
iii 
 

Synthesis and Characterization of Ammonium Ionenes Containing Hydrogen 
Bonding Functionalities 

 
Mana Tamami 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State University in 
partial fulfillment of the requirements for the degree of  

 
Doctor of Philosophy 

in 
Chemistry 

 
 
 

Timothy E. Long, Chair 

Garth L. Wilkes 

Robert B. Moore 

S. Richard Turner  

Susan E. Duncan  

 

December 6, 2012 

Blacksburg, Virginia 

 

 

Keywords: Segmented ionenes, non-segmented ionenes, nucleobase, hydrogen bonding, Michael 
addition, self-healing, bio-adhesion, molecular recognition, step-growth polymerization, non-

covalent interactions 

Copyright © 2012, Mana Tamami 
 

 



i.  

Synthesis and Characterization of Ammonium Ionenes Containing Hydrogen 
Bonding Functionalities 

 

Mana Tamami 

 

Abstract 

 

Ammonium ionenes are polycations that have quaternary nitrogens in their macromolecular 

backbone and are synthesized via step-growth polymerization technique. They offer interesting 

coulombic properties, and the synthetic design provides control over charge density. Non-

covalent interactions including nucleobase hydrogen bonding and electrostatics were studied in 

ammonium ionenes. The non-covalent interactions are expected to increase the effective 

molecular weight of polymeric precursors and induce microphase separation due to 

intermolecular associations. The influence of non-covalent interactions on structure-property 

relationships of ammonium ionenes were studied regarding mechanical (tensile, DMA), thermal 

(DSC, TGA), and morphological (AFM, SAXS) properties.  

Hydrogen bonding interaction (10-40 kJ/mol) was introduced using DNA nucleobase pairs 

such as adenine and thymine. Novel adenine and thymine functionalized segmented and non-

segmented ammonium ionenes were successfully synthesized using Michael addition chemistry. 

In non-segmented systems, we investigated the influence of spacer length on homoassociation 

and heteroassociation of complementary nucleobase-containing ionenes. Based on DSC 

analyses, complementary non-segmented ionenes made miscible blends. The Tgs of ionene 

blends with shorter spacer length (4 bonds between the nucleobase and secondary amine in the 
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polymer backbone) followed the Fox equation, which indicated no intermolecular interactions. 

The longer alkyl spacer (9 bonds between nucleobase and secondary amine in the polymer 

backbone) provided efficient flexibility for the self-assembly process to occur. Thus, increasing 

the spacer length from 4-bonds to 9-bonds, the Tgs of the blends deviated from both Fox and 

Gordon-Taylor equations and demonstrated the presence of hydrogen bonding interactions. 

In segmented systems, we investigated the association between nucleobase-containing 

ionenes and their complementary guest molecules. Job’s method revealed a 1:1 stoichiometry for 

the hydrogen-bonded complexes. These association constants for the 1:1 complexes, based on 

the Benesi-Hildebrand model were 94 and 130 M-1 respectively, which were in agreement with 

literature values for adenine and thymine nucleobase pairs (10-100 M-1). DSC thermograms 

confirmed no macrophase separation for 1:1 [ionene-A/T]:[guest molecule] complexes based on 

the disappearance of the melting peak of the guest molecule. Morphological studies including 

atomic force microscopy (AFM) demonstrated a reduced degree of microphase separation for the 

1:1 complexes due to the disruption of adenine-adenine or thymine-thymine interactions. 

Poly(dimethyl siloxane)-based ammonium ionenes having various hard segment contents 

were synthesized. The charge density or hard segment content was tuned for appropriate 

application using low molecular weight monomer. The change in hard segment content had a 

profound effect on thermal, mechanical, rheological, and gas permeability. Microphase 

separation was confirmed using DSC and DMA in these systems. DMA showed that the rubbery 

plateau modulus extended to higher temperatures with increasing hard segment content. Tensile 

analysis demonstrated systematic increase in modulus of PDMS-ionenes with increasing hard 

segment content. Oxygen transmission rates decreased linearly as the wt% hard segment 

increased. 
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Chapter 1. Introduction 

1.1. Dissertation Overview 
 

The effect of non-covalent interactions, electrostatics and hydrogen bonding on structure-

property relationships of ammonium ionenes was studied in this dissertation. Following this 

chapter, the role of hydrogen bonding interactions and supramolecular assembly on the design of 

adhesives was reviewed. The third chapter describes the synthesis and characterization of non-

segmented adenine- and thymine-containing ionenes having various side-chain spacer lengths. 

The spacer length is the distance between ionene backbone and nucleobase in the side chain. In 

the beginning, the synthesis of novel ditertiary amine monomers containing vinyl side groups, 

their subsequent polymerization with an alkyl dihalide, followed by the post-polymerization 

functionalization with nucleobases is discussed. Following the functionalization, the effect of 

spacer length on the complementary hydrogen bonding interaction in the blends was 

investigated. This investigation was mainly on studying the trend in glass transition temperatures 

of blends containing various molar ratios of complementary ionene components. 

The fourth chapter illustrates the synthesis and characterization of segmented poly(ethylene 

glycol)-based ammonium ionenes functionalized with adenine and thymine nucleobases. In the 

beginning of this chapter the synthesis of PEG-based ionene followed by the post-polymerization 

functionalization with nucleobases is explained. Due to enhanced solubility of the segmented 

systems (compared to non-segmented) in nonpolar solvents such as chloroform, an extensive 1H 

NMR titration studies were performed in CDCl3. Using 1H NMR titatrion results, the 

stoichiometry of 1:1 complexes between nucleobase-containing ionenes and complementary 

guest molecules was measured by Job’s method. In addition, association constants were 
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calculated for 1:1 complexes and compared with current literature values for adenine-thymine 

association. 

The fifth chapter focuses on the synthesis and structure-property relationships of poly(dimethyl 

siloxane)-based ionene copolymers. The thermomechanical properties as well as gas 

permeability were evaluated as a function of hard segment content. This project was based on 

collaboration between Virginia CommonWealth University and Astro Terra Corp. One of the 

project objectives was to synthesize PDMS-based ionenes for self-healing inflatable modules as 

an alternative to Surlyn®.  This project was funded through NASA STTR program administered 

by Johnson Space Center under the Contract No. NNX11CI22P for the project titled "Self-

healing Inflatable Extraterrestrial shieLD (SHIELD)" 

The sixth chapter summarizes the dissertation accomplishments and the seventh chapter 

describes potential future work. 
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Chapter 2. Role of Intermolecular Interactions in Adhesive Design 
Mana Tamami and Timothy E. Long* 

Macromolecules and Interfaces Institute, Department of Chemistry, Virginia Tech, Blacksburg, 

VA 24061, USA 

*E-mail address: telong@vt.edu 

 

2.1. Abstract 

Adhesion involves molecular interactions at the interface between two surfaces. The focus of this 

review article is on physical adhesion that involves the use of non-covalent interactions. These 

interactions include van der Waals, electrostatics, hydrogen bonding, and supramolecular 

associations. Herein, we briefly discuss the gecko feet inspired high adhesive superhydrophobic 

surface properties. We then mainly summarize the recent work in the use of polymers having 

supramolecular interactions and hydrogen bonding interactions for adhesion applications. In the 

end, we cover adhesive polymers that are applicable to biomedical areas. 

