

Our previous studies probed the influence of sulfonate charge placement on performance of 

PEO-based sulfonated polyurethane ionomers.
39

  Characterization results indicated that sulfonate 

charge placement dramatically influenced morphology and physical properties of PEO-based 

sulfonated polyurethanes due to altered compatibility between soft and hard segments. Cooper et 

al. previously studied the influence of soft segment structure on physical properties and 

thrombogenicity of sulfonated polyurethanes, which were prepared with a post-sulfonation 

method.
40

 However, in the current study, we aimed to correlate soft segment structures with 

physical properties and morphologies of sulfonated polyurethanes. As opposed to a post-

sulfonation method, sulfonated monomers were directly polymerized to synthesize sulfonated 

polyurethanes with precisely controlled charge density in the hard segments and controlled hard 

segment content. These polyurethanes possessed an equal content of sulfonated hard segments 

(43 wt%) and same molecular weight soft segments with different chemical structures. Well-

defined structures enabled to elucidate the influence of soft segment composition on physical 

properties and morphologies of segmented polyurethanes. 
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4.3 Experimental 

Materials. Dimethyl 5-sulfoisophthalate sodium salt (98%), ethylene glycol (99%), titanium (IV) 

isopropoxide, poly(ethylene glycol) (PEG) (Mn=2000 g/mol), and poly(tetramethylene oxide) 

(PTMO) (Mn=2000 g/mol) were purchased from Aldrich and dried at 60 
o
C in vacuo overnight 

immediately prior to use. Anhydrous N,N-dimethylformamide (DMF) (99.8%) was purchased 

from Aldrich and used as received. Dibutyltin dilaurate (DBTDL) (95%) was purchased from 

Aldrich and diluted to 1 wt% using anhydrous tetrahydrofuran. Methanol (HPLC grade) and 

anhydrous diethyl ether (99%) were purchased from Fisher Scientific. Dicyclohexylmethane-

4,4’-diisocyanate (HMDI) (99.5%) was kindly provided by Bayer MaterialScience and used as 

received. 

Synthesis of Segmented Polyurethanes Containing Sulfonated Hard Segments 

       Synthetic details of sulfonated diol chain extender, bis(2-hydroxyethyl)-5-sulfoisophthalate 

sodium salt,  have been described previously.
39

 A typical synthesis of sulfonated polyurethane 

was conducted in a three-necked, round-bottomed flask equipped with an addition funnel, 

nitrogen inlet, and an overhead mechanical stirrer. Pre-dried PEO (Mn=2000 g/mol) or PTMO 

(Mn=2000 g/mol) was initially end-capped with HMDI at 80 
o
C for 4 h using DBTDL (50 ppm) 

as the catalyst. In the second step, bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt was 

dissolved in anhydrous DMF (15 wt% solids) and added dropwise to the prepolymers. The 

reaction was allowed to proceed for 24 h at 80 
o
C under a N2 atmosphere. FTIR spectroscopy 

demonstrated complete polymerizations. Polyurethane solutions were directly cast in Teflon
®

 

molds and air-dried at 23 
o
C for 3 days. Resulting membranes were subsequently dried in vacuo 

at 50~60 
o
C for additional 72 h. All Polyurethane membranes were stored in a dessicator 

(relatively humidity<15%) and re-dried in vacuo at 60 
o
C for 24 h immediately prior to 
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characterization. PTMO-based sulfonated polyurethane was referred to as HMDI-SIPNa-

2KPTMO, while PEO-based polyurethane was referred to as HMDI-SIPNa-2KPEO. Both 

polyurethanes contained 43 wt% sulfonated hard segments (HS).  

Polymer Characterization
 

        
Differential scanning calorimetry (DSC) was conducted on a TA Instruments Q2000 

differential scanning calorimeter under a nitrogen flow of 50 mL/min with a heating rate of 10 

o
C/min. Second heat DSC curves were utilized to determine thermal transition temperatures in 

order to minimize thermal history effect. Dynamic mechanical analysis (DMA) measurements 

were performed on a TA Instruments Q800 dynamic mechanical analyzer in the film tension 

mode at a frequency of 1 Hz with a temperature ramp of 3 
o
C/min over the range from -90−180 

o
C. Tanδ curves were utilized to determine glass transition temperatures of sulfonated 

polyurethanes. Tensile analysis was performed on a 5500R Instron universal testing instrument 

with a cross-head rate of 50 mm/min at ambient conditions. More than three samples were 

averaged to determine Young’s modulus, maximum elongation, and tensile strength. FTIR 

experiments were carried out using a Varian 670-IR spectrometer (DTGS detector). The spectra 

were collected at a resolution of 4 cm
-1

 with 32 scans averaged. Atomic force microscopy (AFM) 

was performed on a Veeco MultiMode AFM in a tapping mode at ambient conditions. SAXS 

was performed using a Rigaku S-Max 3000 3 pinhole SAXS system equipped with a rotating 

anode emitting X-rays with a wavelength of 0.154 nm (Cu K ). Scattering from a silver 

behenate standard was used to calibrate the sample-to-detector distance. For SAXS, the sample-

to-detector distance was 1603 mm. Two-dimensional SAXS patterns were obtained using a fully 

integrated 2D multi-wire, proportional counting, gas-filled detector during an exposure time of 1 

h per sample. SAXS data were corrected for sample thickness, sample transmission, and 
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background scattering. All SAXS data were analyzed using the SAXSGUI software package to 

obtain radially integrated SAXS intensity versus scattering vector q (SAXS), where 

q=4 sin(θ)/ , θ is half of the scattering angle, and   is the X-ray, and the profiles were vertically 

shifted to facilitate a comparison of peak positions. 

4.4 Results and Discussion 

4.4.1 Synthesis of sulfonated polyurethanes containing different soft segments 

         Scheme 4.1 depicts the synthesis of sulfonated polyurethanes containing PEO and PTMO-

based soft segments, respectively.  Chain extension of PEO- and PTMO-based polyurethane 

prepolymers with a sulfonated diol, bis(2-hydroxyethyl)-5-sulfoisophthalate sodium salt, 

provided segmented polyurethanes with controlled charge density and charge placement in the 

hard segments. Two sulfonated polyurethanes possessed an equal content (43 wt%) of hard 

segments and same molecular weight soft segments with different structures. Well-defined 

chemical structures of these sulfonated polyurethanes enable to elucidate the influence of soft 

segment composition on physical properties of sulfonated polyurethanes and correlate 

polyurethane structure and properties with their morphologies. In order to obtain high molecular 

weight polyurethanes, both polyurethane samples were synthesized with a stoichiometry of 

OH/NCO=1, and FTIR spectroscopy verified complete polymerizations, i.e. isocyanate peak at 

2260 cm
-1

 completely disappeared at the end of the polymerization. Although reliable SEC data 

were not obtained due to polymer association in SEC solvent, characterization data on 

mechanical properties shown below suggested that both polyurethane samples were high 

molecular weight polymers. In this study, we assume that the influence of soft segment 



 

64 

 

composition dominates that of polyurethane total molecular weight, which is reasonable if both 

polymers have molecular weights above the critical molecular weight.  

 

Scheme 4.1 Synthesis of sulfonated polyurethanes containing PTMO-based soft segment 

(HMDI-SIPNa-2KPTMO) and PEO-based soft segment (HMDI-SIPNa-2KPEO) with a same 

content of sulfonated hard segments (HS=43 wt%) 

 4.4.2 Thermal properties      

          Thermal properties of sulfonated polyurethanes containing different soft segments were 

investigated with differential scanning calorimetry (DSC).  Figure 4.1 displays the second heat 

DSC curves for both samples. HMDI-SIPNa-2KPTMO exhibited a thermal transition at -80 
o
C, 

which corresponded to the glass transition temperature (Tg) of PTMO-based soft segments. This 

glass transition was close to the Tg of pure PTMO homopolymers, indicating a high degree of 

microphase separation. Atomic force microscopy (AFM) and small angle X-ray scattering 

(SAXS) shown below verified a well-defined microphase-separated morphology for HMDI-
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SIPNa-2KPTMO. In contrast, HMDI-SIPNa-2KPEO showed a PEO soft segment Tg that was 

approximately 50 
o
C higher than the Tg of pure PEO homopolymers (-60 

o
C). It is also 

interesting to note that both samples did not show any endothermic peak in both first and second 

heat DSC curves, indicating the absence of crystalline soft and hard segments. Our precious 

studies demonstrated that HMDI-SIPNa-2KPEO possessed a phase-mixed morphology, leading 

to increased PEO soft segment Tg and suppressed crystallization of both soft and hard segments. 

However, HMDI-SIPNa-2KPTMO displayed a well-defined microphase-separated morphology.  

Reduced hard segment crystallinity in HMDI-SIPNa-2KPTMO was presumably due to the 

disrupted chain regularity and sodium sulfonate ion pair association. This study also suggests 

that thermodynamic immiscibility between soft and hard segments, hydrogen bonding, and ionic 

association are the major driving forces for microphase separation of HMDI-SIPNa-2KPTMO, 

rather than hard segment crystallinity.  

 

Figure 4.1 DSC traces of HMDI-SIPNa-2KPTMO (solid line, HS=43 wt%) and HMDI-SIPNa-

2KPEO (dot line, HS=43 wt%). Condition: 10 
o
C/min, in Helium 
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4.4.3 Thermomechanical and tensile properties 

         Dynamic mechanical analysis (DMA) studies revealed thermomechanical properties of 

both PEO- and PTMO-based sulfonated polyurethanes. Figure 4.2 depicts the temperature 

dependence of storage modulus (G’) and tan delta (tanδ) for both sulfonated polyurethane 

samples. Tanδ curve of HMDI-SIPNa-2KPTMO displayed maxima at -62 
o
C, corresponding to 

the PTMO soft segment Tg. This sample also displayed a well-defined rubbery plateau above the 

soft segment Tg in storage modulus curve, which indicated a high degree of microphase 

separation. In contrast, HMDI-SIPNa-2KPEO showed a much higher PEO soft segment Tg and 

poor thermomechanical properties due to the phase mixing between the soft and hard segments. 

Cooper et al. conducted DMA studies on poly(propylene oxide)-based polyurethanes containing  

various contents of ammonium cations in the hard segments. They found that thermomechanical 

properties of these sulfonated polyurethanes strongly depended on the degree of microphase 

separation. Polyurethane samples with phase mixing did not show clear tanδ peak and well-

defined rubbery plateaus in DMA curves. 
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Figure 4.2 Thermomechanical properties of sulfonated polyurethanes with 2KPEO and 

2KPTMO soft segments (HS=43 wt%). DMA condition: 3 
o
C/min, 1 Hz, film tension mode 

      Mechanical properties of PEO- and PTMO-based sulfonated polyurethanes were also 

evaluated using uniaxial stress-strain tensile analysis. Figure 4.3 shows a comparison of the 

stress-strain curves of both sulfonated polyurethanes. HMDI-SIPNa-2KPTMO and HMDI-

SIPNa-2KPEO showed comparable maximum elongation, which were 726±15 % and 

818±156%, respectively. High maximum elongation value is usually indicative of high 

molecular weight polymers. However, HMDI-SIPNa-2KPTMO showed a much higher Young’s 

modulus (127.3±0.7 MPa) relative to HMDI-SIPNa-2KPEO (1.34±0.27 MPa), as indicated with 

the slope of initial stress-strain curves. Many studies in the literature have determined that 

mechanical properties of polyurethanes depend strongly on their morphology.
16,40,41

 In a 

microphase-separated polyurethane, high-Tg hard segment domains serve as physical cross-links 

to afford polyurethane mechanical strength. A higher Young’s modulus of HMDI-SIPNa-

2KPTMO suggested a higher degree of microphase separation. In contrast, HMDI-SIPNa-

0.01

0.1

1

10

100

1000

10000

-90 -40 10 60 110 160

T
an

 D
el

ta

S
to

ra
g
e 

M
o

d
u

lu
s 

(M
P

a)

Temperature (oC)

HMDI-SIPNa-2KPEO

HMDI-SIPNa-2KPTMO



 

68 

 

2KPEO possessed a phase-mixed morphology, where no hard segment domains existed to serve 

as physical cross-links and provide the mechanical strength. In addition, HMDI-SIPNa-

2KPTMO possessed much higher tensile strength than HMDI-SIPNa-2KTPMO, indicating 

strong cohesion of hard domains.  

 

Figure 4.3 Comparison of tensile properties of sulfonated polyurethanes with 2KPEO- and 

2KPTMO-based soft segments and 43 wt% sulfonated hard segments. Condition: 50 mm/min, 

ambient conditions 

4.4.4 Hydrogen bonding characterization 

         A comparative study with FTIR spectroscopy elucidated the influence of soft segment 

composition on hydrogen bonding of sulfonated polyurethanes. Figure 4.4 shows the FTIR 

spectra for both HMDI-SIPNa-2KPTMO and HMDI-SIPNa-2KPEO in the carbonyl region 

(1600~1800 cm
-1

) and NH region (3100~3700 cm
-1

). IR spectrum of HMDI-SIPNa-2KPTMO 

displayed two distinct peaks at 1718 cm
-1

 and 1702 cm
-1

, which corresponded to the stretching 

vibration peaks of free carbonyl and hydrogen bonded carbonyl, respectively. This indicates the 
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presence of hydrogen bonding in HMDI-SIPNa-2KPTMO. In sharp contrast, HMDI-SIPNa-

2KPEO displayed a monomodal peak at 1716 cm
-1

 for free carbonyl, indicating the absence of 

hydrogen bonding due to a phase-mixed morphology. In addition, IR spectrum of HMDI-SIPNa-

2KPTMO in NH region displayed a sharper NH vibration peak relative to HMDI-SIPNa-

2KPEO, which also indicated stronger hydrogen bonding for HMDI-SIPNa-2KPTMO than 

HMDI-SIPNa-2KPEO.  
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Figure 4.4 FTIR spectroscopy of the (a) C=O region and (b) N-H region of sulfonated 

polyurethane containing PEO- and PTMO-based soft segments. 

4.4.5 Morphological characterization using AFM and SAXS       

         To visually compare the morphology of HMDI-SIPNa-2KPTMO and HMDI-SIPNa-

2KPEO, we utilized tapping mode AFM to investigate their surface morphological features. 

Figure 4.5 shows the AFM phase images of both sulfonated polyurethanes obtained at ambient 

conditions. In AFM phase images, high-modulus hard domains appear as bright regions and low-

Tg soft phase appears as dark regions. It is clear that HMDI-SIPNa-2KPTMO exhibited well-

defined microphase-separated morphology. HMDI-SIPNa hard segments formed worm-like hard 

domains that randomly distributed in the continuous PTMO-based soft phase. These worm-like 

hard domains were more or less continuous, which corresponded to the high modulus of HMDI-

SIPNa-2KPTMO as determined in DMA and tensile analysis. However, HMDI-SIPNa-2KPEO 

did not showed any clear microphase-separated morphological features, indicating phase mixing 

between PEO soft segments and sulfonated ionic hard segments.   
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Figure 4.5 AFM phase image indicating microphase-separated morphology of HMDI-SIPNa-

2KPTMO and phase-mixed morphology of HMDI-SIPNa-2KPEO. Condition: tapping mode, tip 

spring constant: 42 N/m 

      Small angle X-ray scattering (SAXS) elucidated the bulk morphologies of HMDI-SIPNa-

2KPTMO and HMDI-SIPNa-2KPEO.  Figure 4.6 shows the SAXS profiles plotted as scattering 

intensity versus scattering vector q (nm
-1

) at a logarithmic scale. HMDI-SIPNa-2KPTMO 

displayed a distinct scattering peak near q=0.5 nm
-1 

in the profile, which resulted from the 

microphase separation of soft and hard segments. More interestingly, a second broad scattering 

peak emerged at q=2~3 nm
-1

, which corresponded to the ionomer peak arising from sodium 

sulfonate ion pair association. Cooper et al. reported SAXS studies on model sulfonated 

polyurethanes containing pendant sulfonate anions in the hard segments, which displayed 

ionomer peaks near q=1.2 nm
-1

.
42,43

 Several factors may be responsible for the ionomer peak at a 

higher q value for HMDI-SIPNa-2KPTMO.  Moore and Eisenberg et al. investigated a series of 

styrene-based ionomers that contained different lengths of alkyl spacer between carboxylate 

anions and polystyrene backbone. They found that ionomers with shorter alkyl spacers displayed 

ionomer peaks at higher q values due to formation of larger ionic aggregates. It is not surprising 

that HMDI-SIPNa-2KPTMO with sulfonate anions placed on the backbone showed an ionomer 
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peak at q=2~3 nm
-1

. Moreover, ionomer peak position also depends on ion concentration. AFM 

and SAXS studies suggested that HMDI-SIPNa-2KPTMO possessed a microphase-separated 

morphology. Although HMDI-SIPNa-2KPTMO had only 5.9 wt% SO3Na ions, all sodium 

sulfonate ion pairs were confined within the microphase-separated hard domains. Therefore, 

interparticle spacing (d) was much smaller than what was expected for 5.9 wt% SO3Na, which 

lead to a scattering peak at high q value (q=2π/d).
44

 In addition, sodium sulfonate ions in rigid, 

high-Tg, hard domains are less likely to form large aggregates.
45

 This also contributes to a 

smaller inter-domain spacing and ionomer peaks at a high q value for HMDI-SIP-2KPTMO. In 

sharp contrast, HMDI-SIPNa-2KPEO was absent of any visible scattering peak, indicating a 

phase-mixed morphology.  

     

Figure 4.6 Small angle X-ray scattering intensity vs scattering vector q plotted in a log-log scale 

for sulfonated polyurethanes containing PEO- and PTMO-based soft segments, respectively. 
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4.5 Conclusions 

      Sulfonated polyurethanes with PEO- and PTMO-based soft segments were synthesized 

respectively, which contained identical sulfonated hard segments at an equal content (43 wt%). 

Comparative studies on these sulfonated polyurethanes elucidated the influence of soft segment 

composition on their physical properties and morphologies. PTMO-based sulfonated 

polyurethane exhibited a low soft segment Tg  at -80 
o
C in DSC,  a well-defined rubbery plateau 

in DMA, a significantly enhanced Young’s modulus (127.3±0.7 MPa ) and tensile strength 

(35.19±0.97 MPa) in tensile analysis, and a higher degree of hydrogen bonding in FTIR. All 

these physical properties of PTMO-based sulfonated polyurethane correlated well with its 

morphology.  Both AFM and SAXS indicated a well-defined microphase-separated morphology 

for PTMO-based sulfonated polyurethanes, which was presumably due to the high immiscibility 

between hydrophobic PTMO soft segments and sulfonated ionic hard segments. In addition, 

SAXS profile of PTMO-based sulfonated polyurethane displayed an ionomer peak at q=2~3 nm
-

1
, corresponding to sodium sulfonate ion pair association. In sharp contrast, PEO-based 

sulfonated polyurethane possessed a phased-mixed morphology, as evidenced in AFM and 

SAXS. Due to the phase mixing, PEO-based sulfonated polyurethane displayed a significantly 

increased soft segment Tg (-5 
o
C), poor mechanical performance (Young’s modulus=1.34±0.27 

MPa), and no hydrogen bonding. Increased compatibility between hydrophilic PEO soft 

segments and sulfonated ionic hard segments were responsible for the phase-mixed morphology 

of PEO-based sulfonated polyurethane. A fundamental understanding of the structure-

morphology-property relationships of these sulfonated polyurethanes will lead to better designs 

of sulfonated polyurethanes for specific applications.   
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Chapter 5: Influence of Ionic Liquid on Performance of Segmented Polyurethane Ionomers 

Containing PEG-Based Sulfonated Soft Segments  

Gao, R.; Wang, S.; Zhang, M.; Colby, R.H.; and Moore, R.B.; Long, T.E. (prepared for 

publications) 

5.1 Abstract 

Segmented polyurethanes containing poly(ethylene glycol) (PEG)-based sulfonated soft 

segments (SSSPU) were synthesized. Incorporation of ionic liquid (IL), 1-ethyl-3-

methylimidazolium ethylsulfate (EMIm ES), into SSSPU using both “swollen” and “cast with” 

methods afforded two series of novel SSSPU/IL composite materials. In both cases, IL 

systematically reduced glass transition temperatures (Tg’s) of sulfonated PEG soft segments and 

maintained well-defined rubbery plateaus for sulfonated polyurethanes, as evidenced in 

differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). Results also 

suggested that EMIm ES was miscible with sulfonated PEG soft segments and preferentially 

located into the soft phase. In addition, morphological characterization using atomic force 

microscopy (AFM) and small angle X-ray scattering (SAXS) revealed the influence of IL on 

SSSPU morphologies. Compared with neat SSSPU membranes, SSSPU/IL composite 

membranes showed longer, needle-like, microphase-separated hard domains in AFM phase 

images and enhanced X-ray scattering intensity of microphase separation in SAXS profiles. 

Moreover, dielectric relaxation spectroscopy (DRS) revealed that ionic conductivity of all 

SSSPU/IL composite membranes exhibited Vogel-Fulcher-Tammann (VFT) temperature 

dependence and systematically increased with IL content. Fundamental understanding of 

structure-property relationships of SSSPU/IL composites will enable fabrication of novel 
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materials with high ionic conductivity and excellent mechanical properties for emerging 

electromechanical membrane applications.  

5.2 Introduction  

      Polymeric membranes with both high ionic conductivity and good mechanical properties are 

highly desirable for applications in electromechanical transducers, lithium ion batteries, and 

sensors.
1-7

 Among the many types of materials, ionic liquid (IL)-incorporated polymeric 

materials are good candidates due to significantly enhanced ionic conductivity, tailored 

mechanical properties, and easy fabrication process.
8-12

 Performance of ionic liquid-incorporated 

polymeric materials depends strongly on type and content of ionic liquid, ionic liquid dispersion 

state in the polymeric matrix, and matrix polymer structure and morphologies.
13-17

 Park et al. 

studied partially sulfonated poly(styrenesulfonate-b-methylbutylene) doped with IL that 

contained different counterions.
18

 They found that IL type significantly influenced the 

morphology and ionic conductivity of sulfonated poly(styrenesulfonate-b-methylbutylene). 

      To achieve the desirable ionic conductivity and mechanical properties of ionic liquid-

incorporated polymeric materials, it requires choice of suitable ionic liquids and appropriate 

design of matrix polymer structure and morphologies, which enable effective incorporation of 

ionic liquid to enhance ionic conductivity and maintain good mechanical properties in the 

presence of ionic liquid, especially at high contents. Recent studies have focused on the 

microphase-separated block copolymers and PEG-based copolymers and networks.
13,19-28

  For 

example, Winey and Elabd et al. investigated the effect of ionic liquid composition on a 

poly(styrene-b-methyl methacrylate) block copolymer.
29

 Endo et al. studied PEG-based 

networked polymer films containing ionic liquids.
20

 Here ion-containing segmented polyurethane 
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is particularly interesting because of the facile synthesis with well-defined segmented block 

structures and good mechanical properties due to a microphase-separated morphology. 

      In the current study, we designed a segmented polyurethane that contained PEG-based 

sulfonated soft segments (SSSPU). PEG-based sulfonated soft segments are advantageous for 

several reasons. First, PEG has been widely used in battery applications due to the relatively high 

conductivity and excellent solvation of cations. PEG has a low glass transition temperature (Tg ). 

Fast segmental motions of PEG favor fast ion transport and provide high ionic conductivity.
6,30

 

Second, PEG-based soft segments, which form the continuous soft phase in the polyurethane 

solid state, have high compatibility with hydrophilic ionic liquids.
31-33

 This enables effective 

incorporation and homogenous distribution of ionic liquid in the continuous PEG soft phase. 

Finally, our previous studies demonstrated that incorporation of sodium sulfonate ions into the 

PEG soft segments suppressed PEG crystallization and broadened the rubbery plateau, leading to 

a broad continuous use temperature range of these materials.
34

 Moreover, sodium sulfonate ions 

further increase the affinity of PEG to hydrophilic ionic liquids through intermolecular ionic 

interactions and reduce ionic liquid leakage. Mobile sodium cations also contribute to the ionic 

conductivity of SSSPU membranes. In addition, SSSPU contains noncharged hard segments, 

which crystallize with strong hydrogen bonding and serve as effective physical crosslinking sites 

even in the presence of ionic liquid. Here SSSPU/IL composite membranes were prepared using 

both “swollen” and “cast with” methods with an IL content ranging from 5 wt% to 25 wt%. 

Complementary characterization revealed that ionic liquids significantly increased ionic 

conductivity of SSSPU membranes while maintaining thermomechanical properties.   
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5.3 Experimental 

      Materials. Dimethyl 5-sulfoisophthalate sodium salt (98%), ethylene glycol (99%), titanium 

(IV) isopropoxide, and poly(ethylene glycol) (PEG) (Mn=950-1000 g/mol) were purchased from 

Aldrich and dried at 60 
o
C in vacuo overnight immediately prior to use. Anhydrous N,N-

dimethylformamide (DMF) (99.8%) was purchased from Aldrich and used as received. The 

chain extender 1,4-butanediol (BD)(99%) was purchased from Aldrich and distilled from 

calcium hydride. Dibutyltin dilaurate (DBTDL) (95%) was purchased from Aldrich and diluted 

to 1 wt% using anhydrous tetrahydrofuran. Dicyclohexylmethane-4,4’-diisocyanate (HMDI) 

(99.5%) was kindly provided by Bayer MaterialScience and used as received. 1-Ethyl-3-

methyimidazolium ethylsulfate (EMIm ES) was purchased from Alfa Aesar and stored over 

molecular sieves. 

Synthesis of Segmented Polyurethanes Bearing Sulfonated Soft Segments (SSSPU)   

     The synthetic details have been described previously.
34

 PEG-based sulfonated polyol was 

initially synthesized using a transesterification reaction of dimethyl 5-sulfoisophthalate sodium 

salt and 1000 g/mol PEG. The synthesizing sulfonated polyol was end-capped with HMDI at 80 

o
C for 4 h using DBTDL as the catalyst (50 ppm) in the absence of solvent to prepare the 

prepolymer. HMDI-endcapped prepolymer was chain-extended with 1,4-butanediol to synthesize 

high molecular weight sulfonated polyurethane. FTIR spectroscopy was utilized to confirm 

complete consumption of the isocyanate groups. The resulting sulfonated polyurethane was 

referred to as SSSPU, which contained 70 wt% of sulfonated PEG soft segments and 30 wt% 

HMDI-BD nonionic hard segments. 
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Preparation of SSSPU/IL Composite Membranes 

      SSSPU/IL composite membranes were prepared using both “swollen” and “cast with” 

methods. In a “swollen” method, SSSPU solutions in DMF (17 wt% solids) were initially cast in 

Teflon
®
 molds and dried in air at 23 

o
C for 72 h with a relative humidity (RH) of 32% to form 

solid membranes. The resulting membranes were subsequently dried in vacuo at 60 
o
C for 

additional 72 h to remove residual solvent and moisture. Well-dried membranes were soaked in 

EMIm ES in a well-sealed glass vial and stored in a dessicator (RH<15%) at 23 
o
C. IL uptake 

was determined according to the equation: wt% uptake = (m-m0)/m0, where m0 is the initial film 

mass and m is the swollen film mass. Membranes with different levels of IL uptake were 

obtained with soaking the films in EMIm ES for different times. In a “cast with” method, SSSPU 

DMF solutions (17 wt% solids) were initially blended with a calculated amount of EMIm ES 

with mechanical stirring (1000 rpm) at 23 
o
C for 1 h. Blended solutions were subsequently cast 

in Teflon
®
 molds and dried in air (RH=31%) at 23 

o
C for 72 h to form solid membranes. These 

membranes were further dried in vacuo at 60 
o
C for 72 h.  

      Characterization. Differential scanning calorimetry (DSC) was performed using a TA 

Instruments Q2000 differential scanning calorimeter under a nitrogen flow of 50 mL/min with a 

heating rate of 10 
o
C/min. Second heat DSC curves were utilized to determine thermal transitions 

of SSSPU/IL composite membranes. Dynamic mechanical analysis (DMA) measurements were 

performed on a TA Instruments Q800 dynamic mechanical analyzer in the film tension mode at a 

frequency of 1 Hz and a temperature ramp of 3 
o
C/min over the range -60 to 120 

o
C.  Glass 

transition temperatures were reported as peak values in the tanδ curves. Atomic force 

microscopy (AFM) was conducted on a Veeco MultiMode AFM in a tapping mode at ambient 

conditions. SAXS was performed using a Rigaku S-Max 3000 3 pinhole SAXS system equipped 
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with a rotating anode emitting X-rays with a wavelength of 0.154 nm (Cu K ). Scattering from a 

silver behenate standard was used to calibrate the sample-to-detector distance, which was 1603 

mm. Two-dimensional SAXS patterns were obtained using a fully integrated 2D multi-wire, 

proportional counting, gas-filled detector during an exposure time of 1 h per sample. SAXS data 

were corrected for sample thickness, sample transmission, and background scattering, and 

analyzed using the SAXSGUI software package to obtain radially integrated SAXS intensity 

versus scattering vector q profiles, where q=4 sin(θ)/ , θ is half of the scattering angle, and   is 

the wavelength of X-ray. The profiles were vertically shifted to facilitate a comparison of peak 

positions. Dielectric relaxation spectroscopy was conducted on a Novo-control GmbH Concept 

40 broadband dielectric spectrometer. Samples were dried at 45 
o
C under vacuum before 

measurement. All sample membranes were sandwiched between two 20 mm diameter freshly 

polished brass electrodes. Dielectric (impedance) spectra were measured in the frequency range 

of 1×10
-2

 to 1×10
7
 Hz with 0.1 V amplitude. Samples were annealed at 100 

o
C in the equipment 

for 30 min and allowed to reach equilibrium with temperature for at least 5 min before each 

isothermal measurement. 
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5.4 Results and Discussion 

5.4.1 Synthesis of SSSPU and preparation of SSSPU/IL composite membranes.  

         SSSPU containing PEG-based sulfonated soft segments was synthesized using a sulfonated 

monomer strategy (Scheme 5.1). Our previous studies demonstrated that sulfonated PEG soft 

segments formed ion-rich continuous soft phase with low glass transition temperature (Tg=-26 

o
C) in the absence of appreciable PEG crystallinity.

34
 These characteristics of PEG soft segments 

enable fast ion transport in a wide temperature range and provide high ionic conductivity. 

SSSPU/IL composite membranes were prepared using both “swollen” and “cast with” methods. 

A “swollen” method enables incorporation of ionic liquid into various types of solid membranes 

including chemically cross-linked networks. This method is less likely to disturb the bulk 

morphology of matrix polymers; however, it affords a low control of IL content. In contrast, a 

“cast with” method enables a precise control of IL content. However, the composite membranes 

are cast in the presence of IL, which may influence final morphologies due to the intermolecular 

interaction between IL and the polyurethane.  In the current study, we systematically compared 

these two methods to elucidate the influence of membrane preparation process on properties and 

morphology of SSSPU/IL composite membranes. It is also worth clarifying that all SSSPU/IL 

composite membranes were dried at identical conditions to eliminate the effect of the drying 

process. In particular, in the “cast with” method, IL uptake levels were determined using 
1
H 

NMR spectroscopy to verify that IL was not lost during the drying process (Figure 5.1). The 

data demonstrated that a “cast with” method afforded a precise control of IL content in the 

composite membranes. 
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Scheme 5.1 Synthesis of sulfonated polyurethanes containing sulfonated soft segments (SSSPU) 

(ion exchange capacity (IEC) =0.27 mequiv/g) 
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Figure 5.1 Determination of ionic liquid content cast in SSSPU membranes using 
1
H NMR (400 

MHz, DMSO-d6, 23 
o
C)  

5.4.2 Thermal properties 

         DSC thermograms in Figure 5.2 elucidate the influence of IL (swollen with) on thermal 

properties of SSSPU. Well-defined transitions near -30 
o
C corresponded to Tg’s of sulfonated 

PEG soft segments, which systematically decreased from -26 
o
C to -40 

o
C with increasing IL 

content from 0 wt% to 25 wt%. Low Tg’s of PEG soft segments are particularly interesting 

because they enable low continuous use temperature of these composite materials. Moreover, 

low Tg PEG soft segments exhibit fast segmental motions, which contribute to high ionic 

conductivity. Figure 5.3 shows DSC thermograms of SSSPU cast with various contents of IL. 

The data indicated that IL (cast with) systematically reduced Tg’s of PEG soft segments, which 

was consistent with observations in Figure 5.2. It is also interesting to note that all SSSPU/IL 

composite membranes did not show any PEG crystallinity. Song et al. reported that crystallized 
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PEG in lithium battery applications exhibited low ionic conductivity below the melting point and 

limited the battery operation temperature range.
35

 Therefore, PEG soft segments free of 

crystallinity are of great importance because they will enable a much broader continuous use 

temperature range for these composites materials. For comparative purposes, Figure 5.4 shows 

Tg’s of SSSPU sulfonated PEG soft segments as a function of IL content for both “swollen” and 

“cast with” samples. In both cases, SSSPU soft segment Tg linearly decreased with increasing IL 

content, although “swollen” samples showed a slightly higher Tg than “cast with” samples at 

each IL content. This suggests that PEG soft segments are compatible with incorporated EMIm 

ES ionic liquid.  In order to gain greater insight into the compatibility between EMIm ES ionic 

liquid and SSSPU sulfonated PEG soft segments, Figure 5.4 also shows the relationship of soft 

segment Tg and IL content predicted according to the Fox equation:
36,37

 

 

  
 

     

      
 

     

      
                                                                         

where Tg is the predicted glass transition temperatures of PEG soft segments incorporated with 

EMIm ES ionic liquid. Here, we hypothesize that PEG soft segments completely phase-separate 

from the hard segments and IL selectively locates in the PEG soft phase. Therefore, IL 

incorporated PEG soft phase is a compatible binary system. Thus, Tg(SS) is the SSSPU soft 

segment Tg (-26 
o
C), Tg(IL) is the Tg of EMIm ES (-70 

o
C), and W(SS) and W(IL) are the weight 

fraction of PEG soft segment and IL, respectively.  It is important to note that dependence of 

soft segments Tg on IL content determined with DSC agreed well with relationship predicted 

with Fox equation. This observation confirmed our hypothesis that PEG soft segments phase-

separated from SSSPU hard segments, and IL preferentially located in the PEG soft phase. In 

addition, Forsyth et al. reported that the Fox equation also described glass transition behavior of 
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poly(vinylpyrrolidone-co-vinyl acetate) copolymers doped with IL due to the high compatibility 

between matrix polymer and IL.
38

 Here, our data indicated that EMIm ES ionic liquid was 

completely dissolved in the sulfonated PEG soft segments.  

 

Figure 5.2 DSC curves of SSSPU membranes cast with various contents of ionic liquid (2
nd

 

heating cycle, 10 
o
C/min, N2 atmosphere) 
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Figure 5.3 DSC curves of SSSPU membranes swollen with various contents of ionic liquid (2
nd

 

heating cycle, 10 
o
C/min, N2 atmosphere) 

 

Figure 5.4 Glass transition temperatures (Tg’s) of SSSPU soft segment as a function of IL 
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5.4.3 Thermomechanical properties 

         Influence of IL on thermomechanical properties of SSSPU were investigated using DMA. 

Figure 5.5 and Figure 5.6 show the temperature dependence of storage modulus (G’) and loss 

tangent (tan δ) for SSSPU/IL composite membranes prepared with “swollen” and “cast with” 

methods, respectively. Due to microphase separation of soft and hard segments, SSSPU showed 

two thermal transitions in DMA curves. The first transition near -20 
o
C corresponded to PEG soft 

segment Tg, while the second transition at a higher temperature corresponded to hard segment Tg 

and Tm. In both “swollen” and “cast with” samples, soft segment Tg’s systematically decreased 

with increasing IL content as evidenced with shifted tan δ peaks. This observation was consistent 

with DSC. More interestingly, all samples showed comparable hard segment thermal transitions 

approximately to 110 
o
C, indicating microphase-separated hard domains remained virtually 

unchanged in the presence of EMIm ES ionic liquid. The different responses of soft and hard 

segment thermal transitions upon IL incorporation suggested that IL preferentially dissolved in 

the sulfonated PEG soft phase due to the high compatibility between PEG soft segments and 

EMIm ES and the presence of sodium sulfonate ionic groups. This observation was consistent 

with earlier literature.
31

 Moreover, due to preferential incorporation of IL into PEG soft phase, 

hard segments remained undisturbed, which continued to serve as physical cross-links and 

provide well-defined rubbery plateaus of SSSPU/IL composite membranes. Rubbery plateau 

moduli of SSSPU membranes decreased with increasing IL content due to the plasticizing effect 

of IL on sodium sulfonate ion pair association. In comparison of “swollen” and “cast with” 

samples, IL in “cast with” samples showed a more significant effect on rubbery plateau moduli 

than “swollen” samples.  We presume that IL cast with SSSPU solutions influenced sodium 

sulfonate ion pair association during membrane formation.  
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Figure 5.5 Comparison of thermomechanical properties of SSSPU membranes cast with various 

contents of EMIm ES ionic liquid (film tension mode, 3 
o
C/min, 1 Hz) 

  

Figure 5.6 Comparison of thermomechanical properties of SSSPU membranes swollen with 

various contents of EMIm ES ionic liquid (film tension mode, 3 
o
C/min, 1 Hz) 
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5.4.4 Morphology 

         In order to correlate thermal and mechanical properties with the morphologies of 

SSSPU/IL composite membranes, we investigated the morphological feathers of SSSPU 

membranes in the presence of various contents of IL using AFM and SAXS. Figure 5.7 shows 

AFM phase images of SSSPU cast with various contents of IL. In AFM images, lighter regions 

represent hard segment domains and darker regions represent soft phases.
39

 The data indicated 

that SSSPU/IL composite membranes possessed well-defined microphase-separated 

morphologies. Consistent with our previous studies, SSSPU hard segments formed randomly 

orientated, needle-like hard domains, and SSSPU soft segments formed a continuous soft 

phase.
34

 AFM images also showed that the length of needle-like hard domains increased in the 

presence of IL, especially at high IL contents. SSSPU with 20 wt% IL and 25 wt% IL showed 

much longer hard domains (100~200 nm) than neat SSSPU (50~100 nm). We hypothesize that 

IL preferentially located in the PEG soft phase and enhanced microphase-separation of soft and 

hard segments. However, reliable AFM images were not obtained for SSSPU/IL composite 

membranes prepared with the “swollen” method because the membrane surface was significantly 

disturbed upon removing the surface IL during the swelling experiment. 
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Figure 5.7 Influence of ionic liquid on surface morphologies of SSSPU cast with various 

contents of ionic liquid (taping mode AFM, spring constant=42 N/m) 

      In addition to AFM studies, SAXS was performed to investigate the bulk morphological 

features of these SSSPU/IL composite membranes. Figure 5.8 shows SAXS profiles plotted as 

scattering intensity versus scattering vector q (nm
-1

) for “swollen” samples. The data indicated 

that neat SSSPU displayed a very weak scattering peak at q=0.5 nm
-1

, which corresponded to the 

microphase separation of soft and hard segments.
40,41

 Low scattering peak intensity was 

presumably due to the reduced electron density difference between sulfonated PEG soft 

segments and hard segments.
34

 However, it is interesting to note that the scattering peak intensity 

systematically increased with increasing IL content. Based on our previous discussion, it is 

reasonable to speculate that EMIm ES ionic liquid preferentially located into the PEG soft phase 
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and increased the electron density difference, leading to stronger scattering intensity. Moreover, 

AFM suggested that IL enhanced microphase separation of soft and hard segments, which also 

contributed to increased scattering intensity at q=0.5 nm
-1

.  In addition, SAXS profiles for all 

“swollen” samples showed broad ionomer peaks ranging from q=1~2 nm
-1

. Our previous studies 

demonstrated that the ionomer peak in the SAXS profiles of poly(sulfobetaine methacrylate)-co-

poly(n-butyl acrylate) (PSBMA-co-PnBA) copolymer membranes also shifted to lower q as 

EMIm ES ionic liquid content increased.
9
 However, SAXS profiles of SSSPU/IL composite 

membranes showed that the ionomer peak position was independent of IL content. Different 

dispersion states of IL in these two polymers may contribute to the different responses of 

ionomer peaks to IL. In a PSBMA-co-PnBA copolymer, EMIm ES is not compatible with the 

PnBA phase, therefore, the IL preferentially joined the zwitterionic domains, causing the shift of 

ionomer peak in SAXS profiles. In contrast, EMIm ES is completely compatible with SSSPU 

PEG soft segments. EMIm ES homogenously dispersed in the PEG soft phase with no preference 

for only the sulfonate ionic domains. Thus, the ionomer peak arising from sodium sulfonate ion 

pair association showed comparable peak positions for all “swollen” samples.  SSSPU/IL 

composite membranes prepared with “cast with” method showed quite similar SAXS profiles 

with “swollen” samples.  
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Figure 5.8 SAXS profiles of SSSPU swollen with various contents of EMIm ES ionic liquid 

5.4.5 Ionic conductivity 

        Dielectric relaxation spectroscopy (DRS) is a useful tool to study ionic conductivity 

behavior of polyurethane ionomers.
2,36

 Figure 5.9 shows the ionic conductivity of SSSPU cast 

with various contents of EMIm ES ionic liquid. The temperature    dependence of ion 

conductivity     for all SSSPU/IL composite samples showed Vogel-Fulcher-Tammann (VFT) 

behavior as described with the equation:
37

  

        
    

    
                                                                          

where    is a prefactor,   is a constant related to fragility, and    is the Vogel temperature, 

which is related to the equilibrium glass transition temperature of matrix polymers.
42

 It is clear 

that experimental conductivity data fit well to the VFT equation, indicating ion transport in these 
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samples was strongly related to segmental motions of PEG soft segments.
6
 Figure 5.10 shows 

ionic conductivity of SSSPU swollen with EMIm ES IL. Not surprisingly, the ionic conductivity 

data also showed good fit with VFT equation.  Table 5.1 summarizes the best-fit VFT 

parameters for all samples. It is important to note that all these samples showed comparable 

Vogel temperature    around 198 K, although it slightly decreased with increasing IL content 

with no systematic trend. A similar Vogel temperature was presumably due to the slightly 

changed PEG soft segment Tg with IL content. Moreover, Vogel temperatures determined with 

VFT model were approximately 50 K lower than sulfonated PEG soft segment Tg’s as 

determined with DSC. This observation agreed well with the literature.
42

 

 

Figure 5.9 Temperature dependence of ion conductivity for SSSPU cast with various contents of 

EMIm ES ionic liquid  
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Figure 5.10 Temperature dependence of ion conductivity for SSSPU swollen with various 

contents of EMIm ES ionic liquid 

Table 5.1 VFT fitting parameters for SSSPU cast/swollen with EMIm ES ionic liquid 

   0 (S/cm) T0 (K) D Tg of SS (K) 

SSSPU   4.44E-03 197 6.27 248 

SSSPU_5wt%IL swollen 1.36E-02 201 5.47 246 

  cast 2.53E-02 200 5.45 244 

SSSPU_10wt%IL swollen 3.14E-02 202 5.04 243 

  cast 5.14E-02 201 5.31 240 

SSSPU_20wt%IL swollen 1.08E-01 199 5.18 237 

  cast 1.83E-01 195 5.60 236 

SSSPU_25wt%IL swollen 1.05E-01 199 5.08 235 

  cast 2.14E-01 198 5.24 234 
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methods.  In both cases, ionic conductivity significantly increased with increasing IL content, 

especially from 0 to 5 wt% IL. The neat SSSPU membrane showed ionic conductivity on the 

order of ~10
-8

 S/cm at 20 
o
C. In contrast, SSSPU incorporated with 25 wt% IL showed 

significantly increased ionic conductivity on the order of 10
-6

 S/cm at a same temperature. Two 

major factors contributed to increased ionic conductivity of SSSPU/IL composite membranes. 