2.2. Definition of adhesion 
 

Adhesion involves the tendency of dissimilar atoms or molecules to stick to each other and 

cohesion relates to like materials sticking together. The area of adhesion focuses on formation of 

adhesion or cohesion, characterization of the adhesive or cohesive interfaces, destruction of the 

interfaces, and the failure analysis of interfaces.[1] Based on the type of bonding (physical, 

chemical, mechanical) across the interface, the adhesion or cohesion is categorized. The physical 

adhesion is the weakest interfacial force and is due to van der Waals forces, electrostatic 

interactions, supramolecular interactions, and hydrogen bonding. Chemical adhesion involves 

covalent, metallic, and chelation bonding. Mechanical adhesion is the strongest among all, is 
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very common, and involves the adhesive penetrating into the adherent and become mechanically 

interlocked, for example, dental cements that fill in the coarseness of the castings and help to 

retain them.[2, 3] 

2.3. Physical adhesion 

2.3.1. Adhesion using van der Waals interactions 
 

Geckos are lizards that possess unique adhesive characteristic known in nature. Geckos along 

with many other small insects use seta or fibrillar structures on their feet to adhere to different 

surfaces (Figure  2.1).[4, 5] Setal adhesion has unique properties compared to other common 

adhesives like pressure sensitive adhesives (PSAs). These properties include; adhesion surfaces 

remaining clean and reusable, adhesion being directional, and adhesion having controlled “lift-

off mechanism”.[6, 7] Many experiments have been performed to investigate the possible 

mechanism behind setal adhesion. The hypotheses were secretion of a glue, suction, 

electrostatics, and intermolecular forces. However, enough evidence demonstrates that setal 

adhesion mainly uses van der Waals interactions which are as a result of the size and shape of 

tips and the adhesion is not governed by surface chemistry.[8] The van der Waals forces are 

strong enough to allow the gecko to climb vertical walls. This type of adhesion has inspired 

many researchers to develop synthetic materials that show unique properties similar to setal or 

fibrillar adhesives.  
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Figure 2.1. Fibrillar structure on the bottom of gecko’s foot. A) Ventral view of tokay gecko 
while climbing on the glass B) Ventral view of gecko’s foot with adhesive lamellae C) Single 
lamellae with an array of individual setaes D)Single seta with branched structure at the end E) 

Spatular  tips at the ends of seta.[9] 
 

Inspired by the high adhesive ability of gecko’s feet, Choi et al.[10] prepared hairy hard 

poly(dimethyl siloxane) (PDMS) films containing nanopillars with controllable lengths using 

nanoporous anodic aluminum oxide membranes as templates. They coated the glass surface with 

nanostructured hairy PDMS and showed that the water droplets can adhere strongly to the glass 

surface. The adhesive properties was due to the densely packed nanopillars by generating large 

van der Waals forces between the large surface area and water molecules that are in close 

contact. 
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2.3.2. Adhesion using supramolecular interactions 
 

Hydrogen bonding in contrast to nondirectional interactions such as electrostatics, demonstrate 

lower enthalpies (10-40 kj/mol) with greater specificity which induces molecular recognition. 

The strength of hydrogen bonding interactions is highly dependent on the temperature, solvent, 

humidity, and pH. Therefore, these interactions enable us to synthesize novel architectures that 

are responsive to environmental parameters. Hydrogen bond containing polymers have many 

advantages such as enhanced rheological properties due to decrease in melt-viscosity, increase in 

modulus, tensile strength, polarity, and adhesion.  

Recently hydrogen bonding interactions have been used to design supramolecular structures.[11, 

12] Supramolecular chemistry in polymers involves the synthesis of macromolecules using 

secondary interactions between small molecules (monomers) to develop polymer-like 

structures.[13-15] These secondary interactions can be hydrogen bonding,[16] π-π interactions,[17] 

metal coordination,[18] electrostatics, and van der Waals interactions. Many researchers have used 

supramolecular hydrogen bonded polymers[19-30] for various applications; including formation of 

large vesicles,[12] attach functional small molecules on polymers,[31] and reversibly adhere 

polymers on to surfaces.[32]  

In this section, we will mainly focus on supramolecular polymers that have application in 

adhesion. Surprisingly, they are few reports on the use of supramolecular chemistry for 

application in adhesion. One area of adhesives that supramolecuar chemistry can be applied is 

pressure sensitive adhesives (PSAs). PSAs are usually made from lightly crosslinked polymer 

networks with a low glass transition temperature (Tg),
[7, 33, 34] and bond to many substrates upon 

applying very low pressure.[35]  
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Courtois et al.[36] investigated the influence of supramolecular interactions on adhesive properties 

of functionalized polyisobutene on steel and silicone surfaces. They prepared polyisobutene with 

a bis-urea moiety in the middle of the chain (PIBUT) (Figure 2.2a). The hydrogen bonding 

between bis-urea moieties induced supramolecular assembly leading to ordered pattern. They 

showed that supramolecular polymers modified the rheological properties of low Tg 

polyisobutene and have promising adhesive applications. PIBUT polymers can dissipate energy 

upon adhesive debonding and make stronger interactions with substrates such as silicone 

compared to acrylic-based PSAs.[37]  

 

 

Figure 2.2. a) Structure of polyisobutylene (PIBUT) containing bis-urea moiety. b) 
Supramolecular structure of PIBUT in solution[36] 

Supramolecular interactions are also present in systems containing complementary hydrogen 

bonding moieties. One category of bio-inspired complementary units include DNA nucleobases 

such as adenine, thymine, cytosine, and guanine. Long et al.[38] synthesized acrylic nucleobase-

containing copolymers using radical polymerization (Figure 2.3). They synthesized novel acrylic 

adenine and thymine monomers using aza-Michael addition and then copolymerized with n-butyl 

acrylate. Adenine-containing polyacrylates demonstrated unique morphologies due to adenine-

adenine π-π interactions. The adenine and thymine polymer blend showed the presence of 
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complementary hydrogen bonding leading to supramolecular structures. In order to measure peel 

and shear strengths, a strip of PET film was coated with the hydrogen-bonded polymer (adenine 

or thymine) and adhered to the same or complementary polymer coated on stainless steel 

substrate. The hydrogen-bonded supramolecular polymers showed enhanced peel and shear 

strengths (3-4 times) compared to acrylic acid- and 4-vinylpyridine- based polymer analogues.  