First, EMIm ES ionic liquid has high bulk ionic conductivity of 3.82×10
-3

 S/cm at 23 
o
C. Ionic 

liquid in SSSPU membranes increases the mobile ion concentration thus provides high ionic 

conductivity. Second, EMIm ES ionic liquid reduced Tg of PEG soft segments from -26 
o
C to -40 

o
C. Low PEG soft segment Tg enables easy segmental motion of PEG soft segment and favors 

fast ion transport.  In addition, ionic conductivity of SSSPU/IL composite membranes showed 

strong dependence on temperature. SSSPU membranes with 25 wt% IL showed ionic 

conductivity on the order of 10
-8

 S/cm at -10 
o
C. In sharp contrast, the ionic conductivity 

dramatically increased to 10
-3

 S/cm at 100 
o
C.  In comparison of SSSPU/IL composite 

membranes prepared with different methods, “cast with’ samples showed slightly higher ionic 

conductivity than “swollen” samples.  Difference in ion conductivity between two methods may 

arise from slight difference in morphology and homogeneity of EMIm ES ionic liquid in SSSPU 

membranes.   
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Figure 5.11 Dependence of ion conductivity on IL content of SSSPU/IL composites at various 

temperatures (ionic conductivity of pure EMIm ES is 3.82× 10
-3

 S/cm at 23 
o
C) 
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5.5 Conclusions 

      Influence of room temperature IL, EMIm ES, on thermal and mechanical properties, 

morphology, and ionic conductivity of PEG-based sulfonated polyurethanes (SSSPU) was 

investigated with two series of novel SSSPU/IL composite membranes generated with both 

“swollen” and “cast with” methods. In both cases, EMIm ES ionic liquid preferentially located 

into the sulfonated PEG soft phase due to their high compatibility, leading to systematically 

decreased soft segment Tg from -26 
o
C to -40 

o
C.  Moreover, all SSSPU/IL composite 

membranes exhibited well-defined rubbery plateaus in DMA, which was due to the undisturbed, 

microphase-separated, hard segment domains. Morphologies of SSSPU/IL composite 

membranes characterized with AFM and SAXS correlated well with their thermal and 

mechanical properties. AFM images indicated that all “cast with” samples showed well 

microphase-separated morphologies. Samples with high IL contents at 20 wt% and 25 wt% 

displayed longer, needle-like, hard domains than neat SSSPU membranes.  SAXS profiles for 

both “swollen” and “cast with” samples showed that scattering peaks near q=0.5 nm
-1

, arising 

from microphase-separation of soft and hard segments, increased in peak intensity with 

increasing IL content. However, ionomer peaks at q=1~2 nm
-1

 remained virtually unchanged due 

to a homogenous dispersion of EMIm ES in the PEG soft phase. In addition, ionic conductivity 

of all SSSPU/IL composite membranes followed VFT behavior and showed strong dependence 

on IL content and temperature. Ionic conductivity of neat SSSPU membranes significantly 

increased from the order of 10
-8

 to 10
-6

 S/cm upon incorporation of 25 wt% EMIm ES and 

reached a high value approximately to 5×10
-4

 S/cm at 100 
o
C. “Cast with” samples exhibited 

slightly higher ionic conductivity than “swollen” samples, which might result from their slightly 

different morphologies. This study indicates that appropriate design of polymer structures and 
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use of suitable IL enable to fabricate novel composite materials possessing both high ionic 

conductivity and good mechanical properties.  
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Chapter 6: Cation Functionalized Multi-Walled Carbon Nanotubes for Sulfonated 

Polyurethane Nanocomposites 

Gao, R.; Ramirez, S.M.; Inglefield, D.L.; Bodnar, R.J.; Long, T.E. (prepared for publication) 

6.1 Abstract 

Covalent functionalization of multi-walled carbon nanotubes (MWCNTs) with minimal 

alteration on the MWCNT structure is important to achieve homogenously dispersed carbon 

nanotubes while maintaining their unique mechanical and electrical properties. Carboxylic acid 

derivatized MWCNTs (MWCNT-COOH) were covalently functionalized with 3,3’-

iminobis(N,N-dimethylpropylamine) (DMPA). Upon subsequent quaternization of DMPA, 

dendritic ammonium cation-functionalized MWCNTs (MWCNT-DMPA
+
) were formed, where 

two ammonium cations were incorporated per amide site. Thermogravimetric analysis (TGA) 

and X-ray photoelectron spectroscopy (XPS) demonstrated successful covalent functionalization 

and formation of the surface-bound ammonium salt. Raman spectroscopy and atomic force 

microscopy (AFM) indicated the absence of appreciable destruction of the MWCNT aspect ratio. 

Compared with pristine MWCNTs and MWCNT-COOH, MWCNT-DMPA
+
 exhibited enhanced 

dispersibility in N,N-dimethylformamide (DMF) as evidenced in UV-Visible  spectroscopy and 

transmission electron microscopy (TEM). In addition, blending MWCNT-DMPA
+
 with anionic 

sulfonated polyurethane in DMF generated a series of novel nanocomposite materials with a 

nanotube content ranging from 0.5 to 5 wt%. Characterization of the composite films using both 

field emission scanning electron microscopy (FESEM) and TEM revealed that MWCNT-

DMPA
+
 exhibited uniform dispersion in sulfonated polyurethane matrix even at 5 wt%. Tensile 

analysis showed that the modulus of the sulfonated polyurethane matrix linearly increased with 

MWCNT-DMPA
+
 content. 
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6.2 Introduction 

      Since their discovery in 1991,
1
 carbon nanotubes have received significant attention for their 

unique thermal, mechanical and electrical properties.
2-5

 In particular, carbon nanotubes are 

reported as excellent additives to enhance the mechanical and electrical properties of polymeric 

composite materials.
6-8

 The efficacy of carbon nanotubes in enhancing these desired properties 

highly depends on their dispersion homogeneity in the polymeric matrix.
9
 However, due to the 

strong intertube van der Waals interactions, carbon nanotubes tend to aggregate when they are 

dispersed in a solvent or polymeric matrix even at low levels.
8
 Many efforts have identified 

methods to achieve stable and homogenous dispersions of carbon nanotubes in solvents and 

polymeric matrices.
10-12

  

      Covalent or non-covalent chemical modification of carbon nanotubes is a widely employed 

strategy to enhance their dispersibility.
7,13-15

 Polymers or low molar mass functionalized 

molecules are covalently or non-covalently attached to the carbon nanotube surface to 

counterbalance the intertube van der Waals interactions and favor uniform dispersion of carbon 

nanotubes. Among the covalent modification methods, “grafting to” and “grafting from” are the 

most reported techniques to incorporate polymeric segments onto the carbon nanotube surface.
16-

18
 Hong and Pan et al. reported the synthesis of water-soluble multi-walled carbon nanotubes 

(MWCNTs) by grafting poly(N-isopropylacrylamide) from the carbon nanotube surface using 

the reversible addition and fragmentation chain transfer (RAFT) polymerization  technique.
17

 

More recently, Park and Lee et al. investigated the covalent modification of MWCNTs with 

imidazolium-based ionic liquids. They reported that both the bound imidazolium cation and the 

mobile counterions significantly influenced the dispersibility of MWCNTs.
19

 Although covalent 

modification is proven as a suitable method to prepare well-dispersed carbon nanotubes, 
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researchers realize that the covalent modification of carbon nanotubes necessitates alteration of 

the nanotube surface due to harsh chemical environments during the functionalization 

process.
13,20,21

 Any alteration of the conjugated structure on the nanotube surface will negatively 

influence the physical properties of carbon nanotubes and their efficacy in enhancing the 

mechanical and electrical properties of polymeric materials.
22

 To mitigate this risk, researchers 

have proposed different non-covalent modification strategies, which mainly included wrapping 

polymer chains or adsorbing small molecules onto the carbon nanotube surface through ᴨ-ᴨ 

interactions or other non-covalent interactions.
12,13,23

 Recently, Chen and Dai et al. modified 

single-walled carbon nanotubes (SWCNTs) with poly(ethylene glycol)-based amphiphilic 

dendrimers using a non-covalent strategy, and the functionalized  SWCNTs were effectively 

dispersed in water.
24

 Herein, we appreciate the advantage of non-covalent modification strategy 

over the covalent method in terms of minimizing the chemical alteration of the nanotube surface. 

However, non-covalent attachment of functional groups onto nanotube surfaces is less effective 

than covalent bonding due to the reversibility of non-covalent interactions. Thus, effectively 

modifying carbon nanotubes with stable functional groups and minimizing the chemical 

alteration on the nanotube surface remains as a challenge for this field. 

      In the present study, we modified MWCNTs with ammonium cations through a dendritic 

functionalization strategy. This method enabled the doubling of functionality by incorporating 

two ammonium cations per initial acidic site. In other words, one can incorporate more 

functional groups onto less oxidized carbon nanotubes, which minimizes the modification to the 

conjugated surface.  We compared the pristine MWCNTs, acid-oxidized MWCNTs (MWCNT-

COOH), and the dendritic ammonium-functionalized MWCNTs (MWCNT-DMPA
+
) in terms of 

nanotube composition and their dispersibilities. The characterization data indicated that the 
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ammonium-functionalized MWCNTs exhibited significantly enhanced dispersibility in both 

DMF solvent and an anionic sulfonated polyurethane matrix without appreciable destruction of 

the carbon nanotube aspect ratio.   

6.3 Experimental 

      Materials. Thionyl chloride (97%), 1-bromobutane (99%), dimethyl 5-sulfoisophthalate 

sodium salt (98%), poly(ethylene glycol) (Mn=950-1000 g/mol), anhydrous N,N-

dimethylformamide (99.8%), and potassium hydroxide (>90%) were purchased from Aldrich and 

used as received. 3,3’-Iminobis(N,N-dimethylpropylamine) (97%), triethylamine, and 1,4-

butanediol (99%) were purchased from Aldrich and distilled from calcium hydride. Dibutyltin 

dilaurate (95%) was purchased from Aldrich and diluted to 1 wt% using anhydrous 

tetrahydrofuran. Pristine multi-walled carbon nanotubes (C150P) and dicyclohexylmethane-4,4’-

diisocyanate (HMDI) (99.5 %) were kindly provided by Bayer MaterialScience and used as 

received. 

Preparation of carboxylic acid-functionalized MWCNTs (MWCNT-COOH) 

      Pristine multi-walled carbon nanotubes (C150P) (3.555 g) and 8 M HNO3 (120 mL) were 

charged into a round-bottomed flask equipped with a magnetic stir bar and a condenser. The 

mixture was sonicated with a sonicator bath for 1 h, and then refluxed at 120 
o
C for 12 h with 

magnetic stirring. The resulting carbon nanotube suspension was neutralized with 1 M potassium 

hydroxide water solution. The oxidized MWCNTs were filtered and washed with distilled water 

5 times. In a following step, the oxidized MWCNTs were refluxed in 1 M hydrochloric acid for 

24 h, subsequently filtered and washed with distilled water 5 times, and washed with methanol 

for a second time. The resulting MWCNT-COOH product was finally dried under reduced 

pressure (20 mm Hg) at 40 
o
C for 24 h. 
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Preparation of 3,3’-iminobis(N,N-dimethyl propylamine)-functionalized MWCNTs (MWCNT-

DMPA) 

      In a two-necked, round-bottomed flask equipped with a magnetic stir bar and a condenser, 

MWCNT-COOH (0.507 g) was dispersed into thionyl chloride (20.0 mL) using a sonicator bath. 

The mixture was refluxed for 24 h at 80 
o
C in a N2 atmosphere. The excess thionyl chloride was 

removed by filtration. The resulting MWCNTs were subsequently washed with anhydrous 

diethyl ether 5 times, dried under vacuum at room temperature for 30 min, and finally dispersed 

in anhydrous DMF in another pre-dried, two-necked, round-bottomed flask equipped with a 

water condenser. Distilled 3,3’-iminobis(N,N-dimethyl-propylamine) (5.0 mL) and triethylamine 

were syringed into the flask. The reaction proceeded at 90 
o
C for 48 h. The DMPA-

functionalized MWCNTs were purified with filtration, washing with DMF 5 times, and finally 

dried under reduced pressure (20 mm Hg) at 40 
o
C. 

Synthesis of dendritic ammonium cation-functionalized MWCNTs (MWCNT-DMPA
+
) 

      DMPA-functionalized MWCNTs (0.400 g) and 1-bromobutane (8.080 g) were added into a 

two-necked, round-bottomed flask equipped with a water condenser. The reaction was 

maintained at 70 
o
C in DMF for 72 h. The resulting MWCNTs were purified upon filtration and 

subsequent washing with DMF and methanol. The MWCNT-DMPA
+
 was dried under reduced 

pressure (20 mm Hg) at 40 
o
C for 24 h.  

Synthesis of sulfonated polyurethanes containing sulfonated soft segments 

      In a two-necked, round-bottomed flask equipped with a magnetic stir bar, dimethyl 5-

sulfoisophthalate sodium salt (2.120 g), poly(ethylene glycol)-1K (15.74 g), and dibutyltin oxide 

(8.9 mg) were introduced and purged with nitrogen. The reaction was allowed to proceed at 

170~190 
o
C under N2 flow. Complete reaction was determined using 

1
H NMR spectroscopy. The 
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crude product was dissolved in acetone and precipitated in diethyl ether 3 times. The final 

product, PEG-based sulfonated polyol, was dried in vacuo at 50 
o
C. The sulfonated polyurethane 

was synthesized according to a typical prepolymer process. In a three-necked, round-bottomed 

flask equipped with an addition funnel, nitrogen inlet, and overhead stirrer, PEG-based 

sulfonated polyol was end-capped with HMDI at 80 
o
C for 4 h in the presence of dibutyltin 

dilaurate (1 wt% in anhydrous THF, 50 ppm). The prepolymer was then chain-extended with 

1,4-butanediol and allowed to proceed for an additional 24 h at 80 
o
C under a N2 atmosphere. 

The reaction solution was directly used to prepare carbon nanotube composites.  

Preparation of sulfonated polyurethane (SPU)/MWCNT nanocomposites 

     Pristine MWCNT or MWCNT-DMPA
+
 (1.5 wt%) in DMF was sonicated with a sonication 

probe (H7 probe, 60-70% amplitude) for 60 min with magnetic stirring. A calculated amount of 

MWCNT-DMPA
+
 suspension was charged into the sulfonated polyurethane solution (15 wt% 

solid in DMF). The mixture was magnetically stirred for 10 min and then cast into a Teflon
®

 

mode. The resulting composite films were dried in air for 24 h and under reduced pressure (20 

mm Hg) for an additional 48 h at 50 
o
C.  
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Scheme 6.1 Synthesis of sulfonated polyurethanes containing sulfonated soft segments 

Instrumentation 

      
1
H NMR spectroscopy performed on a Varian INOVA 400 MHz spectrometer was utilized to 

confirm the chemical structure of the synthesized PEG-based sulfonated polyol and to determine 

the number-average molecular weight in CDCl3 at 23 
o
C. Thermogravimetric analysis (TGA) 

was conducted on a TA instrument Q500 with a temperature ramp of 10 
o
C/min in a nitrogen 

atmosphere to confirm the successful functionalization of MWCNTs. The functionalized 

MWCNTs were further quantitatively characterized using a Perkin-Elmer Model 5400 XPS 
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spectrometer equipped with a Mg Kα X-ray source. Raman spectra of functionalized MWCNTs 

were obtained on a Horiba LabRam HR800 Raman microprobe equipped with a 100 mW, air-

cooled, 514 nm Argon laser. Atomic force microscopy (AFM) was conducted on a Veeco 

MultiMode AFM. The dispersibilities of pristine MWCNTs and MWCNT-DMPA
+
 in DMF were 

investigated using a Philips EM 420 transmission electron microscope (TEM) operated at an 

accelerating voltage of 120 kV. The samples for TEM imaging were first sonicated in DMF for 

60 min using a UP400S sonication probe. The resulting carbon nanotube suspension was diluted 

to 0.005 wt% and subsequently cast on carbon-coated TEM grids. The grids were dried in air for 

1 h before the TEM imaging. Field emission scanning electron microscopy (FESEM) was 

performed on a LEO (Zeiss) 1550 with a 5 mm working distance to image the fresh cross-section 

of the composite films. The fresh cross-section was obtained by fracturing the composite film in 

liquid nitrogen. The composite specimens for TEM were prepared by embedding a slice of bulk 

film in epoxy and cryo-ultramicrotoming using a RMC Products PowerTome PC. Mechanical 

properties of sulfonated polyurethane/MWCNT-DMPA
+
 composites were investigated using 

tensile analysis performed on a 5500R Instron universal testing instrument with a cross-head rate 

of 50 mm/min at ambient conditions.  

6.4 Results and Discussion 

6.4.1 Synthesis of MWCNT-DMPA
+
 

             
We utilized a dendritic functionalization strategy to modify MWCNTs with the ammonium 

salt (Scheme 6.2). Pristine MWCNTs were initially oxidized with relatively mild conditions to 

minimize chemical destruction of the MWCNT structure.
25

 In a following step, DMPA was 

incorporated using quantitative reaction of the surface-bound carbonyl chloride with a secondary 

amine containing two tertiary amines to double the number of reactive sites on the MWCNT 
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surface. Subsequent quaternization of DMPA with 1-bromobutane produced the dendritic 

ammonium salt. In this work, all functionalized MWCNTs were thoroughly washed with various 

solvents and dried under reduced pressure to remove any physically absorbed, low molar mass 

contaminant.  

 

Scheme 6.2 Synthesis of dendritic ammonium-functionalized multi-walled carbon nanotubes 

6.4.2 Characterization of MWCNTs using TGA, Raman, XPS, and AFM 

         Successful covalent functionalization was confirmed in each synthetic step, and we utilized 

both TGA and XPS to analyze the functionalized MWCNTs. TGA curves in Figure 6.1 

indicated that the pristine MWCNTs had a high thermal stability and showed negligible weight 

loss during the entire heating cycle. In contrast, functionalized MWCNTs exhibited a significant 

weight loss in a temperature range from 200 to 400 
o
C. The weight loss in this temperature range 

was attributed to the elimination of the functional groups on the carbon nanotube surface.  In 

addition, as MWCNT-COOH was converted to MWCNT-DMPA and MWCNT-DMPA
+
, TGA 

revealed increasing weight loss as a function of weight percent of functional groups on the 

MWCNT surface. X-ray photoelectron spectroscopy (XPS) confirmed the surface functionality 

of modified MWCNTs. Figure 6.2 depicts the XPS spectra of MWCNT-COOH, MWCNT-
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DMPA, and MWCNT-DMPA
+
. A comparison of these XPS spectra revealed that a new nitrogen 

(N 1s) peak at 400 eV emerged for MWCNT-DMPA and MWCNT-DMPA
+
. This demonstrated 

successful covalent attachment of DMPA onto the MWCNT surface. Furthermore, the XPS 

spectrum of MWCNT-DMPA
+
 showed two unique Br 3d and Br 3p peaks at the binding energy 

of 70 eV and 190 eV, respectively,  indicating formation of the corresponding ammonium salt. 

 

Figure 6.1 TGA (heating rate, 10 
o
C/min; N2 flow, 10 mL/min, weight loss determined using the 

1
st
 derivative of wt% vs. temp.) of MWCNTs with different surface functionalities 
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Figure 6.2 XPS of MWCNTs functionalized with different surface functionalities 

      Raman spectroscopy is a versatile technique to study carbon nanotube composition.
26-30

 The 

most prominent features in a Raman spectrum of MWCNTs are the G band and D band, which 

correspond to the sp
2
 carbons and disordered carbons, respectively. In our study, we utilized the 

ratio of the D band area (Da) over the G band area (Ga) to evaluate the chemical alteration of the 

functionalized MWCNTs. Figure 6.3 shows a comparison of the Raman spectra of pristine 

MWCNTs, MWCNT-COOH, and MWCNT-DMPA
+
. We observed that the area ratio (Da/Ga) 

was slightly changed from 1.41 to 1.39 when the pristine MWCNTs were oxidized into 

MWCNT-COOH. This indicated minimal destruction during the oxidation process. It was 

noteworthy that the Da/Ga ratio slightly decreased as the MWCNTs were further functionalized. 

We attributed this to impurities, e.g. amorphous carbon that was removed during the 

functionalization process. In addition to Raman spectroscopy, atomic force microscopy (AFM) 

was utilized to compare the nanotube structures of pristine MWCNTs and MWCNT-DMPA
+
. 

Both AFM height and phase images are shown in Figure 6.4. Compared with pristine 

MWCNTs, MWCNT-DMPA
+
 maintained well-defined tube structures after functionalization. 
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Figure 6.3 Raman spectra (514 nm Argon laser) of MWCNTs functionalized with different 

surface functionality 

 

Figure 6.4 Tapping-mode AFM images (tip spring constant, 42 N/m) of pristine MWCNTs (A, 

B) and MWCNT-DMPA
+
 (C, D) (cast on silicon wafer, dried in air from 0.05 wt% solution in 

DMF)  
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6.4.3 Dispersibility of functionalized MWCNTs in DMF 

        Dispersibility of pristine MWCNTs, MWCNT-COOH, and MWCNT-DMPA
+
 was 

investigated using UV-visible (UV-vis) spectroscopy and TEM. Figure 6.5 shows the UV-vis 

spectra for three types of MWCNTs sonicated in DMF for 60 min. Researchers have determined 

that area below the UV-vis spectra ranging from 200−1000 nm is related to the amount of 

individual MWCNTs in the solution.
31

 For a fixed concentration, more dispersed MWCNTs lead 

to UV-vis absorbance with higher absorbance intensity and larger area below the spectra. Figure 

6.5 clearly showed that both MWCNT-COOH and MWCNT-DMPA
+
 exhibited enhanced 

dispersibility in DMF compared to pristine MWCNTs. MWCNT-DMPA
+
 showed the most 

intense UV-vis absorbance, indicating the best dispersion. Figure 6.6 plots the maximum 

absorbance values (at ~270 nm) of three types of MWCNTs as a function of sonication time. All 

samples exhibited systematically increased UV-vis absorbance with increasing sonication time. 