 

Figure  2.3. Synthesis of adenine- and thymine-containing poly(n-butyl acrylate) copolymers[38] 
 

In addition, a limited number of studies referred to supramolecular interactions on surfaces using 

nucleobase pairs.[39] Long et al.[40] were first to report the modification of silicone surfaces with 

adenine-containing triethoxysilane (ADPTES). They demonstrated the specific and reversible 

adhesion of ADPTES silicon surface with complementary thymine-functionalized polystyrene 

(PS-thymine). The reversibility of adhesion was examined using hydrogen bond disruptive 

solvent (DMSO). The hydrogen bonding interactions were disrupted while rinsing the surface 

with aprotic DMSO and were reformed following the removal of DMSO and addition of 

chloroform (Figure  2.4). This behavior demonstrated the reversibility nature of the adenine and 

thymine association. These polymers that show reversible interactions with solid surfaces have 

potential application in releasable coatings and smart adhesives.  
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Figure 2.4. Molecular recognition between adenine-functionalized silicone surface and thymine-
containing polystyrene[40] 

 

2.3.3. Adhesion using hydrogen bonding interactions 
 

Hydrogen bonding association provides strategies to increase the apparent molecular weight after 

application. These interactions are used to design adhesives and prevent creep and cohesive 

failure. Poly(acrylic acids) (PAAs) contain hydrogen bonding functionalities and are applied in 

PSA formulations. However, one limitation in PAAs is that they can undergo thermal 

crosslinking above 150 °C and form intermolecular anhydrides.[41] In hot melt pressure sensitive 

adhesives (HMPSAs), crosslinking during processing is problematic, therefore PAAs have 

limited utility. Long et al.[42] synthesized low Tg acrylic copolymers that were functionalized 

with hydrogen bonding (urethane) groups and photo-reactive (cinnamate) functionalities for 

HMPSAs application (Figure 2.5). The synergy of these groups resulted in higher peel values. In 

addition the isothermal rheological studies showed that at 150 °C the copolymer was stable with 

no crosslinking and therefore has potential in HMPSA application. 
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Figure  2.5. Synthesis of photo-curable acrylic copolymer containing hydrogen bonding 
functionality[42] 

Another hot topic in adhesive research is the development of reversible adhesives. In some 

applications we require debonding of adhesive from adherent when the adhesion is not required 

at the time.[43] These applications can be removable labels, surface protection films, easily 

placeable and removable notepaper. Researchers used many strategies to develop reversible 

adhesives such as using fibrillar structure of a gecko foot,[44] and shape memory effect to induce 

microscopic or macroscopic change for “self-peel”.[45-47] Another strategy is to use 

theromosensitive polymer to achieve reversible adhesion properties. Hu et al.[48] synthesized 

poly(vinyl alcohol)-g-N-isopropylacrylamide  PVA-g-NIPAM as a novel thermosensitive 

copolymer membrane with thermally induced adhesion around the lower critical solution 

temperature (LCST) of 31 °C. At temperatures below LCST, the copolymer becomes more 

hydrophilic and enhances the adhesion effect and at temperatures above LCST, the copolymer 

became hydrophobic with decreased adhesion. The adhesive strength of PVA-g-NIPAM was 

measured for the T-type peel adhesion toward the paper. The adhesive ability of the copolymer 

was mainly due to the hydrogen bonding interaction between the PVA and cellulose of the paper. 
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Figure 2.6.Chemical structure of PVA-g-NIPAM [48] 

 

Another reversible adhesive system was designed by Xie et al.[49] where they prepared hydrogen 

bonding-based epoxy thermosets (Figure 2.7). In order to have good adhesion at a solid interface, 

interfacial contact and good molecular interactions are required. Xie et al. demonstrated that the 

epoxy thermosets are ideal candidates for reversible adhesion. Firstly, the modulus of epoxy 

thermosets would drop two orders of magnitude upon glass transition temperature, which would 

lead to an effective interfacial contact with solid surface.[47] Secondly, the hydrogen bonding 

moieties will provide the reversibility for adhesion. The adhesion between two identical polymer 

surfaces was through interfacial hydrogen bonding interaction between the free hydroxyl groups 

(H-bond doner) and oxygen atoms (H-bond acceptor) in the epoxy.  

 

Figure 2.7. Representation of crosslinked epoxy network. Solid line represents covalent bonds 
and dotted lines represent continuation of covalent bonds[47] 

 

A popular area of adhesion is based on bio-inspired hydrogen-bonded polymers. It has been 

shown that Mussels can adhere to many organic and inorganic surfaces by producing 3,4-

n
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dihydroxyphenyl-L-alanine which contains catechol groups.[50-53] Although the adhesion 

mechanism is still not completely understood, but it is hypothesized that adhesion is due to 

hydrogen bonding interactions between catechol groups and OH-containing substrates. Kaneko 

et al.[54] synthesized Mussel-mimetic adhesive resin from copolymerization of 3,4-

dihydroxycinnamic acid (DHCA) and 4-hydroxycinnamic acid (4HCA) and confirmed it’s 

adhesive properties. The chain-ends of the hyperbranched polymer resin contain catechol 

moieties which are hydrogen bond donors and can strongly adhere to organic/inorganic surfaces. 

Since this novel adhesive resin is made from biomass monomers, it is environmentally friendly 

and non-toxic. 

2.4. Adhesive polymers in bio-related fields 

2.4.1. Polymers used as substrates for cell adhesion 

One of the requirements in the design of many medical devices is to have patterned adhesion of 

human or animal cells on artificial substrates. There are two routes to perform this process; one 

way is to attach photoactive proteins or peptides to the substrate and the other way is to either 

chemically modify the substrate or deposit thiols or silanes on the substrate to adhere 

biomolecules. Both routes would lead to structured substrates that act as adhesion sites and cells 

will attach to them via ligand/receptor interactions. Polymers have become unique substrates due 

to the simplicity of cell adhesion process on to them and also have lower cost.  

Welle and Gottwald[55] used commercially available polycarbonate, poly(methyl methacrylate) 

(PMMA), and polystyrene as substrates for cell adhesion. They exposed the polymeric surfaces 

to UV light and modified their physical behavior and chemical composition. This led to strong 

adhesion of hepatocyte and fibroblast cells.  
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Most implant materials such as polymers, carbon fibers, and metals are nontoxic, biocompatible, 

and do not degrade in the organism. However, their lifetime can be short due to the improper 

mechanical contact between implant surface and the regenerating cells. Therefore it is necessary 

to coat implant surfaces with cell-adhesive molecules or macromolecules to obtain strong 

mechanical contact between cells and the surface. Kessler et al.[56] showed that functionalization 

of PMMA surface coated with integrin-selected peptides effectively bind to osteoblast murine 

and human cells compared to uncoated PMMAs. Ohashi and Dauskardt[57] studied the debonding 

behavior of prosthetic-PMMA interface. They demonstrated that precoating the surface of the 

implant with PMMA at higher temperatures would drastically enhance the adhesion and fatigue 

resistance in both air and physiological conditions. 

In order for the biomaterial to be used clinically, not only it needs to have excellent bulk 

properties, but also surface properties play a major role as well. The initial response of body 

organisms depends on biomaterial’s surface property. Poor adhesion between the biomaterial and 

the tissue causes numerous complications including infection. However, most polymers need 

surface modification to be used as biomaterials. One of the ways to do surface modification is by 

grafting. Grafting can either be through coupling reaction between reactive polymers and 

functionalized substrate polymer surface or it can be through graft polymerization of monomers. 

Ikada[58] reviewed surface modification of polymers using different grafting techniques to obtain 

lubricous, blood compatible or physiologically bioactive polymer surfaces (Figure  2.8). 
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Figure 2.8. Representation of coupling reaction and graft polymerization[58] 
 

Surface modification is also applied to the area of gene delivery. DNA is usually condensed into 

nanoparticle-sized complexes and is introduced to the culture media (liquid gene transfection or 

LGT method). However, studies have shown that localized gene delivery to the targeted cells 

using LGT method is not favorable.[59, 60] Another strategy is to use substrate-mediated delivery, 

where DNA is attached to the surface of substrate and selective adhesion between the substrate-

supported DNA and adherent cells would occur.[61, 62] Liu et al.[63] designed high-strength 

hydrogels with both hydrogen bonding and thermoresponsive characteristics. The hydrogels 

were synthesized from copolymerization of N-isopropylacrylamide (NIPAM) and 2-vinyl-4,6-

diamino-1,3,5-triazine (VDT) and crosslinked with poly(ethylene glycol) diacrylate. The VDT 

functionalities contributed to the formation of complementary hydrogen bonding interactions 

between the substrate and nucleobase pairs.[64-66] The NIPAM components of the hydrogels 

contributed to the thermoresponsiveness behavior and allowed the adhesion and detachment of 

cells by temperature change.[67, 68] 
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2.4.2. Polymers used for mucosal adhesion 
 

When polymeric materials adhere to mucosal tissues is called mucoadhesion. The mucoadhesive 

polymers have been used to deliver drugs in a controlled-release dosage forms and enhance the 

bioavailability of the drug for various mucosal tissues such as nasal, gastrointestinal, vaginal, 

rectal, and ocular.[69-73] Mucoadhesive polymers need to have certain structural properties as 

listed here; hydrogen bonding groups (hydroxyl, carboxyl, amino, sulphate), ionically charged, 

high molecular weight, chain flexibility, higher surface energy to spread on mucos. From 

mucoadhesive polymers, we can name poly(acrylic acid), poly(methacrylic acid), chitosan, 

cellulose ethers, and sodium alginate. Park et al.[74] illustrated that poly(acrylic acid) hydrogel 

interacts with mucin glycoproteins using hydrogen bonding interactions. At lower pHs the 

carboxylic groups are protonated and show strong mucoadhesion, however, at higher pHs the 

mucoadhesion decreases due to deprotonation of carboxylic groups. 

2.5. Conclusions 
 

In this review, we discussed the recent developments in the use of supramolecular chemisty and 

hydrogen bonding interactions for application in adhesion. Although there were not many reports 

on the use of supramolecular chemistry for application in adhesion, however, few examples were 

reported on the use of complementary hydrogen bonding moieties to generate reversible and 

smart adhesives. Several studies demonstrated the use of hydrogen bonding interactions for 

adhesion on the surface. We also reviewed reports that studied polymers with unique properties 

to adhere to cells. These adhesive polymers played a major role in the design of implant 

materials. 
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3.1. Abstract 
 
Adenine and thymine functionalized ammonium ionenes having shorter (4-bonds) and longer (9-

bonds) side chain spacer lengths were successfully synthesized using Michael addition 

chemistry. Herein, we investigated the influence of spacer length on homoassociation and 

heteroassociation of complementary nucleobase-containing ionenes. The films of ionene 

homopolymers and blends having various side chain spacer lengths showed a single glass 

transition temperature. Higher glass transition temperatures were observed for the shorter spacer 

films of ionene homopolymers and the blends. The hydrogen bonding interaction in the blends of 

adenine-containing ionene (ionene-A) and thymine-containing ionene (ionene-T) having shorter 

spacer length as well as the blends of ionene-A with ionene-T having longer spacer length was 

studied using differential scanning calorimetry (DSC), fourier-transform infrared (FT-IR) 

spectroscopy and atomic force microscopy (AFM). DSC analyses showed no hydrogen bonding 

interactions in the ionene blends with shorter spacer length. The longer spacer length ionene 

blends showed the presence of hydrogen bonding interaction and demonstrated that the 

homoassociation is stronger than heteroassociation. FT-IR confirmed hydrogen bonding 

interactions for the longer spacer ionene blends. 

 
 
Keywords: non-segmented ionenes, nucleobases, hydrogen bonding, miscibility, spacer length 
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3.2. Introduction 
 

Ionenes are polyelectrolytes that have regularly placed quaternary nitrogen atoms in their 

macromolecular backbone. Gibbs et al.[1] were first to synthesize this type of polycations from 

dimethylamino-n-alkyl halides. Ionenes are usually synthesized from a reaction of a ditertiary 

amine and a dihalide called a Menschutkin reaction.[2] The ionene is named from the number of 

methylene spacers, which correspond to the diamine and dihalide monomers, respectively (i.e. 

x,y-ionene).  

The introduction of non-covalent interactions such as hydrogen bonding has recently received 

increasing attention due to the construction and design of supramolecular polymers.[3, 4] 

Hydrogen bonding provides thermoreversible characteristics for macromolecules through non-

covalent intermolecular interactions.[5] Herein, we introduced hydrogen bonding interactions into 

ionenes through complementary hetereocyclic DNA nucleobases such as adenine and thymine. 