However, the absorbance value for MWCNT-DMPA
+
 was significantly higher than that of 

pristine MWCNT and MWCNT-COOH. This further demonstrated the enhanced dispersibility of 

MWCNT-DMPA
+
 in DMF. This observation was consistent with Loos et al. i.e. UV-vis 

absorbance values of MWCNTs in an aqueous surfactant solution increased with sonication 

time.
31
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Figure 6.5 UV-vis spectra of pristine MWCNT, MWCNT-COOH, and MWCNT-DMPA
+ 

(1.5 

wt% in DMF, sonicated for 60 min, diluted by a factor of 150) 

 

Figure 6.6 Influence of sonication time on dispersion state of MWCNT in DMF (1.5 wt% in 

DMF, diluted by a factor of 150 after sonication) 
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      To visualize the dispersion states of MWCNTs, we further utilized TEM to compare the 

dispersibility of pristine MWCNTs, MWCNT-COOH, and MWCNT-DMPA
+
. The MWCNT 

samples were dispersed in DMF, subsequently cast on a carbon-coated TEM grid, and dried in 

air. Figure 6.7 displays representative TEM images of three types of MWCNTs.  Figure 6.7(a) 

indicated that MWCNT-DMPA
+
 exhibited a homogenous dispersion in DMF. Individual CNTs 

uniformly dispersed in DMF. Although MWCNT-COOH also displayed dispersed CNTs in 

Figure 6.7 (b), TEM zoom-in image clearly showed bundles of CNTs. In sharp contrast, pristine 

MWCNTs showed large aggregates with a diameter of approximately 1 μm, as shown in Figure 

6.7 (c). The enhanced dispersibility of MWCNT-DMPA
+
 was attributed to a good solvation of 

the hydrophilic ammonium cation and bromide anion in DMF. Bo and Yu et al. investigated the 

influence of anions on the solubility of MWCNTs functionalized with imidazolium-based ionic 

liquids. They found that the functionalized MWCNTS possessed switchable solubility due to the 

solvation effect of different anions.
32
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Figure 6.7 TEM images of MWCNT-DMPA
+
 (a), MWCNT-COOH (b), and pristine MWCNT 

(c) (cast on copper mesh from 0.005 wt% solution in DMF; dried in air) 

6.4.4 Characterization of sulfonated polyurethane/MWCNT-DMPA
+
 composites 

         We prepared a series of sulfonated polyurethane composites with a content of MWCNT-

DMPA
+ 

ranging from 0.5 to 5 wt%. Pristine MWCNTs were also used to prepare composite 

films for comparative purposes. The dispersion of pristine MWCNTs and MWCNT-DMPA
+ 

in 

sulfonated polyurethane matrices was initially investigated using FESEM. Figure 6.8 (A, B) 

shows the FESEM images of the cross-section of a sulfonated polyurethane film with 5 wt% 

MWCNT-DMPA
+
. We observed that the MWCNT-DMPA

+
 protruded from the cross-section, 
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and the nanotubes were uniformly dispersed in the sulfonated polyurethane matrix, without 

significant carbon nanotube aggregates or bundles.  However, FESEM images of a sulfonated 

polyurethane film with 5 wt% pristine MWCNTs (Figure 6.8, C) revealed significant amounts of 

carbon nanotube aggregates. The image in Figure 6.8 (D) also indicated a poor dispersion of the 

pristine MWCNTs in the sulfonated polyurethane matrix.  

 

Figure 6.8 FESEM images of 5 wt% of MWCNT-DMPA
+
 (A, B) and pristine MWCNT (C, D) 

in SPU matrix 

      TEM also probed the dispersion of carbon nanotubes in composite samples. All samples for 

TEM experiments were cryo-ultramicrotomed into a thickness of 100 nm. TEM images in 

Figure 6.9 compared the dispersion of pristine MWCNTs and MWCNT-DMPA
+
 in the 

sulfonated polyurethane matrix. As shown in Figure 6.9 (A, B), both 5 wt% and 2 wt% 

MWCNT-DMPA
+
 were uniformly dispersed in the sulfonated polyurethane matrix without 
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aggregates or bundles. We clearly observed many individual nanotubes. As expected, more 

individual tubes were observed for a 5 wt% MWCNT-DMPA
+ 

sample than 2 wt%. In contrast, 

Figure 6.9(C, D) demonstrated that the pristine MWCNTs, both 5 wt% and 2 wt%, possessed 

significant nanotube aggregates and bundles, although some individual nanotubes were also 

observed. It is worth mentioning that TEM observations agreed with FESEM. Both techniques 

proved that MWCNT-DMPA
+
 performed enhanced dispersibility in the sulfonated polyurethane 

matrix compared with the pristine MWCNTs. This was attributed to ionic-dipole and dipole-

dipole interactions between the ammonium salt on the MWCNT surface and the sulfonate charge 

on the polyurethane backbone. In addition, we utilized the nanotube DMF solution to prepare the 

composite films, thus the enhanced dispersibility of MWCNT-DMPA
+
 in DMF also contributed 

to uniform dispersion in the sulfonated polyurethane matrix. 

 

Figure 6.9 TEM images of MWCNT-DMPA
+
 (A: 5 wt%, B: 2 wt%) and pristine MWCNTs (C: 

5 wt%, D: 2 wt%) in SSSPU matrix (sample cryo-microtomed) 
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Figure 6.10 Tensile properties of SPU films with 0, 0.5, 1, 2, and 5 wt% of MWCNT-DMPA
+  

      The influence of MWCNT-DMPA
+
 on the mechanical properties of the sulfonated 

polyurethane composites was investigated using tensile testing. The Young’s modulus was 

calculated from the slope of the initial stress-strain curve, and three different specimens were 

averaged. The plots in Figure 6.10 elucidated the influence of MWCNT-DMPA
+
 on the Young’s 

modulus and the tensile strain at break of the sulfonated polyurethane matrix. The efficiency of 

carbon nanotubes in reinforcing mechanical properties of matrix polymers depends strongly on 

the dispersion homogeneity. Aladyshev et al. investigated the influence of MWCNT content on 

Young’s moduli of a isotactic polypropylene (iPP) matrix.
33

 The Young’s modulus of iPP 

increased by 37% at 2.1 wt% MWCNT content and subsequently dropped at a content of 3.5 

wt%, which was attributed to nanotube agglomeration.  Herein, the Young’s modulus linearly 

increased from 3.1 MPa to 5.2 MPa as 5 wt% MWCNT-DMPA
+
 was incorporated into the 

polyurethane matrix. This observation indicated a good dispersion of carbon nanotubes in 
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sulfonated polyurethanes.
34

  In addition, the tensile strain at break decreased from 1058±152% to 

850±11% with an increase of MWCNT-DMPA
+
 content to 5 wt%. In review of the experimental 

error, the difference in ultimate elongation was attributed to sample heterogeneity arising from 

the sample preparation process. 
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6.5 Conclusions 

      MWCNTs were for the first time covalently modified with ammonium salts using a dendritic 

functionalization strategy. Successful covalent modification of MWCNTs and formation of 

ammonium salts were verified using TGA and XPS, which showed systemically increased 

weight loss and unique Br 3d (70 eV) and Br 3p (190 eV) peaks, respectively. Moreover, Raman 

spectroscopy and AFM demonstrated that the dendritic functionalization strategy introduced 

minimal destruction to the nanotube structure, which showed no increase in Da/Ga ratio in Raman 

spectra and well-defined nanotube structure in AFM. Significantly enhanced dispersibility of 

ammonium-functionalized MWCNTs relative to pristine MWCNTs was demonstrated using 

optical microscopy, TEM, and FESEM. 5 wt% and 2 wt% ammonium-functionalized MWCNTs 

uniformly dispersed as individual tubes in both DMF and a sulfonated polyurethane matrix with 

mild sonication conditions. In contrast, pristine MWCNTs at a same content showed significant 

amounts of aggregates and bundles of carbon nanotubes.  The enhanced dispersibility of 

ammonium-functionalized MWCNTs was attributed to a good solvation of surface-bound 

ammonium cations and mobile bromide anions in DMF and intermolecular ionic interactions 

between ammonium cations with the sulfonate anions in polyurethane matrices. Additionally, 

dendritic ammonium-functionalized MWCNTs linearly increased Young’s modulus of the 

polyurethane matrix from 3.1to 5.2 MPa as 5 wt% MWCNT-DMPA
+
 was incorporated. This 

suggested a good dispersion of ammonium-functionalized MWCNTs in the polyurethane matrix.  
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Chapter 7: Ion-Containing Segmented Polyurethane Chain-Extended with Imidazolium 

Diol-based Ionic Liquids 

Gao, R.; Zhang, M.; Wang, S.; Moore,
 
R.B.; Colby, R.H.; Long, T.E. (prepared for publication) 

7.1 Abstract 

Novel polyurethane ionomers containing imidazolium cations in the hard segments were 

synthesized using an imidazolium diol-based ionic liquid chain extender. Upon comparison with 

a nonionic polyurethane analogue, we systematically investigated the influence of imidazolium 

cation on physical properties, hydrogen bonding, and morphologies of segmented polyurethanes. 

Differential scanning calorimetry (DSC) revealed that imidazolium-containing polyurethane 

showed reduced hard segment crystallinity relative to the nonionic polyurethane analogue, which 

was presumably due to the ionic association and disrupted hard segment regularity. Observation 

in DSC was consistent with wide angle X-ray diffraction (WAXD). Moreover, dynamic 

mechanical analysis (DMA) indicated that imidazolium-containing polyurethane exhibited a 

more well-defined rubber plateau with a higher modulus. Tensile analysis also revealed a higher 

Young’s modus for imidazolium-containing polyurethane than nonionic polyurethane analogue. 

Although both samples displayed well-defined microphase-separated morphology in atomic 

force microscopy(AFM), imidazolium-containing segmented polyurethane showed a higher 

degree of hydrogen bonding and better microphase separation, as evidenced in Fourier transform 

infrared (FTIR) spectroscopy and small angle X-ray scattering (SAXS), respectively. Moreover, 

dielectric relaxation spectroscopy demonstrated that imidazolium-containing polyurethane and 

nonionic polyurethane analogue exhibited comparable ionic conductivity at low temperatures; 

however, imidazolium-containing polyurethane displayed significantly enhanced ionic 
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conductivity at higher temperatures (>80 
o
C) due to the presence of imidazolium chloride ions in 

the hard segments. 

7.2 Introduction 

      Segmented polyurethane is one of the most versatile polymers that exhibit a wide range of 

physical properties due to microphase separation of soft and hard segments.
1-5

 Incorporation of 

ions into polyurethanes generates novel polyurethane ionomers.
6-9

 Due to unique combination of 

hydrogen bonding, ionic, and hydrophobic interactions, polyurethane ionomers possess 

interesting physical properties that are suitable for many applications.
8,10

 Compared to nonionic 

polyurethanes, polyurethane ionomers display superior mechanical properties due to better 

microphase separation.
3,11,12

 However, many factors influence microphase separation of 

segmented polyurethanes, including ion type, ion placement, ion density, segment block length, 

chemical compositions and compatibility between soft and hard segments.
13-21

 Another important 

advantage of polyurethane ionomers over nonionic polyurethane is their enhanced dispersibility 

in water.
22-28

 Water dispersible polyurethanes are attractive materials that can be processed in an 

environmentally friendly way.
29

 

      Cation-containing polyurethanes, or polyurethane cationomers are an important class of 

polyurethane ionomers, which have found wide applications in protective coatings, biocides, 

antistatic agents, antimicrobial nano-filters, and polymeric colorants.
22,30-32

 A typical synthesis of 

polyurethane cationomers involves the usage of tertiary amine-containing diol as the chain 

extender and a subsequent alkylation of tertiary amine to generate ammonium cations. For 

example, Cooper et al. synthesized polyurethane cationomers with pendant ammonium cations 

using 3-diethylamino-1,2-propanediol  as the chain extender.
14

 These polyurethane cationomers 

exhibited enhanced microphase separation, leading to better mechanical properties. However, a 
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general concern for ammonium-containing polymers is their poor thermal and chemical 

instability due to the potential Hofmann-type elimination.
33

 Thus, replacement of ammonium 

with more stable cations is necessary to improve performance of polyurethane cationomers. 

      Imidazolium-based ionic liquids, which are organic salts with melting temperatures below 

100 
o
C, possess high electrochemical and thermal stability and good ionic conductivity.

34-37
 

Thus, imidazolium-diol based ionic liquid can potentially serve as superior alternative for 

ammonium-based chain extender. In addition, researchers have determined that imidazolium-

containing polymers are suitable for ion-conductive materials.
38-42

  In the present study, 

imidazolium-diol based ionic liquid was synthesized and utilized as the chain extender to prepare 

segmented polyurethane cationomers. This imidazolium monomer strategy provided well-

defined polyurethane cationomers with imidazolium chloride ions readily incorporated into the 

hard segments. Upon a systematic comparison with a nonionic polyurethane analogue, we 

investigated the influence of imidazolium cation on thermal and mechanical properties, hydrogen 

bonding, and morphologies of polyurethane cationomers.  

7.3 Experimental 

      Material. 2-chloroethanol (99%), imidazole (>99%), anhydrous N,N-dimethylformamide 

(DMF) (99.8%), and sodium (99%) were purchased from Aldrich and used as received. 

Poly(tetramethylene oxide) (PTMO) (Mn=2000 g/mol) was purchased from Aldrich and dried at 

60 
o
C in vacuo overnight immediately prior to use. Calcium hydride (92%) was purchased from 

Alfa Aesar and used as received. The chain extender 1,4-butanediol (BD) (99%) was purchased 

from Aldrich and distilled from calcium hydride. 1,4-Diazabicyclo[2.2.2]octane (DABCO) 

(>99%) was purchased from Aldrich and diluted to 1 wt% using anhydrous tetrahydrofuran. 

Ethanol (200 Proof) was distilled from calcium hydride.  Chloroform (Optima grade) and 
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methanol (HPLC grade) were purchased from Fisher Scientific and used as received. 

Dicyclohexylmethane-4,4’-diisocyanate (HMDI) (99.5%) was kindly provided by Bayer 

MaterialScience and used as received. 

Synthesis of 1,3-di(2-hydroxyethyl) imidazolium chloride 

      In a three-necked, round-bottomed flask equipped with a stir bar and condenser, ethanol (100 

mL) was added and cooled to 0 
o
C with an ice bath. Sodium (4.70 g, 0.20 mol) was subsequently 

added to the flask and stirred with ethanol for 7 h at 0 
o
C. In a following step, imidazole (13.61 g, 

0.20 mol) was slowly added to the flask. The mixture was warmed to 23 
o
C for 7 h and then 

cooled to 0 
o
C. 2-Chloroethanol was subsequently added dropwise, and the reaction was allowed 

to proceed for 7 h at 0 
o
C and additional 48 h at 50 

o
C. The reaction solution was filtered to 

remove sodium chloride side product, and the clear solution was precipitated in ethyl ether. The 

crude product was purified using chromatography with chloroform/methanol (80/20) on silica 

gel.   The final product was obtained as a white solid. 
1
H NMR: (400 MHz, CD3OD, 23 

o
C) (δ, 

ppm): 8.75(Ha, s, 1H), 7.44(Hb, s, 2H), 4.22(Hc, t, 4H), 3.83(Hd, t, 4H).   FAB MS: M
+
=157.10 

(found), molar mass=175.10 (calcd). Melting point=49 
o
C. 

Synthesis of Imidazolium-Containing Segmented Polyurethanes  

      The synthesis was conducted in a three-necked, round-bottomed flask equipped with an 

addition funnel, nitrogen inlet, and an overhead mechanical stirrer. Following a typical two-step 

synthetic route as described previously,
43

 PTMO (7.00 g, 3.5 mmol) was initially end-capped 

with HMDI (2.75 mL, 11.1 mmol) at 80 
o
C for 4 h using DABCO (50 ppm) as the catalyst. In the 

second step, 1,3-di(2-hydroxyethyl) imidazolium chloride (15 wt% solids) was dissolved in 

anhydrous DMF and added dropwise to the prepolymers. The reaction was allowed to proceed 



 

130 

 

for 24 h at 80 
o
C under a N2 atmosphere. FTIR spectroscopy demonstrated complete 

consumption of the isocyanate groups. A nonionic PU analogue was synthesized in a similar 

manner except that 1,4-butanediol was used as the chain extender. The polyurethane solutions 

were directly cast in Teflon
®
 molds and air-dried at 23 

o
C for 72 h with a relative humidity (RH) 

of 31% to form solid membranes. The resulting membranes were subsequently annealed in vacuo 

at 110 
o
C for 30 min and 60 

o
C for additional 72 h. 

Instrumentation 

         1
H NMR spectroscopy was performed on a Varian INOVA 400 MHz spectrometer using 

CD3OD as the solvent. FAB-MS was obtained on a JEOL HX110 dual-focusing mass 

spectrometer. Differential scanning calorimetry (DSC) was performed using a TA Instruments 

Q2000 differential scanning calorimeter under a nitrogen flow of 50 mL/min with a heating rate 

of 10 
o
C/min. Dynamic mechanical analysis (DMA) measurements were performed on a TA 

Instruments Q800 dynamic mechanical analyzer in the film tension mode at a frequency of 1 Hz 

and a temperature ramp of 3 
o
C/min over the range -80 to 120 

o
C. Tensile analysis was 

performed on a 5500R Instron universal testing instrument with a cross-head rate of 50 mm/min 

at ambient conditions. FTIR experiments were carried out using a Varian 670-IR spectrometer 

(DTGS detector). The spectra were collected at a resolution of 4 cm
-1

, and 32 scans were 

averaged. Atomic force microscopy (AFM) was conducted on a Veeco MultiMode AFM in a 

tapping mode at ambient conditions. SAXS and wide angle X-ray diffraction (WAXD) were 

performed using a Rigaku S-Max 3000 3 pinhole SAXS system equipped with a rotating anode 

emitting X-rays with a wavelength of 0.154 nm (Cu K ). Scattering from a silver behenate 

standard was used to calibrate the sample-to-detector distance. For SAXS, the sample-to-detector 

distance was 1603 mm, and for WAXD, the sample-to-detector distance was 82.5 mm. Two-



 

131 

 

dimensional SAXS patterns were obtained using a fully integrated 2D multi-wire, proportional 

counting, gas-filled detector during an exposure time of 1 h per sample. SAXS data were 

corrected for sample thickness, sample transmission, and background scattering. WAXD two-

dimensional diffraction patterns were obtained using an image plate with an exposure time of 1 

h. All SAXS/WAXD data were analyzed using the SAXSGUI software package to obtain 

radially integrated SAXS/WAXD intensity versus scattering vector q (SAXS) or 2θ (WAXD) 

profiles, where q=4 sin(θ)/ , θ is half of the scattering angle, and   is the X-ray wavelength.  

WAXD data were corrected for sample thickness, and the profiles were vertically shifted to 

facilitate a comparison of peak positions. Dielectric relaxation spectroscopy was conducted on a 

Novo-control GmbH Concept 40 broadband dielectric spectrometer. Samples were dried at 45 
o
C 

under vacuum before measurement. All sample membranes were sandwiched between two 20 

mm diameter freshly polished brass electrodes. Dielectric (impedance) spectra were measured in 

the frequency range of 1×10
-2

 to 1×10
7
 Hz with 0.1 V amplitude. Samples were annealed at 100 

o
C in the equipment for 30 min and allowed to reach equilibrium with temperature for at least 5 

min before each isothermal measurement. 

7.4 Results and Discussion 

7.4.1 Monomer and polymer synthesis 

         An imidazolium diol, 1,3-di(2-hydroxyethyl) imidazolium chloride, was synthesized 

according to the synthetic route described in Scheme 7.1. 
1
H NMR spectroscopy (Figure 7.1) 

and FAB MS confirmed the chemical structure, and differential scanning calorimetry (DSC) 

verified the melting point. The synthesizing imidazolium diol was classified as an ionic liquid 

since its melting point (49 
o
C) was well below 100 

o
C. Moreover, the synthesizing imidazolium 

diol-based ionic liquid showed an onset degradation temperature at 322 
o
C in TGA, which was 
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nearly 60 
o
C higher than an ammonium diol analogue. Using 1,3-di(2-hydroxyethyl) 

imidazolium chloride as the chain extender, we synthesized a novel polyurethane cationomer 

through a two-step process. Post alkylation of tertiary ammine-containing polyurethanes has 

been a common approach to introduce ammonium cations into polyurethane structures.  

However, the imidazolium monomer strategy enables to synthesize well-defined polyurethane 

cationomers with controlled charge density and charge placement. All polyurethane solutions 

were cast in Teflon
®
 molds, which resulted in optically clear films. It is also import to note that 

DABCO was utilized as the catalyst in the synthesis of imidazolium-containing polyurethane, 

rather than DBTDL. FTIR spectroscopy demonstrated that polymerization with DABCO was 

complete in 24 h at 80 
o
C, i.e. isocyanate peaks at 2260 cm

-1
 completely disappeared.  However, 

polymerization with DBTDL was incomplete even for 5 days at 80 
o
C. We hypothesize that 

imidazolium rings bonded to the tin catalyst and poisoned the catalyst in the polymerization with 

DBTDL.  A systematic study is necessary to investigate the polymerization kinetic in the 

presence of DBTDL. For comparative purposes, a nonionic polyurethane analogue was also 

synthesized, which contained the sample PTMO soft segments and an equal content (83 mol%) 

of hard segments (Table 7.1). An unprecedented comparison between imidazolium-based 

polyurethane and nonionic polyurethane analogue elucidated the influence of imidazolium 

cations on physical properties and morphology of polymer cationomers.  
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Scheme 7.1 Synthesis of 1,3-di(2-hydroxyethyl) imidazolium chloride (1) and imidazolium-

containing segmented polyurethane cationomer, HMDI-IMI-2KPTMO (2) 

 

Figure 7.1 
1
H NMR spectrum of 1,3-di(2-hydroxyethyl) imidazolium chloride 
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7.4.2 Thermal properties 

        Thermal properties of imidazolium-containing polyurethane cationomer (HMDI-IMI-

2KPTMO) and the nonionic analogue (HMDI-IMI-2KPTMO) were characterized using DSC. 

Figure 7.2 shows first and second heat DSC curves of both samples. In the first heat DSC, 

HMDI-BD-2KPTMO exhibited an endothermic transition at 107 
o
C, corresponding to the 

melting of crystalline hard segments. In contrast, HMDI-IMI-2KPTMO did not show clear 

thermal transitions in the first heat DSC curve. This suggested that imidazolium cations in 

polyurethane hard segments suppressed hard segment crystallization, which might be due to the 

disrupted hard segment regularity and ionic association of imidazolium chloride ion pairs. 