The association strength for DNA base pairs is in the order of 102 M-1 magnitude.[6, 7] However, 

structural design of hydrogen-bonded polymers influences the strength of complementary 

hydrogen bonding interactions.  

There are many reports on the effect of the placement of hydrogen bonding motifs on either the 

chain ends of polymers[8-11] or polymer side chains.[12-14] Chang et al.[15] utilized the Michael 

addition reaction to functionalize poly(ε-caprolactone) chain ends with adenine and uracil 

heteronucleobases. They studied the self-assembly behavior of the functionalized pol(ε-

caprolactone) on solution and solid state properties. Long et al.[16] also synthesized four-arm, 

star-shaped poly(D,L-lactide) (PDLLA) functionalized with complementary adenine (A) and 

thymine (T) nucleobase pairs to obtain PDLLA-A and PDLLA-T. They demonstrated a 1:1 
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stoichiometry and an association constant (Ka) of 84 M-1 for the A-T complexes. Rowan et al.[17] 

reported the supramolecular polymerization of adenine and cytosine-terminated 

poly(tetrahydrofuran) macromonomers. These macromonomers self-assembeled in the solid-state 

and yielded film and fiber-forming materials. Long et al.[12] synthesized and characterized 

nucleobase-functionalized triblock copolymers having styrene outer blocks and a n-butyl acrylate 

center block. These copolymers had nucleobase functionalities as side groups on the styrene 

outer blocks.  

Recently Meijer et al.[18] prepared poly(n-butyl acrylate) (PnBA) functionalized with ureido-

pyrimidinone (UPy) units using ATRP. They investigated the effect of side chain spacer length 

on the homoassociation and heteroassociation of UPy-containing PnBA. The homoassociation 

and hetereassociation of UPy-containing PnBA decreased for the shorter spacer (C2) due to 

competitive non-covalent intramolecular interactions and no change in the association strength 

was observed for the longer aliphatic spacer (C6).  

Herein, we synthesized non-segmented ionenes and functionalized the side chains with adenine 

and thymine units using Michael addition. We investigated the effect of spacer length (4-bond 

spacer versus 9-bond spacer) on the association of complementary ionene chains. In these 

systems, the spacer is the length of aliphatic unit between the ionene backbone and the 

nucleobase. The influence of complementary hydrogen bond interactions for the ionene blends 

having 9-bond spacer was clearly observed on thermal and morphological properties. Infrared 

spectroscopy monitored the thermoreversibility of ionene blends using variable temperature (30 

°C to 170 °C).  
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3.3. Experimental 

3.3.1. Materials 

Adenine (A, 99%), thymine (T, 99%), potassium tert-butoxide (99.99%), sodium bicarbonate 

(99.7%), magnesium sulfate (99.5%), γ- butyrolactone (+99%) and diisobutylalumium hydride 

1.0 M solution in toluene were purchased from Sigma-Aldrich and  used without further 

purification. 3,3-Iminobis(N,N-dimethylpropylamine) (97%), acryloyl chloride (97%),  

triethylamine (TEA, 99%) were purchased from Aldrich and vacuum distilled. 1,12-

Dibromododecane (98%) was purchased from Sigma-Aldrich and sublimed before use. 

Dichloromethane (DCM, HPLC grade), tetrahydrofuran (THF, HPLC grade), dimethyl 

formamide (DMF, HPLC grade) were passed through columns packed with alumina and 

molecular sieves before use. Chloroform (CHCl3, HPLC grade) and ethyl acetate (EtOAc, HPLC 

grade) were purchased from Fischer Scientific and were used as received.  

3.3.2. Instrumentation 
 

 1H NMR spectra was collected in CDCl3 or CD3OD using a Varian Advance 500 MHz 

spectrometer to confirm the monomer and polymer composition at ambient temperature. Fast 

Atom Bombardment Mass Spectrometry (FAB-MS) was conducted in positive ion mode on a 

JEOL HX110 dual focusing mass spectrometer. FT-IR experiments were carried out using a 

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

temperature GladiATRTM attachment (Diamond crystal). The spectra were collected at 4 cm-1 

resolution and as an average of 32 scans. The samples were subjected to a temperature ramp of 1 

°C/min, starting from 30 °C to 170 °C and FT-IR spectra was collected at every 10 °C beginning 

from 30 °C. Differential scanning calorimetry (DSC) was performed on a TA Instrument Q100 

under nitrogen with a flow rate of 50 mL/min and a heating rate of 10 °C/min. The glass 
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transition temperatures were measured as the midpoint of the transition in the second heating 

scan. Thermogravimetric analysis (TGA) was conducted on a TA Instruments Hi-Res TGA 2950 

under nitrogen at a heating rate of 10 °C/min. Atomic force microscopy (AFM) was performed 

using a Veeco MultiMode AFM equipped with nanosensor silicon tips having a spring constant 

of 42 N/m. SAXS was performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped 

with a rotating anode emitting X-ray with a wavelength of 0.154 nm (Cu Kα). 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 multiwire, proportional counting, gas-filled detector, with an exposure time 

of 1 hour. All SAXD data were analyzed using the SAXSGUI software package to obtain 

radically integrated SAXS intensity versus the scattering vector q (SAXS), where q=(4�/

�)sin(θ), θ is one half of the scattering angle and � is the wavelength of X-ray profiles. 

3.3.3. Synthesis of 4-(bis(3-(dimethylamino)propyl)amino)-4-oxobutyl acrylate 
 

 The acrylic monomer was synthesized via two steps. In the first step a flame-dried, 2000 mL, 

three-neck, round-bottomed flask was attached to a 250 mL addition funnel and a condenser. 

Round-bottomed flask was charged with 50 mL (1.00 eq) of 3,3-iminobis(N,N-

dimethylpropylamine) and 700 mL tetrahydrofuran (THF), and nitrogen was purging through the 

glassware. 225 mL (1.00 eq) of diisobutylalumium hydride 1.0 M solution in toluene was added 

to the addition funnel and subsequently added to the reaction flask in a drop-wise fashion. The 

reaction was allowed 7 h at 0 °C. After 7 hours, the reaction flask was warmed to room 

temperature and 17 mL (1.00 eq) of γ- butyrolactone was added to the reaction mixture and 

refluxed for 12 h. Water (10 mL) was added slowly to a cooled reaction flask and THF was 

evaporated under reduced pressure. 100 mL solution of 15% sodium hydroxide was added and 
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stirred for an hour. The reaction mixture was poured into a separatory funnel and organic layer 

was separated from aqueous layer and extracted 3x (100 mL) with chloroform. The solvent was 

evaporated and the product was purified using Kugel-rohr distillation. Evaporation of the total 

eluent gave a yellow oil with an overall yield of 70%. 1H NMR (500 MHz, CDCl3): 1.71 (m, 4H, 

Hc), 1.90 (m, 2H, Hf), 2.21 (d, 12H, Ha), 2.26 (t, 4H, Hb), 2.52 (t, 2H, He), 3.35 (m, 4H, Hd), 3.67 

(t, 2H, Hg), 3.45 (s, 1H, Hi). HRMS (ES+): m/z calcd for [M+H+]  273.24 g/mol, found 274.17 

g/mol. (Figure S  3.1).  In the second step, a flame-dried, 100 mL, round-bottomed flask was 

connected to a 50-mL addition funnel and was charged with dichloromethane (DCM) and 1.00 

eq of hydroxyl-containing ditertiary amine monomer that was synthesized from the first step. 

The flask was cooled to 0 °C and acryloyl chloride (1.20 eq) was added to the addition funnel 

containing DCM and the solution was drop-wise added to the reaction flask. The reaction was 

allowed to proceed for 12 h. Upon reaction completion, DCM was evaporated and the salt was 

dissolved in a mixture of saturated NaHCO3 (aq) and saturated Na2CO3 (aq). The aqueous 

solution was introduced to a separatory funnel and extracted 6x with DCM. Solvent was 

evaporated and the product was purified using column chromatography. Evaporation of the total 

eluent gave a yellow oil with an overall yield of 30%. 1H NMR (500 MHz, CDCl3): 1.68 (m, 4H, 

Hc), 2.02 (m, 2H, Hf), 2.19 (d, 12H, Ha), 2.24 (t, 4H, Hb), 2.42 (t, 2H, He), 3.31 (m, 4H, Hd), 4.20 

(t, 2H, Hg), 5.78-5.83 (dd, 1H, HJ1), 6.05-6.14 (m, 1H, Hk), 6.35-6.42 (dd, 1H, HJ2) (Figure S 

 3.2). 

3.3.4. Synthesis of N,N-bis(3-(dimethylamino)propyl)acrylamide 
 

 A flame-dried, 100 mL, round-bottomed flask was charged with 20 mL 3,3-iminobis(N,N-

dimethylpropylamine), 14 mL of anhydrous triethylamine (TEA) (1.1 eq) and 150 mL of 

dichloromethane (DCM). The system was then purged with nitrogen and cooled to 0 °C. 8 mL of 
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acryloyl chloride (1.1 eq) was diluted with 80 mL of DCM and cooled to 0 °C. Acryloyl chloride 

solution was then added to the flask through a cannula in a drop-wise fashion over 2 h at 0 °C. 

The reaction was then warmed up to room temperature and stirred for 3 h.  A short alumina 

column was used to remove the TEA salt and DCM in the filtrate was then evaporated under 

reduced pressure. Diethyl ether was used to dissolve any remaining solid and evaporated after 

filtered through alumina column and a yellow oil was obtained. Product was purified by Kugel-

rohr distillation with 30% yield. 1H NMR (500 MHz, CDCl3): 1.74 (m, 4H, Hb), 2.21 (d, 12H, 

Ha), 2.26 (m, 4H, Hc), 3.41(m, 4H, Hd), 5.64-5.68 (dd, 1H, Hf2), 6.31-6.38 (dd, 1H, Hf1), 6.60-

6.69 (m, 1H, He) (Figure S  3.6). 

3.3.5. Synthesis of non-segmented acrylate- and acrylamide-based ionene precursor 
 

 A 1:1 ratio of acrylate- or acrylamide- containing ditertiary amine and 1,12-dibromododecane 

monomers were polymerized in DMF for 24 h at 80 °C in the presence of catalytic amount of 

BHT. The polymer was stored in DMF solution until the post-polymerization functionalization. 

1H NMR (400 MHz, CD3OD) for acrylate-ionene: 1.27-1.47 (m, 16H, Hb ), 1.71-1.86 (m, 4H, 

Hc), 1.97-2.17 (m, 6H, Hd1-3), 2.57 (t, 2H, Hg), 3.08-3.20 (d, 12H, Ha), 3.32-3.56 (m+t, 12H, e1-6), 

4.24 (t, 2H, Hf), 5.87-5.93 (dd, 1H, Hj2), 6.12-6.23 (m, 1H, Hh), 6.36-6.42 (dd, 1H, Hj1) (Figure S 

 3.3). 1H NMR (400 MHz, CD3OD) for acrylamide-ionene: 1.37 (m, 16H, Ha), 1.79 (m, 4H, 

Hb+b’), 2.11 (m, 4H, Hc+c’), 3.12 (d, 12H, Hd1-4), 3.32-3.51 (m, 8H, He1-4), 3.52-3.68 (m, 4H, 

Hf+f’ ), 5.78-5.84 (dd, 1H, Hh1), 6.26-6.35 (dd, 1H, Hh2), 6.80-6.93 (m, 1H, Hg) (Figure S  3.7). 

3.3.6. Synthesis of non-segmented nucleobase-containing ionene (9-bond spacer) 
 

 Upon reaction completion acrylate-cotaining ionene solution in DMF was charged with 1.01 eq 

of adenine or thymine and 0.15 eq of tBuOK for 24 h. The nucleobase-containing ionene product 
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was precipitated in ethyl acetate and dried in vacuo (0.1 mmHg) for 24 h.  Ionene homopolymers 

were synthesized in high yields (97%). 1H NMR (400 MHz, CD3OD) for adenine-containing 

ionene: 1.17-1.47 (m, 16H, Hb ), 1.68-1.83 (m, 4H, Hc), 1.90 (t, 2H, Hd), 1.96-2.14 (m, 4H, 

He+e’), 2.44 (t, 2H, Hf), 3.00 (t, 2H, Hg), 3.06-3.16 (d, 12H, Ha), 3.32-3.55 (m, 12H, HK1-6), 4.14 

(t, 2H, Hi), 4.52 (t, 2H, Hh), 8.17 (s, 1H, Hj2), 8.21 (s, 1H, Hj1) (Figure S  3.4). 1H NMR (400 

MHz, CD3OD) for thymine-containing ionene: 1.22-1.49 (m, 16H, Hb), 1.72-1.88 (m+s, 7H, 

Hc+m), 1.95 (t, 2H, Hd), 2.00-2.19 (m, 4H, He), 2.54 (t, 2H, Hf), 2.78 (t, 2H, Hg), 3.05-3.24 (d, 

12H, Ha), 3.32-3.58 (m, 12H, HK1-6), 4.00 (t, 2H, Hi), 4.17 (t, 2H, Hh), 7.55 (s, 1H, Hj) (Figure S 

 3.5). 