However, the endothermic peak disappeared in the second heat DSC curve of HMDI-BD-

2KPTMO, which was due to a slow recrystallization rate of rigid hard segments relatively to the 

DSC cooling rate (10 
o
C/min).  In addition, second heat DSC curves of both samples displayed 

thermal transitions around -80 
o
C, corresponding to the glass transition temperature (Tg) of 

PTMO soft segments. PTMO soft segment Tg’s were comparable to the Tg of pure PTMO 

homopolymers, indicating a high degree of microphase separation in both polyurethanes. HMDI-

IMI-2KPTMO showed a slightly lower soft segment Tg (-82 
o
C) than HMDI-BD-2KPTMO (-77 

o
C), suggesting a slightly better microphase separation. This observation was consistent with the 

literature. Cooper et al. studied poly(propylene oxide) (PPO)-based polyurethane cationomers 

containing pendant ammonium cations in the hard segments.
11

 They reported that PPO (2000 

g/mol) soft segment Tg in a polyurethane cationomer was 3 
o
C lower than that in a nonionic 

polyurethane analogue.   
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Table 7.1 Chemical composition and thermal transition temperatures of HMDI-BD-2KPTMO 

and HMDI-IMI-2KPTMO 

 HMDI/Diol/PTMO HS (mol%) HS (wt%) Tg (
o
C) Tm (

o
C) 

HMDI-BD-2KPTMO 3/2/1 83 33 -77 107* 

HMDI-IMI-2KPTMO 3/2/1 83 37 -82 ND 

*data obtained from first heat DSC. ND=not detected 

 

 

 

Figure 7.2 DSC traces of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO (1
st 

heating, 10 

o
C/min, He; 2

nd
 heating, 10 

o
C/min, He)  
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7.4.3 Thermomechanical properties 

         Dynamic mechanical (DMA) studies on imidazolium-based polyurethane cationomer and 

the nonionic polyurethane analogue elucidated the influence of imidazolium cation on 

thermomechanical properties. Figure 7.3 depicts the storage modulus (G’) and tan delta (tan δ) 

of two polyurethane samples as a function of temperature. In the tan δ curves, both HMDI-IMI-

2KPTMO and HMDI-BD-2KPTMO exhibited maxima at -59 
o
C and -48 

o
C, respectively. This 

transition corresponded to the PTMO soft segment Tg. HMDI-IMI-2KPTMO displayed a 

narrower glass transition at a lower temperature relative to HMDI-BD-2KPTMO, which might 

be due to a better microphase separation in HMDI-IMI-2KPTMO.  In addition, HMDI-BD-

2KPTMO displayed a second tanδ peak at 25 
o
C, which was attributed to the melting of 

crystalline PTMO soft segments.  Due to the low degree of crystallinity of PTMO soft segments, 

this transition was very broad in DMA tanδ curve and even invisible in the second heat DSC 

curve. In the storage modulus curves, both polyurethane samples displayed well-defined rubbery 

plateau ranging from -50 
o
C to 100 

o
C. However, HMDI-IMI-2KPTMO showed a much higher 

rubbery modulus (68 MPa at 25 
o
C) than HMDI-BD-2KPTMO (21 MPa at 25 

o
C). DMA results 

agreed well with tensile analysis data shown below. In addition, HMDI-IMI-2KPTMO showed a 

higher onset flow temperature (~150 
o
C) compared to HMDI-BD-2KPTMO, which was 

presumably due to the presence of imidazolium chloride ion associations. 



 

137 

 

 

Figure 7.3 DMA curves of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO (film tension mode, 

3 
o
C/min, 1 Hz, air) 

7.4.4 Mechanical properties 

        Mechanical properties of imidazolium-based polyurethane cationomer and the nonionic 

polyurethane analogue were further evaluated with uniaxial tress-strain tensile analysis. Figure 

7.4 shows the stress-strain curves for both HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO. The 

slope of the initial stress-strain curve (<2.5 % elongation) provided the Young’s moduli of two 

polyurethane samples.  It is clear that HMDI-IMI-2KPTMO exhibited a significantly enhanced 

Young’s modulus (55.10±3.46 MPa) compared to HMDI-BD-2KPTMO, which showed a 

Young’s modulus of 11.11±0.71MPa. This observation was consistent with DMA. The 

difference in Young’s moduli of these polyurethanes was related to their. It is also interesting to 

note that the tensile strength of HMDI-BD-2KPTMO (40.19±8.07 MPa) was higher than HMDI-

IMI-2KPTMO (30.32±2.24 MPa). This is presumably due to higher cohesion of crystalline hard 

segment in HMDI-BD-2KPTMO. In addition, HMDI-IMI-2KPTMO and HMDI-BD-2KPTMO 
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showed comparable ultimate elongation, which were 929±196% and 956±137%, respectively. 

This suggests that both samples are high molecular weight polymers. 

 

Figure 7.4  Tensile properties of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO 

7.4.5 FTIR spectroscopy 

         Hydrogen bonding is an important driving force for microphase separation of segmented 

polyurethanes, which in turn, influences the thermal and mechanical properties.
44

 Therefore, 

understanding hydrogen bonding interactions in segmented polyurethanes is important to 

correlate polyurethane structure and properties with their morphologies. FTIR spectroscopy is a 

simple and sensitive method to study hydrogen bonding in polyurethanes.
45

 Hydrogen bonding 

acceptor “C=O” groups in polyurethanes exhibited clear peak position shift in FTIR spectra upon 

formation of hydrogen bonding. Figure 7.5 shows the FTIR spectra of both HMDI-IMI-

2KPTMO and HMDI-IMI-2KPTMO in the C=O region and N-H region. In the C=O region, 

HMDI-BD-2KPTMO displayed three distinct carbonyl peaks at 1714 cm
-1

, 1695 cm
-1

, and 1662 

cm
-1

, respectively. The peak at 1714 cm
-1

 was attributed to the vibration peak of free carbonyl, 
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and the peaks at 1695 cm
-1

 and 1662 cm
-1

 corresponded to hydrogen-bonded carbonyl. Although 

HMDI-IMI-2KPTMO also displayed free carbonyl peak and hydrogen bonded carbonyl peak at 

1716 cm
-1

 and 1702 cm
-1

, respectively, the hydrogen bonded carbonyl was in a much less extent. 

This suggests that HMDI-BD-2KPTMO possessed stronger hydrogen bonding than HMDI-IMI-

2KPTMO. This observation was consistent with the literature. Our previous study demonstrated 

that polyurethanes with phosphonium cations in the hard segments showed significantly reduced 

hydrogen bonding.
10

 It is also interesting to note that hydrogen bonding in these polyurethanes 

was related to their hard segment crystallization. HMDI-BD-2KPTMO with stronger hydrogen 

bonding showed clear melting peak of crystalline hard segments in the first heat DSC. In 

contrast, HMDI-IMI-2KPTMO with reduced hydrogen bonding showed absence of hard segment 

crystallization.  Moreover, FTIR spectra of HMDI-BD-2KPTMO in N-H region displayed a 

sharper vibration peak relative to HMDI-IMI-2KPTMO. This is also indicative of stronger 

hydrogen bonding for HMDI-BD-2KPTMO.  
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Figure 7.5  FTIR to characterization of hydrogen-bonding interactions 

7.4.6 Morphological Characterization 

         Properties of segmented polyurethanes depend strongly on their microphase-separated 

morphologies. Figure 7.6 illustrates AFM phase images of both imidazolium-containing 

polyurethane cationomer and the nonionic polyurethane analogue that obtained with tapping 

mode AFM at ambient conditions. In AFM phase images of polyurethanes, high-modulus hard 

domains appear as bright regions and low-Tg soft domains appear as dark regions.
43

  It is clear 

that both HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO displayed well-defined microphase-

separated morphology. Polyurethane hard segments associated into needle-like hard domains at 

the nanoscale. These needle-like domains randomly distributed within the continuous PTMO 

phase and served as physical cross-links to afford polyurethane mechanical strength. In 

comparison of these two samples, HMDI-IMI-2KPTMO displayed hard domains that were more 

percolated than HMDI-BD-2KPTMO, which was responsible for an enhanced modulus as 

determined with DMA and tensile analysis.  
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Figure 7.6 AFM phase images of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO (tapping 

mode, spring constant=42 N/m) 

      In addition to AFM, small angle X-ray scattering (SAXS) and wide angle X-ray diffraction 

(WAXD) provide important information on bulk morphologies of these polyurethanes. Figure 

7.7 shows their SAXS profiles plotted as scattering intensity versus scattering vector q (nm
-1

).  

Both samples displayed a scattering peak near qmax=0.5 nm
-1

 in the profiles, which resulted from 

microphase separation of the soft and hard segments. Moreover, qmax is related to inter-domain 

spacing of polyurethane hard segments (d=2π/qmax).
46

 Calculated d spacing of HMDI-IMI-

2KPTMO and HMDI-BD-2KPTMO was 12.3 nm. Two polyurethane samples possessed 

comparable inter-domain spacing due to a similar hard segment content, which was 37 wt% (83 

mol%) for HMDI-IMI-2KPTMO and 33 wt% (83 mol%) for HDMI-BD-2KPTMO. However, 

the scattering peak at q=0.5 nm
-1

 in the SAXS profile of HMDI-IMI-2KPTMO was sharper and 

in a higher intensity compared to that of HMDI-BD-2KPTMO, which might be due to a higher 

degree of microphase separation and increased electron density difference between PTMO soft 

phase and imidazolium ionic hard domains. HMDI-IMI-2KPTMO also displayed a weak 

shoulder near q=1 nm
-1

, suggesting the presence of ionic association of imidazolium chloride ion 

pairs. Figure 7.8 shows the WAXD profile for both polyurethanes, a PTMO (2000 g/mol) and a 

HMDI-BD-2KPTMO

50 nm 50 nm

HMDI-IMI-2KPTMO
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HMDI-BD hard segment analogue. It is clear that PTMO (2000 g/mol) showed two sharp 

crystalline peaks at 2θ=19.6
o
 and 2θ=24.0

o
, and the HS analogue showed three weak crystalline 

peaks at 2θ=17.6
o
, 18.5

o
, and 23.5

o
. In contrast, HMDI-IMI-2KPTMO displayed a monomodal 

amorphous halo peak, indicating the absence of crystalline soft and hard segments.  However, 

HMDI-BD-2KPTMO exhibited a weak shoulder on the amorphous halo peak near 2θ=17.6
o
, 

suggesting the presence of crystalline hard segments. WAXD results agreed well with DSC, in 

which only HMDI-BD-2KPTMO showed an endothermic peak at 107 
o
C due to the melting of 

crystalline hard segments. 

  

Figure 7.7 Small angle X-ray scattering traces of HMDI-BD-2KPTMO and HMDI-IMI-

2KPTMO 
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Figure 7.8  Wide angle X-ray diffraction of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO 

Ionic Conductivity 

      Dielectric relaxation spectroscopy is a useful tool to investigate ion conduction behavior of 

polyurethane ionomers.
47,48

 Figure 7.9 depicts the ionic conductivity (σ) of HMDI-BD-

2KPTMO and HMDI-IMI-2KPTMO as a function of temperature (T). It indicates that two 

samples showed comparable temperature dependence of ionic conductivity at low temperatures 

(<80 
o
C). Ionic conductivity slightly increased as temperature increased from 20 

o
C to 70 

o
C. 

However, ionic conductivity of HMDI-IMI-2KPTMO dramatically increased in a high 

temperature region (>80 
o
C). In contrast, HMDI-BD-2KPTMO only showed a slight increase in 

ionic conductivity as temperature increased from 80 
o
C to 100 

o
C. We hypothesize that the 

transition in ionic conductivity near 80 
o
C is related to the hard segment Tg.  At temperatures 

below 80 
o
C, only low-Tg PTMO soft segments were mobile. Some impurities in PTMO soft 

segments provided the low ionic conductivity on the order of 10
-12

 S/cm. Imidazolium-

containing polyurethane and nonionic polyurethane analogue contained identical nonionic 
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PTMO soft segments, thus, exhibited similar temperature dependence of ionic conductivity. At 

high temperatures above 80 
o
C, imidazolium chloride ions in HMDI-IMI-2KPTMO hard 

segments became mobile and contributed to the ion conduction, which gave a significantly 

increased ionic conductivity above 5×10
-10

 S/cm at 100 
o
C. However, HMDI-BD-2KPTMO did 

not possess any ions in the hard segments and showed slight increase in ionic conductivity with 

temperature. It is worth to point out that the transition temperature (~80 
o
C) in ionic conductivity 

agreed well with onset flow temperatures (~80 
o
C) of HMDI-IMI-2KPTMO, as determined in 

the DMA storage modulus curve. This supports our hypothesis that both transitions are related to 

the hard segment Tg. 

 

Figure 7.9 Ion-conductivity of HMDI-BD-2KPTMO and HMDI-IMI-2KPTMO 
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7.5 Conclusions 

      Novel segmented polyurethanes containing imidazolium cations in the hard segments were 

synthesized through a conventional prepolymer method using an imidazolium diol-based ionic 

liquid as the chain extender. An unprecedented comparison of imidazolium-containing 

polyurethane (HMDI-IMI-2KPTMO) with a nonionic polyurethane analogue (HMDI-BD-

2KPTMO) elucidated the influence of imidazolium cation on performance of imidazolium 

polyurethane cationomer. HMDI-IMI-2KPTMO exhibited reduced hard segment crystallinity 

and less hydrogen bonding relative to HMDI-BD-2KPTMO, which was presumably due to the 

disrupted chain regularity and ionic association. However, AFM and SAXS studies demonstrated 

that HMDI-IMI-2KPTMO possessed a well-defined microphase-separated morphology. HMDI-

IMI hard segments formed worm-like hard domains in AFM phase images. SAXS profile of 

HMDI-IMI-2KPTMO displayed a clear scattering peak at q=0.5 nm
-1

 (inter domain spacing 

d=12.3 nm) due to the microphase separation of soft and hard segments. This suggests that 

enhanced immiscibility between hydrophobic PTMO soft segments and imidazolium ionic hard 

segments, rather than hard segment crystallinity and hydrogen bonding, serve as the major 

driving force for the microphase separation of imidazolium-containing polyurethane cationomer. 

Morphologies of these polyurethanes correlated well with their mechanical properties. Both 

imidazolium and nonionic polyurethane exhibited well-defined rubbery plateau and high 

maximum elongation (~900%). However, HMDI-IMI-2KPTMO possessed a higher rubbery 

plateau modulus (68 MPa at 25 
o
C) and a higher onset flow temperature (~150 

o
C) relative to the 

nonionic polyurethane due to the presence of ionic association. Moreover, DRS study 

demonstrated that imidazolium chloride ions in hard segments significantly increased the ionic 

conductivity of HMDI-IMI-2KPTMO above the hard segment Tg. 
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Chapter 8: Influence of Ionic Liquids on Performance of Segmented Polyurethanes 

Containing Imidazolium Cations in Hard Segments 

Gao,
 
R.; Wang, S.W.; Zhang, M.; Colby, R.H.; Moore, R.B.; Long, T.E. (prepared for 

publication) 

8.1 Abstract 

Polymeric materials with both high ionic conductivity and good mechanical properties are highly 

desirable for electromechanical transducer applications. Here we report our fundamental 

investigation on imidazolium-containing polyurethanes (IPU) incorporated with room 

temperature ionic liquid (IL) to elucidate the influence of IL on thermal and mechanical 

properties, morphologies, and ionic conductivity of IPU. Novel poly(tetramethylene oxide) 

(PTMO)-based IPU was synthesized through a conventional prepolymer method using an 

imidazolium diol as the chain extender. Resulting IPU solutions cast with various contents (5~30 

wt%) of IL, 1-ethyl-3-methylimidazolium ethylsulfate (EMIm ES), generated a novel series of 

IPU/IL composite membranes. Differential scanning calorimetry (DSC) revealed that IPU 

exhibited a constant PTMO soft segment Tg at -81±1 
o
C, which was independent of IL content. 

In contrast, dynamic mechanical analysis (DMA) clearly showed that Tg of the imidazolium-

containing hard segments systematically shifted to lower temperatures with increasing IL 

content. This observation suggested that IL preferentially located into the imidazolium ionic hard 

domains of IPU, which was evident in small angle X-ray scattering (SAXS). SAXS profile of 

IPU displayed a scattering peak near q=0.5 nm
-1

 due to the microphase separation of soft and 

hard segments. The scattering peak position sequentially shifted to a lower q upon incorporation 

of EMIm ES ionic liquid, indicating increased inter-domain spacings.  Moreover, dielectric 

relaxation spectroscopy demonstrated that ionic conductivity of IPU membrane increased by five 
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orders of magnitude upon incorporation of 30 wt% EMIm ES. IL-free IPU and IPU with low 

contents of ionic liquid (≤15 wt%) exhibited Arrhenius temperature dependence of ionic 

conductivity, while IPU with 30 wt% IL showed VFT behavior .  

8.2 Introduction 

      Ionic liquids, which are defined as salts with melting temperatures below 100 
o
C,

1
 have 

attracted increasing attention for their unique physiochemical properties, including high ionic 

conductivity, exceptional thermal and electrochemical stability, low volatility, and low 

flammability.
2-4

 Properties of ionic liquids depend strongly on the chemical structures of cations 

and anions. Combination of various cations and anions in different ways generates millions of 

novel ionic liquids that are suitable for many applications in electromechanical transducers,
5-7

 

lithium batteries,
8-10

 fuel cells,
11-13

 gas separation membranes,
14-17

 and solar cells.
18-20

        

      Particularly, imidazolium-based ionic liquids have emerged as suitable dilutes to enhance the 

ionic conductivity of polymeric materials.
21-23

 Watanabe et al. reported the synthesis of ion gels 

through polymerization of methyl methacrylate in a 1-ethyl-3-methyl imidazolium 

bis(trifluoromethane sulfonyl)imide (EMIm TFSI) ionic liquid. Resulting poly(methyl 

methacrylate)-based ion gels exhibited dramatically enhanced ionic conductivity at ambient 

temperatures.
24

 Lodge et al. studied self-assembly of poly(styrene-b-ethylene oxide-b-styrene) 

block copolymer in the presence of EMIm TFSI, which generated ion gels with high ionic 

conductivity and appreciable mechanical strength.
25

 Winey and Elabd et al. studied the ionic 

conductivity of poly(styrene-b-methyl methacrylate) (PS-b-PMMA) in the presence of EMIm 

TFSI ionic liquid. They reported that ionic conductivity of PS-b-PMMA increased by four orders 

of magnitude upon incorporation of 50 wt% ionic liquid.
26

 It is important to note that all these 
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polymers contained blocks that were compatible with EMIm TFSI ionic liquid and cross-linking 

sites that were provided with either chemical cross-linkers or high glass transition temperature 

(Tg) blocks. Ionic liquid-compatible polymer blocks exhibited low Tg and provided high ionic 

conductivity, while chemical or physical cross-links provided required mechanical strength.       

      Most recent studies on ionic liquid-incorporated polymers have mainly focused on block 

copolymers.
23,27-32

 Segmented copolymers with well-defined chemical structures are relatively 

unexplored. Among the many types of segmented copolymers, polyurethanes are one of the most 

versatile segmented copolymers that possess a wide range of physical properties.  Polyurethanes 

contain alternated soft and hard segments, which readily microphase separate to form unique 

morphological features at the nanoscale.
33

 Segmented polyurethanes offer several beneficial 

attributes including tailored chemical structure and tunable physical properties in a facile way. 

Particularly, poly(ethylene oxide) (PEO)-based polyurethane or ion-containing polyurethane 

have high compatibility with ionic liquids, which makes them suitable for preparation of 

polyurethane/IL composite membranes. In a recent study, we incorporated room temperature 

ionic liquid, 1-ethyl-3-methyl imidazolium ethylsulfate (EMIm ES), into a segmented 

polyurethane containing sulfonated PEO soft segments. Our results indicated that EMIm ES 

preferentially located into the PEO soft phase, leading to significantly enhanced ionic 

conductivity and well-maintained mechanical properties.  

      In the present study, we designed and synthesized a novel segmented polyurethane that 

contained hydrophobic poly(tetramethylene oxide) (PTMO)-based soft segments and 

imidazolium ionic hard segments. Hydrophilic ionic liquid, EMIm ES, was utilized in this study 

due to the high ionic conductivity, good thermal and chemical stability, and low cost.  

Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) elucidated the 
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influence of ionic liquid on thermal and mechanical properties of IPU membranes. Small angle 

X-ray scattering (SAXS) revealed the bulk morphology of IPU cast with various contents of 

ionic liquid. Dielectric relaxation spectroscopy demonstrated significantly enhanced ionic 

conductivity of IPU membranes upon incorporation of EMIm ES ionic liquid.  

8.3 Experimental 

      Materials. The matrix polymer used in this study was a segmented polyurethane with 

PTMO-based soft segments and imidazolium-containing ionic hard segments. Synthetic details 

of this polyurethane have been described in a previous paper. An imidazolium diol-based ionic 

liquid, 1,3-di(2-hydroxyethyl) imidazolium chloride, was initially synthesized and utilized as the 

chain extender in the polyurethane synthesis. Following a typical two-step process, PTMO (2000 

g/mol) was initially end-capped with dicyclohexylmethane-4,4’-diisocyanate (HMDI) to 

synthesize the polyurethane prepolymers, which were subsequently chain extended  with 1,3-

di(2-hydroxyethyl) imidazolium chloride to prepare high molecular weight imidazolium-

containing polyurethanes (Scheme 8.1). Hydrophilic ionic liquid, 1-ethyl-3-methyimidazolium 

ethylsulfate (EMIm ES) was purchased from Alfa Aesar and stored over molecular sieves.  

Preparation of Composite Membranes 

      Preparation of imidazolium-containing polyurethane/ionic liquid composite membranes was 

following a “cast with” method as described previously.  Imidazolium-containing polyurethane 

solution in N,N-dimethylformamide (DMF) (20 wt% solids) was blended with room temperature 

ionic liquid, 1-ethyl-3-methylimidazolium ethylsulfate (EMIm ES) (Figure 8.1). The mixture 

was directly cast in Teflon
®
 molds and air-dried at 23 

o
C for 3 days. Resulting membranes were 

subsequently annealed in vacuo at 60 
o
C for 72 h to remove residual solvent and moisture. All 



 

153 

 

membranes were stored in a dessicator (relative humidity<15%) and dried in vacuo for 24 h at 60 

o
C immediately prior to DSC, DMA, and SAXS characterization. 

Instrumentation 

      Differential scanning calorimetry (DSC) was performed using a TA Instruments Q2000 

differential scanning calorimeter under a nitrogen flow of 50 mL/min with a heating rate of 10 

o
C/min over the range from -110−180 

o
C. Second heat DSC curves were utilized to determine 

glass transition temperatures of IPU/IL composite membranes. Dynamic mechanical analysis 

(DMA) measurements were performed on a TA Instruments Q800 dynamic mechanical analyzer 

in the film tension mode at a frequency of 1 Hz and a temperature ramp of 3 
o
C/min over the 

range -110−180 
o
C.  Glass transition temperatures were determined according to the peak values 

in tanδ curves. SAXS was performed using a Rigaku S-Max 3000 3 pinhole SAXS system 

equipped with a rotating anode emitting X-rays with a wavelength of 0.154 nm (Cu K ). 

Scattering from a silver behenate standard was used to calibrate the sample-to-detector distance, 

which was 1603 mm. Two-dimensional SAXS patterns were obtained using a fully integrated 2D 

multi-wire, proportional counting, gas-filled detector during an exposure time of 1 h per sample. 

SAXS data were corrected for sample thickness, sample transmission, and background 

scattering, and analyzed using the SAXSGUI software package to obtain radially integrated 

SAXS intensity versus scattering vector q profiles, where q=4 sin(θ)/ , θ is half of the scattering 

angle, and   is the wavelength of X-ray. The profiles were vertically shifted to facilitate a 

comparison of peak positions. Dielectric relaxation spectroscopy (DRS) was conducted on a 

Novo-control GmbH Concept 40 broadband dielectric spectrometer. Samples were dried at 45 
o
C 

under vacuum before measurement. All sample membranes were sandwiched between two 20 

mm diameter freshly polished brass electrodes. Dielectric (impedance) spectra were measured in 
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the frequency range of 1×10
-2

 to 1×10
7
 Hz with 0.1 V amplitude. Samples were annealed at 100 

o
C in the equipment for 30 min and allowed to reach equilibrium with temperature for at least 5 

min before each isothermal measurement. 

8.4 Results and Discussion 

8.4.1 Preparation of IPU/IL composite membranes 

         PTMO-based polyurethane prepolymers chain extended with an imidazolium diol-based 

ionic liquid, 1,3-di(2-hydroxyethyl) imidazolium chloride, afforded well-defined polyurethane 

ionomers with imidazolium cations readily introduced into the hard segments (IPU, Scheme 

8.1). Incorporation of hydrophilic room temperature ionic liquid (IL), 1-ethyl-3-

methylimidazolium ethylsulfate (EMIm ES, Figure 8.1), provided a series of novel IPU/IL 

composite membranes. Here, EMIm ES was selected for the good thermal and electrochemical 

stability, high ionic conductivity, and relatively low cost. IPU/IL composite membranes were 

prepared with a “cast with” method, in which, IPU solutions were blended with a calculated 

amount of IL. This method enabled a precise control of IL content incorporated into the IPU 

membranes. All IPU membranes with up to 30 wt% EMIm ES were optically clear, indicating a 

good dispersion of IL in the IPU membranes. However, a nonionic polyurethane membrane, 

which contained the same PTMO soft segments but nonionic hard segments, changed from 

optically clear to opaque upon incorporation of only 5 wt% EMIm ES. This comparative study 

indicates that imidazolium cations in IPU favored the dispersion of IL. In addition, previous 

studies indicated that polymer/ionic liquid composite membranes suffered poor mechanical 

properties at high contents of ionic liquids.
22,34,35

 In order to obtain high ionic conductivity and 

maintain good mechanical properties of IPU membranes, we kept the ionic liquid content at 
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relatively low levels (≤30 wt%). Moreover, low contents of ionic liquid reduced possible 

leakage. 

 

 

Scheme 8.1 Synthesis of imidazolium diol chain extender (1) and imidazolium-containing 

segmented polyurethane (2) 

 

Figure 8.1 Chemical structure of 1-ethyl-3-methylimidazolium ethylsulfate (EMIm ES) 
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8.4.2 Thermomechanical properties 

         Dynamic mechanical analysis (DMA) elucidated the influence of EMIm ES on thermal 

transitions and mechanical properties of IPU membranes. Figure 8.2 displays the storage 

modulus (G’) curves of IPU membranes incorporated with various contents of EMIm ES ranging 

from 5 wt% to 30 wt%.  All samples exhibited clear thermal transitions near -60 
o
C, which 

corresponded to the glass transition temperature (Tg) of PTMO soft segments. IL-free IPU 

membrane displayed a well-defined rubbery plateau above the PTMO soft segment Tg and 

showed another thermal transition above 130 
o
C, which was attributed to the glass transition of 

imidazolium-containing hard segments. It is clear that hard segment Tg systematically decreased 

with increasing EMIm ES content, leading to narrowed rubbery plateau and reduced rubbery 

plateau modulus. This indicates that EMIm ES ionic liquid selectively located into the 

imidazolium ionic hard segments. Table 8.1 summarizes the rubbery plateau storage moduli of 

all IPU membranes at 40 
o
C, which decreased from 180 MPa to 10 MPa upon incorporation of 

30 wt% IL. Modulus of segmented polyurethanes is strongly related to the morphological 

features of hard domains, which serve as physical cross-links and reinforcing “fillers” to provide 

mechanical strength. Ionic liquid in imidazolium ionic hard domains plasticized these “cross-

links” and “fillers”, leading to reduced modulus. Our previous studies demonstrated that PEO-

based sulfonated polyurethanes with nonionic hard segments showed a rubbery plateau modulus 

independent of ionic liquid content due to the absence of ionic liquid in the nonionic hard 

segment domains. It is also important to note that all composite membranes displayed onset flow 

temperatures above 150 
o
C. 
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Figure 8.2 Thermomechanical properties of IPU membranes cast with various contents of ionic 

liquids. DMA conditions: 3 
o
C/min, 1Hz, film tension mode 

      Figure 8.3 depicts the tanδ curves of IL-free IPU and IPU/IL composite membranes. Tg’s of 

both PTMO soft segments and imidazolium ionic hard segments were determined with the tanδ 

peaks. It shows that all samples displayed well-defined peaks at -63 
o
C, corresponding to the 

glass transition of PTMO soft segments. Differential scanning calorimetry (DSC) also confirmed 

a constant PTMO soft segment Tg that was independent of IL content. In sharp contrast, tanδ 

peaks at high temperatures, arising from the glass transition of imidazolium ionic hard segments, 

systematically shifted from 132 
o
C to 37

 o
C as IL content increased from 0 to 30 wt%.  Reduced 

hard segmented Tg was due to the plasticizing effect of IL. Figure 8.4 plots the Tg’s of soft and 

hard segments as a function of ionic liquid content. It clearly shows that EMIm ES 

systematically reduced the hard segment Tg without influencing the Tg of PTMO soft segments. 

This observation suggests that hydrophilic EMIm ES ionic liquid preferentially located in the 

imidazolium ionic hard segments. Watanabe et al. studied the thermal transition behavior of a 
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polystyrene-b-poly(methyl methacrylate)-b-polystyrene (PS-b-PMMA-b-PS) block copolymer in 

the presence of EMIm TFSI ionic liquid.
36

 They found that Tg of PS blocks was virtually 

unchanged, however, Tg of PMMA block systematically decreased with increasing ionic liquid 

content due to the preferential location of ionic liquid into the PMMA phase. 

 

Figure 8.3 Tan delta curves of IPU membranes cast with various contents of ionic liquids. DMA 

conditions: 3 
o
C/min, 1Hz, film tension mode 

Table 8.1 Thermal transition temperatures and storage modulus (G’) of IPU/IL composites 

 Tg 
SS

 (DSC) (
o
C) Tg 

SS
(DMA) (

o
C) Tg 

HS
 (DMA) (

o
C) G’ at 40 

o
C

 
(MPa) 

IPU+0 wt% ILs -81 -63 132 183 

IPU+5 wt% ILs -81 -62 106 116 

IPU+10 wt% ILs -80 -63 82 66 

IPU+15 wt% ILs -81 -63 67 34 

IPU+30wt% ILs -80 -63 37 10 
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Figure 8.4 Influence of ionic liquid on glass transition temperature of soft and hard segments of 

imidazolium-containing polyurethanes 

8.4.3 Morphological characterization 

         SAXS data provided morphological information of IL-free IPU membrane and IPU/IL 

composite membranes with ionic liquid content ranging from 5 wt% to 30 wt%. Figure 8.5 

displays the SAXS profiles of all membranes plotted as scattering intensity versus scatting vector 

q (nm
-1

) at a logarithmic scale. The profiles were vertically shifted to facilitate a comparison of 

peak positions. The SAXS profile of IL-free IPU membrane displayed a scattering peak near 

q=0.5 nm
-1

, arising from the microphase separation of soft and hard segments.  Earlier studies 

have determined that q value at the scatting peak is related to mean inter-domain spacings (d) 

between polyurethane hard domains according to the equation: d=2π/q.
37,38

 In the case of IL-free 

IPU membrane, the calculated inter-domain spacing was 12.3 nm. SAXS profiles of IPU/IL 

composite membranes clearly showed that the scattering peak at q=0.5 nm
-1

 sequentially shifted 

to a lower q with increasing the ionic liquid content. Table 8.2 summarizes the scattering peak 

position and calculated d spacings for all IPU/IL composite membranes. Figure 8.6 plots the d 
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spacings (nm) as a function of ionic content (wt%). It is clear that d spacing between 

polyurethane hard domains linearly increased with ionic liquid content.  Previous studies have 

showed that preferential incorporation of ionic liquid into block copolymers lead to increased d 

spacing, which was due to the configuration change of polymer chains in the presence of ionic 

liquid. Segalman et al. studied a polystyrene-b-poly(2-vinylpyridine) block copolymer 

incorporated with EMIm TFSI ionic liquid, which displayed systematic increase in d spacing 

with ionic liquid content.
39

 Similar observation of increased d spacing upon incorporation of 

ionic liquid has been reported for several other block copolymers.
40

  However, to the best of our 

knowledge, studies on segmented copolymers, particularly segmented polyurethane ionomers, 

are much less noted in the literature.  Our previous AFM studies demonstrated that IPU 

possessed well-defined microphase-separated morphology.
33

 Imidazolium ionic hard segments 

microphase separated into worm-like hard domains that randomly distributed in the PTMO-

based soft phase. Morphology of IPU resembled a cylindrical morphology typically generated 

with block copolymers. Thus, it is not surprising that IPU displayed increased d spacing due to 

the preferential incorporation of EMIm ES in the imidazolium ionic hard domains.   
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Figure 8.5 SAXS profiles of IPU membranes cast with various contents of EMIm ES ionic 

liquid 

Table 8.2 Summary of scattering peak position and d spacing of IPU/IL composite membranes 

 wt% of IL wt% IL: wt% HS peak position (nm
-1

) d spacing (nm) 

IPU+0 wt% IL 0 0:1 0.51 12.3 

IPU+5 wt% IL 5 0.14:1 0.49 12.8 

IPU+10 wt% IL 10 0.27:1 0.46 13.8 

IPU+15 wt% IL 15 0.41:1 0.45 14.0 

IPU+30 wt% IL 30 0.81:1 0.41 15.2 
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Figure 8.6 Inter-domain spacings (d) of IPU/IL composite membranes as a function of IL 

content 

8.4.4 Ionic conductivity 

         DRS studies on IL-free IPU and IPU/IL composite membranes elucidated the ionic 

conductivity of all membranes as a function of temperature and ionic liquid content. Figure 8.7 

plots the ionic conductivity of all IPU membranes versus temperature (1000/T) at a logarithmic-

linear scale. It clearly showed that ionic conductivity of IPU membranes systematically increased 

with ionic liquid content at each temperature. Moreover, ionic conductivity of IPU/IL composite 

membranes also exhibited strong dependence on temperature. Arrhenius equation (σ = 

σ0exp(Ea/RT)) and Vogel-Fulcher-Tammann (VFT) equation (σ = σ0exp[-B/(T-T0)]) are 

frequently applied to describe the correlation between temperature and ionic conductivity of 

polymeric materials.
41

 Arrhenius equation describes the temperature dependence of ionic 

conductivity that is related to thermal ion hopping; however, VFT equation describes the ionic 

conductivity versus temperature behavior when segmental motions of polymer chains are 
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responsible for the ionic conductivity. Our previous studies showed that PEO-based sulfonated 

polyurethanes with EMIm ES preferentially located in the sulfonated PEO soft phase exhibited 

VFT behavior. This suggested that ion conduction strongly coupled with PEO segmental motions 

due to a low PEO soft segment Tg that was 40 K below the minimum measurement temperature. 

However, in the case of IPU, where EMIm ES ionic liquid located in the imidazolium ionic hard 

domains, IL-free IPU and IPU with low contents of IL (≤15 wt%) exhibited Arrhenius behavior; 

however, IPU with 30 wt% IL exhibited VFT behavior. A previous comparative study on ionic 

conductivity of IPU and a nonionic polyurethane analogue showed that mainly imidazolium-

containing hard segments contributed to the ion conduction above the hard segment Tg. Thus, it 

is reasonable to speculate that ion conduction of IL-free IPU and IPU with low contents of IL 

(≤15 wt%) was associated with thermal ion hopping. In contrast, IPU+30 wt% IL showed VFT 

temperature dependence of ionic conductivity, suggesting that ion conduction was related to 

polymer chain relaxation. Significantly reduced hard segment Tg (37 
o
C) as determined with 

DMA was presumably responsible for the VFT behavior of IPU+30 wt% IL. However, it is also 

possible that some IL was trapped in the interfaces between the PTMO soft phase and hard 

domains during membrane formation, which coupled with the polymer segmental motion and 

contributed to the ion conduction. 

        Figure 8.8 depicts the ionic conductivity of IPU membranes as a function of ionic liquid 

content at different temperatures. The data revealed that ionic conductivity linearly increased 

with ionic liquid content. For example, IL-free IPU exhibited a low ionic conductivity on the 

order of 10
-11

 S/cm at 20 
o
C, which was significantly enhanced by 5 orders of magnitude upon 

incorporation of 30 wt% EMIm ES ionic liquid.  Moreover, ionic conductivity of IPU/IL 

composite membranes strongly depended on temperature. In the case of IPU+30 wt% IL, ionic 
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conductivity increased from the order of 10
-10

 S/cm to the order of 10
-5

 S/cm as temperature 

increased from -10 
o
C to 100 

o
C.  

           

Figure 8.7 Temperature dependence of ionic conductivity of IPU cast with various contents of 

EMIm ES ionic liquid 

  

Figure 8.8 Ionic conductivity of IPU/IL composite membranes as a function of temperature and 

IL content  
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8.5 Conclusion 

      We investigated the influence of a hydrophilic ionic liquid, EMIm ES, on performance of a 

novel segmented polyurethane ionomer containing imidazolium cations in the hard segments 

(IPU). Complementary characterization using DSC, DMA, SAXS, and DRS elucidated the 

influence of EMIm ES on thermal and mechanical properties, morphology, and ionic 

conductivity of IPU membranes. Both DSC and DMA demonstrated that PTMO soft segment Tg 

was independent of ionic liquid content; however, Tg of ionic hard segments systematically 

decreased from 132 
o
C to 37 

o
C with increasing ionic liquid content, as determined with DMA 

tanδ peaks. This observation suggested that EMIm ES ionic liquid preferential located into the 

ionic hard domains. SAXS profiles of IPU membranes displayed a scattering peak near q=0.5 

nm
-1

, which systematically shifted to a low q upon incorporation of EMIm ES ionic liquid. 

Scattering peak position (q) was related to mean inter-domain spacings of polyurethane hard 

segments (d=2π/q)). Calculation results revealed linearly increased d spacing from 12.3 to 15.2 

nm with increasing ionic liquid content to 30 wt%, which supported the hypothesis that ionic 

liquid preferentially located in the ionic  hard domains. Moreover, DRS demonstrated that ionic 

conductivity of IPU membranes increased by 5 orders of magnitude upon incorporation of 30 

wt% EMIm ES. IL-free IPU membrane and IPU/IPU composite membranes with low ionic 

liquid content (≤15 wt%) exhibited Arrhenius temperature dependence of ionic conductivity, 

suggesting ion conduction through thermal ion hoping. However, ionic conductivity of IPU 

membrane with 30 wt% IL exhibited VFT behavior, suggesting the ion conduction in this case 

was coupled with segmental motion of polyurethane chains. Ionic conductivity of IPU/IL 

composite membranes also depended strongly on temperature. All membranes displayed 
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significantly enhanced ionic conductivity by approximately 5 orders of magnitude as temperature 

increased from -10 
o
C to 100 

o
C.
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Chapter 9: Sulfonated Pentablock Copolymers Containing Structured Imidazolium 

Cations 

Gao, R. and Long, T.E. (prepared for publication) 

9.1 Abstract 

Combination of living anionic polymerization and post functionalization strategies generated 

well-defined sulfonated pentablock copolymers containing structured imidazolium cations in 

sulfonated polystyrene middle block. Varying alkyl substitute lengths on imidazolium cations 

tailored physical properties and morphologies of sulfonated pentablock copolymers.  Solution 

rheology revealed that sulfonated pentablock copolymers with shorter alkyl substituents (methyl, 

ethyl, butyl, and octyl) on imidazolium cations exhibited shear thinning behavior, i.e. measured 

viscosity linearly decreased with shear rate. In contrast, block copolymers with dodecyl 

imidazolium cations showed a Newtonian plateau at low shear rates and shear thinning at high 

shear rates. Solution rheological behavior of sulfonated pentablock copolymers was related to 

their micellar morphologies in cyclohexane. Field emission scanning electron microscopy 

(FESEM) demonstrated that sulfonated pentablock copolymers with smaller imidazolium cations 

(alkyl= methyl, ethyl, butyl, and octyl) possessed uniform, spherical, micellar morphology. 

However, block copolymers with dodecyl imidazolium cations did show clear spherical micellar 

structures in FESEM. Atomic force microscopy (AFM) revealed surface morphology of 

sulfonated pentablock polymer membranes, which strongly depended on alkyl substitute length 

on imidazolium cations. Thermogravimetric analysis (TGA) demonstrated that sulfonated 

pentablock copolymers with imidazolium cations exhibited enhanced thermal stability. 

Moreover, dynamical mechanical analysis (DMA), tensile analysis, and water uptake experiment 

indicated that varying length of alkyl substitutes on imidazolium cations systematically tailored 
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thermal and mechanical properties and water uptake behavior of imidazolium-containing 

sulfonated pentablock copolymers. 

9.2 Introduction 

      Ion-containing block copolymers have attracted increasing attention for their unique 

properties and applications in emerging energy and biomedical applications.
1-5

 Particularly, 

sulfonated block copolymers are an important class of ion-containing polymers that have found 

wide applications in water purification,
6-9

 fuel cell membranes,
10-16

 and electromechanical 

transducers.
17-19

 Syntheses of sulfonated block copolymers with well-defined structures are of 

great importance in terms of fundamentally understanding their structure-morphology-property 

relationships.  

      However, polymerization of sulfonated monomers in a living/controlled manner remains as a 

challenge in this field.
20

  Controlled polymerization of sulfonated monomers is often thwarted to 

the side effect of ions on the polymerization process. Moreover, solubility issues of sulfonated 

monomers restrict their copolymerization with non-ionic hydrophobic monomers.
20

 Thus, post 

polymerization has been an alternative strategy that is widely used to synthesize well-defined 

sulfonated block copolymers. A typical post polymerization method includes the living anionic 

polymerization of styrene and diene monomers, and the subsequent sulfonation of the styrene 

block with acetyl sulfate. Living anionic polymerization has been known as a very useful 

synthetic method to prepare well-defined polymers with controlled molecular weight, near-

monodispersed molecular weight distribution, controlled microstructure, and stereochemistry.
  

The sulfonation of the styrene blocks can be completed with controlled sulfonate density and 

placement.
21-24

 Our research group recently reported the synthesis of site-specifically sulfonated 

acrylic graft copolymers using living anionic polymerization and post sulfonation strategies.
11
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These sulfonated graft copolymers possessed well-defined chemical structures containing 

sulfonated blocks either adjacent to the backbone or at the branch termini. In addition, 

morphology and physical properties of sulfonated copolymers are tunable through counter cation 

structures.
25-27

 Moore et al. reported a systematic study on perfluorosulfonate ionomers with 

ammonium cations in different sizes. They determined that thermal transition and dynamic 

mechanical relaxation of perfluorosulfonate ionomers were strongly related to the size of counter 

cations.
28

 Colby et al. investigated the influence of counter cations on properties of sulfonated 

polyester ionomers.
29

They demonstrated that ionic conductivity of sulfonated polyesters was 

dramatically tailored with counter cation structures. 

      In the present study, we synthesized a novel series of sulfonated pentablock copolymers 

containing structured imidazolium cations. The base sulfonated pentablock copolymer, Nexar
TM

, 

is a commercially available sulfonated pentablock copolymer from Kraton Polymers LLC. 

Living anionic polymerization and selective hydrogenation and sulfonation afforded these 

polymers well-defined chemical structures. Quantitative neutralization of sulfonic acid sites with 

1-alkylimidazole generated novel imidazolium-containing sulfonated pentablock copolymers, 

which were classified as polymerized ionic liquids.  Imidazolium cations are particularly 

interesting due to their high thermal and electromechanical stability and tunable chemical 

structures. In this study, alkyl substitutes on imidazolium cations varied from methyl, ethyl, 

butyl, octyl, to dodecyl, which provided imidazolium cations with different sizes. A systematic 

study on these imidazolium-containing sulfonated pentablock copolymers elucidated the 

influence imidazolium cation structure on solution rheology, morphology, thermal stability, 

thermomechanical properties, and water uptake property of sulfonated pentablock copolymers. 
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9.3 Experimental 

      Materials. Thionyl chloride (>99%), 1-bromoethane (>99%), 1-bromobutane (99%), 1-

bromooctane (99%), 1-bromododecane (>95%), 1-methylimidaolze (99%), and potassium 

hydroxide (95%) were purchased from Aldrich and utilized without further purification. 

Acetonitrile (HPLC grade) was purchased from Fisher Scientific and used as received. The 

sulfonated block copolymer utilized in this study, Nexar
TM

, was synthesized and provided by 

Kraton Polymers LLC. The synthetic details have been described in the literature. Neutral block 

copolymer poly(t-butyl styrene-b-styrene-b-hydrogenated isoprene-b-t-butyl styrene) was 

synthesized through the sequential living anionic polymerization of t-butyl styrene, isoprene, 

styrene, isoprene and t-butyl styrene, and a subsequent hydrogenation of the polyisoprene blocks. 

The corresponding sulfonated block copolymers were obtained through a selective sulfonation of 

the styrene middle block.  

Synthesis of 1-alkyllimidazole 

      A typical synthesis of 1-alkylimidazole was as follows:  in a two-necked, round-bottomed 

flask equipped with a magnetic stir bar and condenser, imidazole (8.00 g, 0.117 mol) and 

potassium hydroxide (7.59 g, 0.129 mol) were added to acetonitrile (120 mL) and stirred for1 h 

at 85 
o
C. 1-bromoocatane (20.45 mL, 0.118 mol) was subsequently added dropwise to the flask. 

The reaction was allowed to proceed at 85 
o
C for additional 4 h. The reaction suspension was 

filtered and the clear solution was concentrated in a rotary evaporator to remove all the solvents. 