3.3.7. Synthesis of non-segmented nucleobase-containing ionene (4-bond spacer) 
 

Upon completion of polymerization, acrylamide-based ionene solution in DMF was charged with 

1.5 eq of adenine and 0.5 eq of tBuOK for 10 d. Solution was decanted and precipitant was 

washed with DMF and then dried in vacuo (0.1 mmHg) overnight. Product was then dialyzed 

against water for 3 d and filtered to remove excess adenine. Product was dried by lyophilization 

over 3 d with 50% yield. 1H NMR (500 MHz, CD3OD): 1.26 (m, 16H, Ha), 1.69 (m, 4H, Hb+b’), 

1.99 (m, 4H, Hc+c’), 3.03 (d, 12H, Hd1-5), 3.23-3.45 (m, 12H, He1-6), 3.92 (t, 2H, Hf), 7.47 (d, 2H, 

Hg+g’) (Figure S  3.8). For thymine-containing ionene, acrylic ionene solution in DMF was 

charged with 1.5 eq of thymine and 0.2 eq of tBuOK for 5 d. DMF was evaporated under 

reduced pressure followed by dialysis against water for 3 d. Precipitant was removed by filtration 

and product was dried in lyophilizer for 3 d and the yield was 90%. 1H NMR (500 MHz, 

CD3OD): 1.37 (m, 16H, Ha), 1.78 (m, 4H, Hb+b’), 1.84 (s, 3H, Hi), 2.04 (m, 4H, Hc+c’), 2.56 (t, 

2H, Hh), 3.12 (d, 12H, Hd1-4), 3.34-3.53 (m, 12H, He1-6), 3.57 (t, 2H, Hf), 7.45 (s, 1H, Hg) (Figure 

S  3.9). 
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3.3.8. Preparation of ionene blends 
 

A 1:1 solution of adenine-containing ionene in methanol and thymine-containing ionene in 

methanol were mixed and stirred for an hour. Films were cast into Teflon molds and the solvent 

was slowly evaporated over 2 days. The films were then annealed at 110 °C-130 °C in vacuum 

for 24 h and stored on drying agents (drierite) and kept inside the desiccator until prior to any 

characterization. 

3.4. Results and Discussion 

3.4.1. Synthesis of Non-segmented Nucleobase-Functionalized Ionene Homopolymers 
 

 Scheme 1 represents the synthesis of acrylate- and acrylamide-containing ditertiary amine 

monomers. The acrylate-containing monomer synthesis involved two steps (Scheme  3.1a). In the 

first step, ring opening of γ-butyrolactone occurred in the presence of DIBAL to produce OH-

containing ditertiary amine monomer in high yields. In the second step, an acid-chloride reaction 

between the OH-containing amine and acryloyl chloride yielded acrylate-containing ditertiary 

amine monomer. The acrylamide-containing monomer synthesis involved a one-step acid-

chloride reaction (Scheme  3.1b).  
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Scheme  3.1. Synthesis of acrylate-containing ditertiary amine monomer (a) and acrylamide-
containing ditertiary amine monomer (b) 

 

Upon the synthesis of ditertiary amine monomers in high purity, we synthesized two kinds of 

ionene homopolymers, one having longer spacer length (9-bond spacer) and one having shorter 

spacer length (4-bond spacer). Scheme  3.2 and Scheme  3.3 illustrate the polymerization of 

acrylamide-containing amine monomer and acrylate-containing amine monomer with 1,12-

dibormododecane to yield 4-bond spacer and 9-bond spacer ionenes respectively. Both 

polymerizations occurred in polar DMF solvent and completed in 24 h. In our earlier report,[19] 

we monitored the reaction progress for the synthesis of non-segmented 12/6,12-ammonium 

ionenes, using the C-N+ stretch at ≈905 cm-1 and confirmed the reaction completion within 24 h.  

Herein, we followed the reaction progress using 1H NMR spectroscopy with monitoring the 

growth of methyl protons connected to quaternized nitrogens at ca. 3.10 ppm and subsequently 

confirmed the structures of ionene homopolymers upon completion of the polymerization 

(Figure S  3.3 & Figure S  3.7).  Upon the synthesis of the ionene precursors, base-catalyzed 
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Michael addition occurred in the same reaction flask and yielded nucleobase-functionalized 

ionenes. It should be mentioned that based on 1H NMR spectrum, there were no chemical 

degradation observed for ionenes in the presence of the base catalyst (tBuO-) at 80 °C. 

Regioselective base-catalyzed Michael addition promotes substitution of adenine and thymine 

units at N9 and N1 respectively.[20]  

 

Scheme  3.2. Synthesis of nucleobase-containing ionenes having 4-bond spacer 
 

Scheme  3.2 and Scheme  3.3 respectively illustrate the post-polymerization functionalization of 

nucleobase-containing ionenes having shorter spacer length (4-bond spacer) and longer spacer 

length (9-bond spacer). For the longer spacer ionene synthesis, the nucleobase Michael addition 

started heterogeneously and as the reaction preceded the reaction mixture became homogenous. 

We precipitated the adenine- and thymine-containing ionenes in ethyl acetate to remove both 
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DMF and the slight excess of adenine or thymine. For the shorter spacer ionene synthesis, the 

adenine-containing ionene precipitated upon production due to lower solubility in DMF. 

However, the thymine-containing ionene remained soluble in DMF throughout the reaction time 

due to better solubility of thymine unit compared to adenine in polar solvents. Both adenine- and 

thymine-containing ionenes having 4-bond spacer were dialyzed against water to remove DMF 

and excess adenine or thymine. Obtaining absolute molecular weights for the charged 

ammonium ionenes was challenging due to polymer-polymer and polymer-stationary phase 

interactions. 