The crude product was purified using chromatography with chloroform/methanol (98/2) on silica 

gel. The pure product was obtained as a liquid with a yield of 95%. Different 1-alkylimidazole 

compounds were synthesized in a similar manner. 
1
H NMR spectroscopy was utilized to verify 

chemical structures.  
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Synthesis of imidazolium-containing sulfonated pentablock copolymers 

      Nexar
TM

 polymer solution in cyclohexane (10 wt% solids) was weighed into a 250 mL 

round-bottomed flask equipped with a magnetic stir bar. 1-alkylimidazole was added to the 

Nexar
TM

 polymer solution at a 1:1 stoichiometry.  The mixture was stirred (1000 rpm) at 23 
o
C 

for 24 h. The resulting solutions were directly cast on a Mylar
®
 substrate using an adjustable film 

applicator. All membranes were air-dried at 23 
o
C for 4 h and dried in vacuo at 60 

o
C for 

additional 72 h to remove residual solvent and moisture. Membranes were stored in a dessicator 

(<15% relative humidity) and dried in vacuo at 60 
o
C for 24 h immediately prior to 

characterization. 

Instrumentation 

      1
H NMR spectra were collected on a Varian INOVA spectrometer (400 MHz, 23 

o
C). CDCl3 

and CDCl3/CD3OD (95/5) was utilized for 1-alkylimidazole and sulfonated pentablock 

copolymers, respectively. Field emission scanning electron microscopy (FESEM) was performed 

on a LEO (Zeiss) 1550 with a 4 mm working distance. Solutions of imidazolium-containing 

sulfonated pentablock copolymers were diluted with cyclohexane (0.001 wt% solids) and cast on 

a silica wafer. The samples were air-dried for 24 h and subsequently imaged under FESEM. 

Atomic force microscopy (AFM) was conducted on a Veeco MultiMode AFM using a tapping 

mode. The spring constant of Vecco’s Nanocensor silicon tips is 42 N/m. Dynamic mechanical 

analysis (DMA) was conducted on a TA instrument Q800 using a film tension mode under a 

temperature ramp of 3
 o
C/min. Stress-strain tensile analysis of these membranes was performed 

on a 5500R Instron universal testing instrument with a cross-head rate of 50 mm/min at ambient 

conditions. More than three samples were averaged to determine the Young’s modulus. Solution 

rheology was conducted on a TA instruments AR-G2 strain-controlled rheometer equipped with 
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a cone-plate geometry. The solutions were allowed to equilibrate for 2 min at 25 
o
C prior to the 

first measurement, and the second measurement started immediately after the first measurement 

was complete. Data from both the first and second measurement were reported. 

Thermogravimetric analysis (TGA) was conducted on a TA instruments Q500 from ambient to 

600 
o
C under a N2 flow of 50 mL/min. 

9.4 Results and Discussion 

9.4.1 Synthesis of imidazolium-containing sulfonated pentablock copolymers 

        Scheme 9.1 depicts the synthesis of imidazolium-containing sulfonated pentablock 

copolymers. Base Nexar
TM

 polymers were synthesized with living anionic polymerization, 

followed with quantitative hydrogenation of polyisoprene blocks and selective sulfonation of 

polystyrene block. Living anionic polymerization afforded these polymers well-defined ABCBA 

pentablock copolymer structures with controlled molecular weight and narrow molecular weight 

distribution on each block. Sulfonation of polystyrene middle block was completed in a 

controlled fashion. Sulfonated pentablock copolymers utilized in this study have an ion exchange 

capacity (IEC) of 2.0. Here, IEC is defined as the milliequivalents of sulfonic acid per gram of 

polymer (mequiv/g). Quantitative neutralization of sulfonic acid sites with 1-alkylimidazole at a 

1:1 stoichiometry generated a novel series of imidazolium-containing sulfonated pentablock 

copolymers, in which high-Tg poly(t-butyl styrene) (A) blocks served as physical cross-links to 

provide mechanical strength, low Tg hydrogenated polyisoprene (B) blocks imparted flexibility 

and elasticity, and hydrophilic imidazolium sulfonated polystyrene (C) block  provided water or 

ion transport pathway. In the following discussion, all imidazolium-containing sulfonated block 

polymers were referred to as MD9200-SO3[CnIm]
+
, where Cn indicated the length of alkyl 

substitute on imidazolium cations and varied from methyl (C1), ethyl (C2), butyl (C4), octyl 
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(C8) to dodecyl (C12). These polymers can be classified as block copolymers of polymerized 

ionic liquids because 1-alkylimidazolium 4-ethylbenzene sulfonate, which is an analogue of the 

sulfonated polystyrene repeat unit, are all ionic liquids with melting points below 100 
o
C. In 

addition, 
1
H NMR spectroscopy verified the chemical structures of all imidazolium-containing 

sulfonated pentablock copolymers.  

 

 

 

 

 

 

 

Scheme 9.1 Quantitative functionalization of sulfonated pentablock copolymers with 1-

alkyimidazole, where alkyl substitute varied from methyl (n=1), ethyl (n-2), butyl (n=4), octyl 

(n=8), to dodecyl (n=12) 

9.4.2 Solution rheology 

         Influence of imidazolium counter cation structures on rheological properties of sulfonated 

pentablock copolymers was investigated using a cone/plate geometry on a strain-controlled 

rheometer.  All polymer solutions were allowed to equilibrate for 2 min and viscosity was 

measured as shear rate increased stepwise from 0.01 to 1000 S
-1

. A second run was conducted 

immediately after the first measurement was complete. Figure 9.1 shows the shear rate 
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dependence of viscosity of three representative samples from both first and second 

measurements. Sulfonated block copolymers with shorter alkyl substitutes on imidazolium 

cations (MD9200-SO3[CnIm]
+
, n=1, 2, 4, 8) showed comparable shear rate dependence of 

viscosity, as represented with the plot of MD9200-SO3[C2Im]
+
. Although the second run showed 

a slightly higher viscosity than the first run due to cyclohexane evaporation, both measurements 

indicated shear thinning behavior for MD9200-SO3[C2Im]
+
, where viscosity linearly decreased 

with shear rate.  MD9200-SO3H also exhibited shear thinning behavior but with a much lower 

viscosity. In contrast, MD9200-SO3[C12Im]
+
 displayed a short Newtonian plateau in the first run 

and a more well-defined Newtonian plateau in the second run. Figure 9.2 depicts the plots of 

viscosity versus shear rate for all samples in the second run. MD9200-SO3[C1Im]
+
, MD9200-

SO3[C2Im]
+
, MD9200-SO3[C4Im]

+
, and MD9200-SO3[C8Im]

+
 showed comparable rheological 

behavior relative to MD9200-SO3H, although imidazolium-containing sulfonated pentablock 

copolymers showed a higher viscosity at each shear rate due to the electrostatic interactions. In 

sharp contrast, MD9200-SO3[C12Im]
+
 with long dodecyl chain on imidazolium cations 

displayed a well-defined Newtonian region with a viscosity near 2 Pa.S and a shear thinning 

region ranging from 10 to 1000 S
-1

. Rheological behaviors of MD9200-SO3[CnIm]
+
 (n=1, 2, 4, 

8) resembled that of latex and suspension particles.
30,31

 However, MD9200-SO3[C12Im]
+
 

exhibited a typical rheological behavior of linear polymers. In order to understand the 

rheological behavior of these imidazolium-containing pentablock copolymers, studies on their 

solution morphologies were necessary.  
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Figure 9.1 Comparison of shear rate dependence of viscosity of representative samples from 

both first and second run of solution rheology  

  

Figure 9.2 Solution rheology of MD9200-SO3[CnIm]
+
 with various structured imidazolium 

cation structures 

9.4.3 Morphological characterization 

        Solution morphology of all imidazolium-containing sulfonated pentablock copolymers were 

studied using FESEM. Winey et al. previously investigated the solution morphology of 
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MD9200-SO3H (IEC=2.0) using small angle X-ray scattering (SAXS) and transmission electron 

microscopy (TEM).
32

 These earlier efforts demonstrated that MD9200-SO3H formed spherical, 

core-corona, micellar structures in cyclohexane with polystyrene sulfonate (C) block forming a 

dense core and hydrogenated polyisoprene (B) and poly(t-butyl styrene) (A) blocks forming soft 

coronas. Here, we utilized FESEM to visually compare the micellar morphologies of sulfonated 

pentablock copolymers containing various imidazolium cations. Figure 9.3 displays the FESEM 

images of all sulfonated pentablock copolymers.  It is clear that MD9200-SO3H and MD9200-

SO3[CnIm]
+
 (n=1, 2 ,4) displayed uniformly dispersed spherical domains with diameters 

approximately 30~50 nm. Spherical domains were still visible in MD9200-SO3[C8Im]
+
; 

however, some of the domains were agglomerated.  In contrast, MD9200-SO3[C12Im]
+
 did not 

show clear and uniform spherical domains in FESEM image. Micellar morphologies of these 

sulfonated pentablock copolymers correlated well with their solution rheological properties as 

we discussed above. MD9200-SO3H and MD9200-SO3[CnIm]
+
 (n=1, 2, 4, 8) formed core-

corona micellar structures in cyclohexane, which associated at high concentrations and provided 

high viscosity of the polymer solutions.  Shear thinning occurred due to the shear-induced 

breakdown of the micelle association. In contrast, MD9200-SO3[C12Im]
+
 did not show micellar 

structures, which was presumably due to the weak electrostatic interactions in the polystyrene 

sulfonate block and its enhanced compatibility with cyclohexane. Thus, MD9200-SO3[C12Im]
+
 

exhibited a Newtonian region in the solution rheology measurement.  



 

179 

 

 

Figure 9.3 FESEM images of micellar structures of MD9200-SO3H and MD9200-SO3[CnIm]
+ 

(n=1, 2, 4, 8, 12) formed in cyclohexane 

      Influence of imidazolium cations on the surface morphologies of sulfonated pentablock 

copolymers was investigated using atomic force microscopy (AFM). Figure 9.4 displays the 

AFM phase images of all sulfonated pentablock copolymers with various alkyl substitute lengths 

on imidazolium cations. In AFM phase images, rigid high-Tg domains appear as bright regions 

and flexible low-Tg soft domains appear as dark regions. It is clear that all polymers displayed 

we-defined microphase-separated morphology. Sulfonated pentablock copolymers with shorter 

alkyl substitute on imidazolium cations (MD9200-SO3[CnIm]
+
, n= 1, 2, 4) exhibited uniformly 

dispersed, spherical hard domains at the nanoscale (~60-80 nm). In sharp contrast, MD9200-

SO3[C8Im]
+
 and MD9200-SO3[C12Im]

+
 displayed significantly reversed morphological features, 

where the hard domains were the dominant continuous phases and the soft phase became the 

isolated soft domains. In light of the micellar morphologies of these polymers in cyclohexane, it 

is reasonable to speculate that their surface morphologies were strongly related to their solution 
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morphologies. MD9200-SO3H and MD9200-SO3[CnIm]
+
 (n=1, 2, 4) formed spherical micellar 

structures in cyclohexane. These polymers maintained the spherical structures in their bulk 

surface morphologies. However, long alkyl substitutes in MD9200-SO3[C8Im]
+
 and MD9200-

SO3[C12Im]
+
 dramatically influenced their solution morphologies, as evidenced in FESEM and 

solution rheology experiments. We hypothesize that large imidazolium cations reduced the 

electrostatic interactions among ions, leading to micelles with flexible cores. These flexible 

micelles underwent multi-scale microphase separation upon membrane formation.  

 

Figure 9.4 AFM phase images indicating surface morphology of MD9200 with various 

imidazolium cation structures 

9.4.4 Thermal stability 

         In addition to morphological characterization, we also studied the influence of imidazolium 

cation on thermal stability of sulfonated pentablock copolymer using TGA. Figure 9.5 shows the 

TGA curves of all sulfonated pentablock copolymer samples obtained in a N2 atmosphere. 
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MD9200-SO3H showed a weight loss of 15 wt% ranging from 200~350 
o
C. The weight loss in 

this temperature range was attributed to the degradation of sulfonic acid. Scherer et al. 

investigated the thermal degradation mechanism of poly(tetrafluoroethylene-co-

hexafluoropropylene)-g-poly(sulfonate styrene) in an inert gas atmosphere. They demonstrated 

that the weight loss in TGA ranging from 270 to 350 
o
C corresponding to degradation of sulfonic 

acid sites, as demonstrated with FTIR spectroscopy.
33

 In contrast, all imidazolium-containing 

sulfonated pentablock copolymers showed enhanced thermal stability upon neutralization of 

sulfonic acid sites. This observation was consistent with earlier literature. Crawford et al. 

reported that highly sulfonated poly(styrene-b-isobutylene-b-styrene) displayed enhanced 

thermal stability in TGA when converting counter cations from H
+
 into Mg

2+
, Ca

2+
, and Ba

2+
.
34

 

 

Figure 9.5 Thermal stability of MD9200 with various imidazolium cation structures 
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9.4.5 Thermomechanical properties 

         Thermomechanical properties of sulfonated pentablock copolymer bearing different 

imidazolium cations were investigated using DMA. Figure 9.6 depicts the storage moduli (G’) 

of tall polymer membranes as a function to temperature. All sulfonated pentablock copolymers 

showed comparable thermal transitions ranging from -50 
o
C to 0 

o
C, corresponding to the Tg of 

hydrogenated polyisoprene blocks.  In addition, all polymers displayed well-defined rubbery 

plateaus above the hydrogenated polyisoprene Tg, indicating a high degree of microphase 

separation. Figure 9.7 shows the zoom-in image of the rubbery plateau region (a) and rubbery 

plateau moduli as a function of alkyl substitute length on imidazolium cations (b). The data 

indicated that rubbery plateau moduli (40 
o
C) systematically decreased with increasing the alkyl 

substitute length, which was presumably due to the plasticizing effect of alkyl substitutes. In 

addition, Figure 9.8 shows the dependence of onset flow temperature of sulfonated pentablock 

copolymers on the length of alkyl substitutes. It indicates that onset flow temperature 

systematical decreased with from 95 
o
C to 70 

o
C as alkyl substitute varied from methyl to 

dodecyl. Moreover, tanδ curves in Figure 9.9 provided important information on thermal 

transition behavior of these polymers. tanδ curves of all samples displayed similar maxima near -

30 
o
C, corresponding to the Tg of hydrogenated polyisoprene. More interestingly, samples with 

larger imidazolium cations also displayed β transitions around -80 
o
C, which corresponded to 

dynamic mechanical relaxation of alkyl substitutes on the imidazolium cations. 
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Figure 9.6  DMA curves of MD9200 with various imidazolium cation structures 

 

Figure 9.7 Influence of imidazolium cation structure on rubbery plateau moduli of MD9200-

SO3[CnIm]
+
: storage modulus versus temperature (a) and dependence of alkyl substitute length 

of storage modulus (b) 
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Figure 9.8 Influence of alkyl substitute length on onset flow temperature of MD9200-

SO3[CnIm]
+
 

 

Figure 9.9 Influence of imidazolium cation structure on thermal transitions of MD9200-

SO3[CnIm]
+
 in a low temperature range 
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9.4.6 Mechanical properties 

         Stress-strain tensile analysis was conducted to evaluate the mechanical properties of these 

polymers. Figure 9.10 shows the stress-strain curves for all sulfonated pentablock copolymers. 

The strain was stopped at 50% in order to clearly compare the Young’s modulus and strength at 

yield.  Young’s moduli of these polymers were determined according to the slopes of the initial 

stress-strain curves at strains less than 2.5 %. Figure 9.10 clearly shows that Young’s moduli of 

sulfonated pentablock copolymers systematically decreased with increasing alkyl substitute 

length on imidazolium cations. This observation agreed well with DMA. Both cases indicated a 

plasticizing effect of alkyl substitute on mechanical properties of sulfonated pentablock 

copolymers.  Moreover, all polymers yielded at strain=5%; however, the strength at yield 

systematically decreased with alkyl substitute length on imidazolium cations. 

 

Figure 9.10 Tensile properties of MD9200 with various structured imidazolium cations 
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Figure 9.11 Influence of substitute alkyl chain length on Young’s modulus of MD9200-

SO3[CnIm]
+
 

9.4.7 Water uptake properties 

         Figure 9.12 depicts the pure water uptake behavior of sulfonated pentablock copolymers 

with various imidazolium cations. Water uptake was determined according to the equation: water 

uptake wt%=(m-mo)/mo, where m is the swollen membrane mass and mo is the initial membrane 

mass.  Imidazolium-containing sulfonated pentablock copolymers showed less water uptake than 

sulfonated block copolymers in the sulfonic acid form. Moreover, water uptake of imidazolium-

containing sulfonated block polymers decreased significantly with increasing alkyl substitute 
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+
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+
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reversed morphology were responsible for the significantly reduced water uptake of MD9200-

SO3[C8Im]
+  

and MD9200-SO3[C12Im]
+
. This study indicates water uptake behavior of sulfonated 

pentablock copolymers can be tuned for different levels through simply changing the length of 

alkyl substitutes on the imidazolium counter cations.  

 

Figure 9.12 Water swelling behavior of MD9200 with various imidazolium cation structures 
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9.5 Conclusions 

      Quantitative neutralization of sulfonic acid sites of a commercially available pentablock 

copolymer, Nexar
TM

, with 1-alkylimdazole generated a novel series of pentablock copolymers 

containing structured imidazolium cations. Alkyl substitutes on imidazolium cation varied from 

methyl, ethyl, butyl, octyl, to dodecyl. Complementary studies with solution rheology, FESEM, 

AFM, TGA, DMA, and tensile analysis elucidated the influence the alkyl substitute of 

imidazolium cations on morphology and physical properties of sulfonated pentablock 

copolymers. Block copolymers with shorter alkyl substitutes on imidazolium cations (MD9200-

SO3[CnIm]
+
, n=1, 2, 4, 8) exhibited shear thinning behavior in solution rheology due to their 

micellar morphologies, as evidenced in FESEM. In contrast, MD9200-SO3[C12Im]
+
 showed a 

well-defined Newtonian region with a much lower viscosity of 2 Pa.S, suggesting weaker 

polymer association. Morphological characterization with FESEM and AFM demonstrated that 

alkyl substitutes on the imidazolium cations significantly influenced solution and bulk 

morphologies of sulfonated pentablock copolymers. MD9200-SO3[CnIm]
+
 (n=1, 2, 4) showed 

uniformly dispersed spherical domains at the nanoscale in both FESEM and AFM. However, 

MD9200-SO3[C8Im]
+
 and MD9200-SO3[C12Im]

+
 displayed reversed morphology, which was 

presumably due to weaker electrostatic interactions in polystyrene sulfonate block.  Moreover, 

DMA studies indicated that storage moduli and onset flow temperatures of sulfonated pentablock 

copolymers systematically decreased with increasing alkyl substitute length on imidazolium 

cations due to the plasticizing effect. Observation in DMA was consistent with tensile analysis, 

which displayed a systematically decreased Young’s modulus from 330 MPa to 32 MPa as the 

alky substitute varied from methyl to dodecyl.  Moreover, water swelling experiment suggested 
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that alkyl substitutes on imidazolium cations tailored water uptake of MD9200-SO3[CnIm]
+
 for 

different levels. 
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Chapter 10: Imidazolium Sulfonate-Containing Pentablock Copolymer/Ionic Liquid 

Composite Membranes for Electroactive Actuators 

Gao, R.; Wang, D.; Heflin,
 
J.R.; Long, T.E. (submitted to Journal of Material Chemistry) 

10.1 Abstract 

Block copolymer-ionic liquid composite materials emerge as promising candidates for 

electromechanical transducer applications. Herein, a novel imidazolium sulfonate-containing 

pentablock copolymers-ionic liquid composite material was prepared and fabricated into 

electroactive actuators, which exhibit effective actuation response under a low applied potential 

of 4V.    

10.2 Introduction 

       Electromechanical polymeric transducers have received significant attention recently for 

many emerging applications, including electromechanical actuators, sensors, electro-active 

coatings, and artificial muscles. Desirable physical properties for polymeric membranes in 

electromechanical transducers include high ionic conductivity, tunable modulus versus 

temperature behavior, efficient response at relatively low voltages (<5 V), and facile fabrication 

processes.
[1]

 However, only a few families of polymeric materials fully satisfy these 

requirements, and in most instances, anionic ionomers with random placement of sulfonates and 

carboxylates are leading candidates. There remains a unique opportunity for the design of 

multiphase block copolymers wherein the nanoscale morphology presents (1) a polar phase for 

ion-conductivity in the presence of added electrolyte, and (2) a nonpolar phase that imparts 

acceptable thermomechanical performance.  
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      Block copolymer-ionic liquid composite membranes have emerged as promising candidates 

for electromechanical transducer applications. Due to microphase separation of different 

immiscible sequences, block copolymers self assemble into nanostructured materials and exhibit 

a combination of multiple properties.
[2] 

Tailoring sequence length, molecular weight distribution, 

and chemical composition of each block generate various nanostructured materials for 

applications in water purification, fuel cell membranes, and energy storage.
[3-5]

  Spontak et al. 

recently described the fabrication of electroactive membranes using non-neutralized sulfonated 

pentablock copolymers swollen with high levels of ethylene glycol and glycerol (~450 and ~500 

wt%, respectively).
[6]

 However, the morphology and dynamic mechanical properties of the 

composite membranes were not described. In order to achieve effective actuation response (high 

free displacement and blocked force) at low applied potentials (<4V), block copolymer-diluent 

composite materials with well-defined nanostructured morphology and good mechanical 

properties are necessary. Our research group has demonstrated the potential synergy of charged 

copolymers with imidazolium and phosphonium ionic liquids (ILs), which are defined as salts 

with melting temperatures below 100 
o
C. The introduction of ionic liquids into charged 

copolymer membranes improves the performance of electromechanical polymeric transducers 

due to their negligible volatility, high ionic conductivity, and high electrochemical and thermal 

stabilities.
[7, 8]

 Therefore, a combination of block copolymers and ILs affords a unique platform 

to develop tunable membranes for electromechanical transducers. More interestingly, charged 

block copolymers enable preferential incorporation of ILs into the IL-compatible phase to form 

an organized IL dispersion in the polymeric matrix, leading to high ionic conductivity.
[9]

 

However, block copolymer-IL composite membranes, which simultaneously possess high ionic 

conductivity and excellent mechanical strength, are rarely reported in the literature. 
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10.3 Results and Discussion  

10.3.1 Polymer design 

           Recent studies revealed that imidazolium-containing polymers showed promise as 

electromechanical transducers due to their reasonable high ionic conductivity, acceptable affinity 

to ionic liquids, and tailored structures and morphologies.
[10, 11]

 Long et al. developed a series of 

N-vinylimidazolium- and vinylbenzylimidazole-based homopolymers with tailored ionic 

conductivity and thermal properties.
[12]

 Gibson et al. investigated imidazolium-containing 

polyesters for high ionic conductive materials.
[13]

 However, most recent studies focused on 

imidazole-containing homopolymers, random copolymers, and diblock copolymers. In order to 

achieve desired mechanical properties, triblock (ABA) and multiblock copolymers are 

particularly interesting candidates. Herein, we described a facile strategy to prepare 

imidazolium-containing pentablock copolymers from Nexar
TM

, which is a commercially 

available sulfonated pentablock copolymer from Kraton Polymers LLC.
[14] 

Combination of living 

anionic polymerization with a selective sulfonation strategy affords Nexar
TM

 well-defined 

pentablock architectures containing a selectively sulfonated polystyrene central block with an ion 

exchange capacity (IEC) at 2.0 (Figure 10.1, acid form). IEC is defined as the milliequivalents 

of sulfonic acid per gram of polymer (mequiv/g). Nexar
TM

 serves as a precursor for novel 

imidazolium-containing sulfonated pentablock ABCBA copolymers through facile and 

quantitative neutralization of sulfonic acid sites with various N-alkyl imidazoles (Figure 10.1). 

Modified Nexar
TM

 contains a hydrophilic, imidazolium polystyrene sulfonate central (C) block 

that enables incorporation of ionic liquids for ion transport, hydrogenated polyisoprene (B) 

blocks that impart membrane flexibility and elasticity, and hydrophobic poly(t-butyl styrene) (A) 

blocks that serve as physical crosslinks to provide mechanical strength in the presence of ILs.  
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Figure 10.1 Sulfonated poly(t-butyl styrene-b-styrene-b-hydrogenated isoprene-b-t-butyl 

styrene) (KP-SO3M
+
) (IEC=2.0) with structured counter cations 

10.3.2 Morphology 

           Field emission scanning electron microscopy (FESEM) and atomic force microscopy 

(AFM) revealed the microphase-separated morphologies of imidazolium-neutralized Nexar
TM

 

with 1-ethylimidazolium cations (KP-SO3[EtIm]
+
).  Figure 10.2-a shows the FESEM image of 

KP-SO3[EtIm]
+
 cast from a dilute cyclohexane  solution (1 mg/mL) onto a silicon wafer. FESEM 

demonstrated that KP-SO3[EtIm]
+
 formed uniformly dispersed spherical domains at the 

nanoscale (~30 nm), which presumably resulted from the micellar structures of KP-SO3[EtIm]
+
 

in cyclohexane. Winey et al. previously characterized the solution morphology of the sulfonic 

acid form of Nexar
TM

 in cyclohexane and demonstrated spherical micellar structures using 

transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS).
[15]

 These 

earlier efforts demonstrated that the polystyrene sulfonate central block formed a dense core of 

spherical micelles, and hydrogenated polyisoprene and poly(t-butyl styrene) blocks formed soft 

coronas. AFM confirmed that KP-SO3[EtIm]
+
 solid membranes

 
displayed well-defined 

microphase-separated morphology (Figure 10.2-b). Lighter regions in AFM images represent 

hard phases, and darker regions represent soft phases. In light of the micellar structures observed 

in FESEM, the spherical structures, which are uniformly distributed in the AFM phase image, 
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arise from the polystyrene sulfonate central blocks. In a similar fashion to Winey et al., the bulk 

morphology of KP-SO3[EtIm]
+ 

films was strongly related to solution morphology. Future 

complementary morphological characterization will fully understand the microphase separation 

behavior of these imidazolium-containing pentablock polymers.  

 

Figure 10.2 FE SEM image of micellar structures formed from KP-SO3[EtIm]
+
 in cyclohexane 

(a), surface morphology of KP-SO3[EtIm]
+
 solid membrane imaged with AFM (b) 

10.3.3 Ionic liquid composite membranes for electromechanical actuators 

       Swelling KP-SO3[EtIm]
+
 films with 1-ethyl-3-methylimidazolium trifluoromethanesulfonate 

(EMIm TfO) (Figure 10.3-a.) generated pentablock copolymer-ionic liquid composite 

membranes. IL uptake was determined according to the following equation: wt% uptake = (m-

m0)/m0, where m0 is the initial film mass and m is the swollen film mass. Figure 10.3-b shows 

the swelling behavior of KP-SO3[EtIm]
+ 

membranes in EMIm TfO as a function of time. EMIm 

TfO gradually swelled into the membrane with time and reached a maximum uptake near 35 

wt%. Previous studies in our laboratories indicated that IL swelling behavior of polymer 

membranes strongly depended on  polymer structure, ionic liquid type, sample dimensions, and 

200 nm
200 nm

b

200 nm200 nm

a
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swelling conditions.
[16]

 Mechanical property characterization using dynamic mechanical analysis 

(DMA) revealed that KP-SO3[EtIm]
+
/EMIm TfO composite membranes displayed well-defined 

rubbery plateaus with high storage moduli near 700 MPa.  All samples showed two distinct 

thermal transitions due to a microphase-separated morphology (Figure 10.3-c). Thermal 

transitions near -35 
o
C and 110 

o
C corresponded to hydrogenated polyisoprene and poly(t-butyl 

styrene), respectively, which were independent of ionic liquid uptake (Figure 10.3-d). This 

observation supported that EMIm TfO preferentially located in the imidazolium-containing 

polystyrene sulfonate phase. Moreover, KP-SO3[EtIm]
+
/EMIm TfO composite membranes 

showed reduced rubbery plateau moduli relative to ionic liquid-free KP-SO3[EtIm]
+
 membrane 

due to plasticization.  
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Figure 10.3 Chemical structures of KP-SO3[EtIm]
+
 and the ionic liquid EMIm TfO (a), swelling 

behavior of KP-SO3[EtIm]
+
 (40 μm thick) in EMIm TfO as a function of time (b), influence of 

EMIm TfO on storage  modulus (c) and thermal transitions (d) of KP-SO3[EtIm]
+
 membrane 

(DMA, tension mode, 3 
o
C/min) 

      Fabrication of electromechanical actuators with KP-SO3[EtIm]
+
/EMIm TfO composite 

membranes employed a layer-by-layer, direct assembly method.
[17]

 A KP-SO3[EtIm]
+
/EMIm 

TfO composite membrane of 40 μm thickness was placed between a 30-layer conductive 

network composite (CNC) layer and a 3 nm anionic gold nanoparticle layer. A layer-by-layer 

method affords uniform CNC coatings on ionomeric membranes with precisely controlled 

thickness at the nanoscale.  Figure 10.4-a illustrates the structure of an electromechanical 
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actuator, which includes a central, ionomeric membrane, CNC layers, and gold electrode layers. 

The actuator mechanically deforms (actuates) upon an applied potential. Figure 10.4 (b1~b4) 

shows the actuation performance under an applied potential of 4 V at ambient conditions (23 
o
C, 

~43% relative humidity). The data confirms that the device deformed effectively upon an applied 

potential of 4V. Figure 10.4-c shows the actuator curvature of the device as a function of time. 

The actuator containing KP-SO3[EtIm]
+
/EMIm TfO composite membranes bended toward the 

anode and reached a maximum curvature of 0.26 mm
-1

 up to 20 s. The device under continued 

applied potential decayed back to the original position at t=46 s and further bended to the 

cathode side with a final curvature of 0.67 mm
-1

 at t=120 s. This actuation mechanism was 

described in the earlier literature, which is unique from typical back-relaxation behavior.
1
 Zhang 

et al. proposed a two-carrier model to explain this phenomenon, where both cations and anions 

were mobile and accumulated on electrodes during bending. However, mobile cations and anions 

accumulated on electrodes at different rates due to different ion sizes and mobility, resulting in 

different bending directions at different times.
[18]

 However, this model does not fully explain the 

actuation behavior of KP-SO3[EtIm]
+
/EMIm TfO actuators, where EMIm cations and TfO 

anions have comparable size, while the backward bending curvatures is approximately two times 

higher than the forward bending curvature. Thus, a fundamental understanding of the ion 

transport mechanism in KP-SO3[EtIm]
+
/EMIm TfO actuator represents an important future effort 

for this novel class of actuators.  
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Figure 10.4 Schematic representation of an electromechanical transducer, deforming under an 

applied potential (a), images of an electromechanical transducer prepared with KP-SO3[EtIm]
+
 

/EMIm TfO composite membrane, a poly(allylamine hydrochloride)/anionic gold nanoparticle 

CNC, and gold electrodes under an applied potential of 4V (b-1~4), curvature of 

electromechanical transducer as a function of time (c)  

10.4 Summary  

       In summary, we described a facile materials strategy to fabricate electromechanical 

transducers from a pentablock copolymer-ionic liquid composite membrane. Imidazolium-

containing pentablock copolymers were prepared from a commercially available sulfonated 

pentablock copolymer, and the ionic membranes possessed well-defined chemical compositions 

and microphase-separated morphologies. Combination of imidazolium-containing pentablock 

copolymers with EMIm TfO ionic liquid generated novel nanocomposite materials, which 

possessed good mechanical properties and exhibited actuation response with the application of a 
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low applied potential (4V). This study expands the class of multiphase copolymers that are 

suitable for electromechanical transducer applications. Fundamental understanding of the 

actuation behavior of pentablock copolymer-ionic liquid composite membranes will lead to 

optimal electroactive materials for electromechanical transducers in the future. 

 

10.5 Acknowledgements  

        This work is partially supported by the U.S. Army Research Laboratory and the U.S. Army 

Research Office through the Ionic Liquids in Electro-Active Devices Multidisciplinary 

University Research Initiative (ILEAD MURI) program under Contract/Grant Number 

W911NF-07-1-0452. The authors also thank Kraton Polymers LLC. for their support. 

Additionally, many experiments were performed using instruments in the Nanoscale 

Characterization and Fabrication Laboratory (NCFL) operated at Virginia Tech. 

 

 

 

 

 

 

 

 



 

201 

 

10.6 Notes and references  

      Material: 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate (EMIm TfO) (>98%) and 

N-ethylimidazole (99%) were purchased from Aldrich and used as received. Sulfonated 

pentablock copolymer was synthesized and provided by Kraton Polymers LLC. The neutral 

block copolymer poly(t-butyl styrene-b-styrene-b-hydrogenated isoprene-b-t-butyl styrene) was 

synthesized through the sequential living anionic polymerization of t-butyl styrene, isoprene, 

styrene, isoprene, and t-butyl styrene, and a subsequent hydrogenation of the isoprene blocks. 

The corresponding sulfonated pentablock copolymers were obtained through a selective 

sulfonation of the styrene middle block. 

      Preparation of KP-SO3[EtIm]
+
membrane: Sulfonated pentablock copolymer solution in 

cyclohexane (10 wt%) was added to a two-necked, round-bottomed flask equipped with a 

magnetic stir bar. A calculated amount of N-ethylimidazole (1:1 stoichiometry) was added 

dropwise to the flask under magnetic stirring (800 rpm). The solution was stirred at 23 
o
C for 24h 

and directly cast on a Mylar
®

 substrate using an adjustable film applicator. This method 

generated uniform membranes with controlled thickness at 40 μm.  

      Fabrication of electromechanical actuators: The actuator device was prepared in a two-step 

process. CNC coating was initially applied to the KP-SO3[EtIm]
+
membrane using a layer-by-

layer method. Framed membrane was alternatively soaked in a cationic poly(allylamine 

hydrochloride) aqueous solution (PAH, 10 mM, pH=4, Aldrich) and an anionic gold 

nanoparticles suspension (20 ppm, pH=9, diameter=3 nm, zeta potential=-40 mV, Purest 

Colloids Inc.). Alternated cationic and anionic thin layers were bounded tightly through 

electrostatic self-assembly, generating uniform coatings with well-controlled thickness at the 

nanoscale through adjusting the number of layers. In the second step, CNC-coated membrane 
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was soaked in EMIm TfO ionic liquid at 50 
o
C for 10 h and finally compression molded at 700 

psi for 20 s between 50 nm thick gold foils to prepare the actuator.  

      Characterization: Atomic force microscopy (AFM) was conducted on a Veeco MultiMode 

AFM using a tapping mode at ambient conditions. Field emission scanning electron microscopy 

(FESEM) was performed on a LEO (Zeiss) 1550 with a 4 mm working distance. Dynamic 

mechanical analysis (DMA) measurements were performed on a TA Instruments Q800 dynamic 

mechanical analyzer in the film tension mode at a frequency of 1 Hz and a temperature ramp of 3 

o
C/min over the range -110 to 120 

o
C. 
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Chapter 11: Overall Conclusion 

      Sulfonated polyurethanes with well-defined segmented structures were synthesized through 

direct polymerization of sulfonated monomers. Complimentary characterization on these 

sulfonated polyurethanes elucidated the influence of sulfonate charge placement, charge density 

and soft segment structures on physical properties and morphologies. PEO-based sulfonated 

polyurethanes with controlled sulfonate charge placement either in the soft segments (SSSPU) or 

hard segments (SHSPU) revealed the influence of sulfonate charge placement on thermal and 

mechanical properties, hydrogen bonding, and morphologies. SSSPU exhibited increased soft 

segment Tg (from -52 
o
C to -26 

o
C), suppressed PEG crystallization, high Young’s modulus 

(9.11±0.88 MPa), and more well-defined rubbery plateau.  In contrast, SHSPU displayed 

significantly increased soft segment Tg (from -52 
o
C to -5 

o
C), suppressed crystallization of both 

soft and hard segments, dramatically decreased Young’s modulus (1.34±0.27 MPa), and 

narrowed rubbery plateau. Properties of SSSPU and SHSPU correlated well with their 

morphologies: SSSPU exhibited well-defined microphase-separated morphology, where hard 

segments microphase separated into needle-like hard domains. In contrast, SHSPU displayed 

phase-mixing of hard and soft segments due to their increased compatibility. Replacing 

hydrophilic PEO soft segments with hydrophobic PTMO soft segments generated sulfonated 

polyurethanes with good mechanical properties and high degree of microphase separation, which 

was due to the increased dynamic immiscibility between PTMO soft segments and sulfonated 

ionic hard segments. Moreover, incorporation of ammonium-functionalized MWCNTs 

(MWCNT-DMPA
+
) or hydrophilic ionic liquids (IL) into sulfonated polyurethanes (SSSPU) 

provided novel nanocomposite membranes with tailored thermal and mechanical properties, and 

ionic conductivity.  MWCNT-DMPA
+
 exhibited uniform dispersion in DMF and SSSPU due to 
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good solvation of ammonium cations in DMF and inter-molecular ionic interactions between 

anionic SSSPU and cationic MWCNT-DMPA
+
, respectively. In the case of SSSPU/IL 

nanocomposites, hydrophilic ionic liquid, 1-ethyl-3-methylimidazolium ethyl sulfate (EMIm 

ES), preferential located into the sulfonated PEO soft phase due to their high compatibility. 

SSSPU/IL exhibited significantly enhanced ionic conductivity (5×10
-4

 S/cm at 100 
o
C) and good 

mechanical properties that were independent of IL content. All SSSPU/IL composite membranes 

exhibited Vogel-Fulcher-Tammann (VFT) temperature dependence of ionic conductivity, 

indicating ion conduction in these composite membranes was strongly related to segmental 

motions of polymer chains.  

      Additionally, novel segmented polyurethanes containing imidazolium cations in the hard 

segments were synthesized through a conventional prepolymer method using an imidazolium 

diol-based ionic liquid as the chain extender. An unprecedented comparison of imidazolium-

containing polyurethane (HMDI-IMI-2KPTMO) with a nonionic polyurethane (HMDI-BD-

2KPTMO) analogue elucidated the influence of imidazolium cation on performance of 

polyurethane ionomers. Characterization results revealed that HMDI-IMI-2KPTMO exhibited 

reduced hard segment crystallinity and less hydrogen bonding relative to HMDI-BD-2KPTMO. 

However, AFM and SAXS data demonstrated that HMDI-IMI-2KPTMO possessed a well-

defined microphase-separated morphology. This study suggests that enhanced immiscibility 

between hydrophobic PTMO soft segments and ionic imidazolium hard segments serves as the 

major driving force for microphase separation of imidazolium-containing segmented 

polyurethanes. Morphologies of these polyurethanes correlated well with their thermal and 

mechanical properties. Both imidazolium and nonionic polyurethane exhibited well-defined 

rubbery plateau and high maximum elongation (~900%). However, HMDI-IMI-2KPTMO 
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showed a higher rubbery plateau modulus (68 MPa at 25 
o
C) and a higher onset flow temperature 

(~150 
o
C) relative to the nonionic polyurethane due to the presence of imidazolium cations. 

Moreover, DRS demonstrated that imidazolium chloride ions in hard segments significantly 

increased the ionic conductivity of segmented polyurethane above the hard segment Tg. Studies 

on the HMDI-IMI-2KPTMO/IL composites revealed that EMIm ES preferentially located in the 

imidazolium ionic hard segments, as evidenced with systematically reduced hard segment Tg and 

increased inter-domain spacings. DRS demonstrated that ionic conductivity of HMDI-IMI-

2KPTMO increased by five orders of magnitude upon incorporation of 30 wt% EMIm ES. 

      In addition, sulfonated pentablock copolymers with structured imidazolium cations were 

explored to elucidate the influence of imidazolium counter cation structure on physical properties 

and morphologies. Alkyl substitutes on imidazolium cation varied from methyl, ethyl, butyl, 

octyl, to dodecyl. Complementary studies revealed that block copolymers with shorter alkyl 

substitutes on imidazolium cations (MD9200-SO3[CnIm]
+
, n=1, 2, 4, 8) exhibited shear thinning 

behavior in solution rheology due to their micellar morphology. In contrast, MD9200-

SO3[C12Im]
+
 showed a well-defined Newtonian region with a much lower viscosity of 2 Pa.S, 

suggesting weak polymer association. Morphological characterization with FESEM and AFM 

demonstrated that alkyl substitutes on imidazolium cations significantly influenced solution and 

bulk morphologies of sulfonated pentablock copolymers. MD9200-SO3[CnIm]
+
 (n=1, 2, 4) 

showed uniformly dispersed spherical domains at the nanoscale in both FESEM and AFM. 

However, MD9200-SO3[C8Im]
+
 and MD9200-SO3[C12Im]

+
 displayed reversed morphology, 

which was presumably due to the reduced electrostatic interactions in polystyrene sulfonate 

block.  Moreover, DMA, tensile analysis, and water swelling experiments demonstrated that the 

mechanical properties and water uptake properties of sulfonated pentablock copolymers were 
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easily tailored with varying alkyl substitutes on imidazolium cations. Moreover, incorporation of 

ionic liquid, 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMIm TfO), into 

sulfonated pentablock copolymers generated novel composite membranes, which enabled to 

fabricate electromechanical actuators. These actuators exhibited effective response with the 

application of a low applied potential (4V).  
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Chapter 12: Suggested Future Work  

12.1 Sulfonated polyurethanes for adhesive applications 

        PEO-based sulfonated polyurethanes containing sulfonated ionic hard segments exhibited 

low mechanical strength due to the phase mixing between PEO soft segments and sulfonated 

hard segments. However, these polyurethanes displayed good adhesion properties, which were 

tunable with varying the sulfonation levels in the hard segments. Thus, a fundamental 

investigation of the influence of sulfonation level on adhesion and cohesion properties of PEO-

based sulfonated polyurethanes will be interesting in the future study.  

12.2 Sulfonated polyurethane/Li
+
 composites for lithium battery applications 

        PEO-based copolymers have been extensively investigated for lithium battery applications 

due to their relatively high ionic conductivity and good solvation of lithium ions. However, most 

PEO-based lithium batteries suffer from crystallization of PEO segments due to the dramatically 

reduced ionic conductivity below PEO crystallization temperature. This dissertation described 

the synthesis and characterization of sulfonated polyurethanes containing sulfonated PEO-based 

soft segments, which exhibited suppressed PEO crystallization and extended rubbery plateaus.  

Thus, this material will be suitable for lithium battery applications.  Future work will focus on 

preparation and characterization of sulfonated polyurethane/Li
+
 composites and sulfonated 

polyurethane/ionic liquid/Li
+
 composites for lithium battery applications.  

12.3 Self-crosslinkable PEO-based polyurethanes for electromechanical actuators 

        This dissertation reported that PEO-based sulfonated polyurethanes enabled to fabricate 

sulfonated polyurethane/ionic liquid composite membranes for electroactive applications. 

However, stronger cross-linking sites are necessary to prepare ion gels with further enhanced 



 

208 

 

ionic conductivity and good mechanical properties. Scheme 12.1 exemplifies the synthesis of 

self-crosslinkable PEO-based polyurethanes, in which, PEO soft segments enable incorporation 

of ionic liquids due to their high compatibility and self-crosslinkable hard segments provide 

desired mechanical strength. Incorporation of ionic liquids into these PEO-based polyurethane 

networks will generate novel ion gels that are suitable for applications in electromechanical 

transducers. 

 

Scheme 12.1  Synthesis of self-crosslinkable PEO-based polyurethane networks 

12.4 Sulfonated pentablock copolymers “cast with” ionic liquids 

        Previous studies reported in this dissertation indicated that Nexar
TM

 sulfonated pentablock 

copolymers formed micellar morphologies in cyclohexane, which dramatically influenced the 

bulk morphologies and physical properties of sulfonated pentablock copolymer membranes. 
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Preliminary data from AFM suggested that sulfonated pentablock copolymers cast with ionic 

liquid, 1-ethyl-3-methylimidazolium ethylsulfate, exhibited long-range ordered morphological 

features, which will favor high ionic conductivity and high water transport rate. Thus, future 

work will focus on a systematic investigation of morphology and physical properties of 

sulfonated pentablock copolymers cast with various contents of ionic liquids.    

12.5 Structure-morphology-property relationships of sulfonated pentablock 

copolymer/ionic liquid composite membranes 

        Sulfonated pentablock copolymer/ionic liquid composite membranes presented in Chapter 

ten enabled to fabricate electromechanical actuators that exhibited effective actuation response 

under a low applied voltage (4 V). However, a fundamental investigation of the structure-

morphology-property relationships of these composite membranes is necessary to understand 

their actuation performance and develop novel polymers for enhanced properties. Thus, future 

work will focus on several aspects including:  

(1) ion diffusion rate measurements with 
1
H NMR to understand the actuation behavior 

(2) influence of sulfonation level on mechanical properties, ionic conductivity, and morphologies 

of sulfonated pentablock copolymers  and the correlation with actuation performance 

(3) influence of ionic liquid type and content on actuation performance 

(4) influence of counter cation structures on actuation performance 