 

Scheme  3.3. Synthesis of nucleobase-containing ionenes having 9-bond spacer 
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3.4.2. Infrared Spectroscopy 
 

One method to detect the intermolecular interaction between two polymers is to use FT-IR 

spectrometry. FT-IR monitors the thermoreversibility of hydrogen bonding interactions.[21, 22] We 

performed variable temperature FT-IR on the ionene blends having shorter and longer spacer 

length. Figure  3.1 represents the FT-IR spectrum (1550 cm-1-1750 cm-1) of both ionenes having a 

ratio of [A]:[T] = 1:1 at various temperatures (30 °C to 170 °C). The peak centered around 1590 

cm-1 corresponded to the N–H bending/scissoring vibration of adenine. In the longer spacer 

ionene blend the band at 1590 cm-1 shifted to lower wavenumbers upon heating from 30 °C to 

170 °C which indicated the dissociation of hydrogen bonds. However, for the shorter spacer 

ionene blend, we did not observe any significant shift for the N–H bending/scissoring vibration 

of adenine indicating little or no hydrogen bonding association present between chains. Another 

band at 1670 cm-1  attributed to the C=O stretching vibration of thymine unit. Upon heating, the 

C=O stretching vibration of thymine in the longer spacer ionene blend shifted to higher 

wavenumbers and did not change for the shorter spacer blend illustrating little or no 

complementary hydrogen bonding interaction. Therefore variable temperature FT-IR showed 

that the spacer length influences the complementary hydrogen bond association within the 

nucleobase pairs. The longer spacer is necessary to increase the distance between nucleobase 

units and the charged backbone to eliminate charge-charge repulsion between complementary 

chains and removes the steric hindrance between the nucleobase unit and the ionene backbone 

providing more flexibility for the complementary units to find each other and bind. 
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Figure 3.1. Variable temperature FT-IR spectra in the 1550-1750 cm-1 region for the longer 
spacer ionene blend (top) and shorter spacer ionene blend (bottom) 

 

3.4.3. Thermal Transitions 
 

 In order to understand the effect of spacer length on the association of nucleobase-containing 

ionenes, we studied the thermal properties of ionene homopolymers as well as their blends. DSC 

analysis of all ionene homopolymers and blends with different spacer lengths showed a single 

glass transition temperature. The fact that the blends showed only a single glass transition 

temperature indicated that they are fully miscible and form a homogenous amorphous phase. The 

4-bond spacer ionenes showed higher Tg’s compared to the 9-bond spacer ionenes due to the 

sterically hindered ionene backbone and lower flexibility (Table 3.1). It is common to use Fox 
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equation to estimate the Tg for miscible polymer blends and copolymers.[23] The Fox equation 

assumes the blend is completely miscible and no intermolecular interaction is present. Therefore 

we prepared various [A]:[T] blends of ionenes having different spacer lengths and measured 

their Tg’s. We observed a linear increase of Tg with an increase of adenine mole fraction for 

blends with the shorter spacer. The Tg’s were well fitting within the Fox equation indicating that 

there are no intermolecular on intramolecular hydrogen bonding interaction present in the ionene 

blends having 4-bond spacer (Figure  3.2).  

 

Figure  3.2. Tg versus composition curve of experimental data and Fox fitting equation for 
shorter spacer ionene blends 

 

However, many polymer blends fail description by the Fox equation due to intermolecular 

interactions such as hydrogen bonding.[24, 25] Therefore researchers have developed equations to 

expand the Fox equation for Tg composition dependence of miscible polymer blends such as 

Gordon-Taylor,[26] Couchman,[27, 28] Kwei,[29] and Karasz.[30] In our system, the Tg’s measured 
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for the 9-bond spacer ionene blends showed a significant negative deviation from the Fox 

equation. This deviation is attributed to the hydrogen bonding interactions. The most suitable 

equation for this system is the Kwei equation shown below. Previously Chang et al.[31-33]  

showed various systems having hydrogen bonding interactions and the Tgs of the blends either 

had positive or negative deviation from Fox equation and were well fit by the Kwei equation.  

 

Where W1 and W2 are weight fractions of the compositions and Tg1 and Tg2 represent the 

corresponding glass transition temperatures, and k and q are fitting constants. This equation is 

applied to miscible polymer blends with specific interaction. The parameter q corresponds to the 

strength of hydrogen bonding in the blend reflecting a balance between the breaking of self-

association and forming inter-association hydrogen bonding. In most systems, if the inter-

association equilibrium constant is greater than the self-association equilibrium constant, the q 

value will be positive, whereas if the self-association equilibrium constant is greater than the 

inter-association, the q is negative. Figure  3.3 demonstrates the plots of the Tg of the blend 

versus its composition for cases where the experimental data did not fit well with either the 

Gordon-Taylor or Fox equations. However, the Kwei equation correlated well with the 

experimental data and based on the non-linear least squares “best-fit”, k = 1 and q = -316. A 

negative q value of “-316” indicates that the intermolecular hydrogen bonding is weaker than 

intramolecular ones. 

 

 

W1 + kW2
Tg = 

W1Tg1 + kW2Tg2
+ qW1W2
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Table  3.1. Glass transition temperatures of ionenes with 4-bond spacer and 9-bond spacer 

Sample Tg (°C) - shorter spacer Tg (°C) - longer spacer 

Ionene-precursor 80 61 

A-ionene 124 99 

T-ionene 104 88 
 

 

 

 

Figure  3.3. Tg versus composition curves from experimental data and different fitting equations 
for longer spacer ionene blends 
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3.4.4. Morphology 
 

After annealing films of the ionene homopolymers and blends, AFM phase images of the free 

surface allowed us to study the surface texture of ionene structures (Figure 3.4). According to 

SAXS data, all of these systems are not microphase separated, however, what we are seeing is 

the contrast between hard and soft domains of the polymer backbone. The nucleobases and ions 

contributed to the brighter regions of the image and the methylene spacers in the backbone 

contributed to the darker regions of the image. The top images in Figure 3.4 show the phase 

images of ionenes with longer spacer length and the bottom images represent the ionenes with 

shorter spacer length. The longer spacer length ionenes lose their surface morphological texture 

upon 1:1 blending due to efficient formation of hydrogen bonds. Shorter spacer length ionenes 

keep their morphological texture upon 1:1 blending, which indicates no hydrogen bonds. 

 

Figure 3.4. AFM phase images of ionene homopolymers and blends having shorter spacer 
(bottom image) and longer spacer (top image) 
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3.5. Conclusions 
 

Using post-polymerization functionalization, we synthesized novel nucleobase-containing ionene 

homopolymers having two different spacer lengths and studied the effect of spacer length on the 

hydrogen bonding interactions in the blends. The shorter spacer ionene homopolymers and 

blends showed higher glass transition temperatures than longer spacer ionenes due to the 

closeness of the bulky nucleobase units to the backbone which hindered the segmental motion of 

the ionene backbone. We observed a single glass transition temperature for all ionenes having 

various spacer lengths. Each ionene blend showing a single Tg confirmed the miscibility of both 

blends. The glass transition temperatures of ionene blends with shorter spacer followed the Fox 

equation indicating no intermolecular interactions and with increasing the spacer length from 4-

bonds to 9-bonds the Tgs of the blends deviated from both the Fox and Gordon-Taylor equations 

demonstrating a presence of hydrogen bonding interactions. The Kwei equation accurately 

predicted the Tgs from the experimental results. We did not calculate the self-association and 

inter-association equilibrium constants for these ionenes, however based on the negative 

deviation from Fox equation and a negative q value we were able to confirm that the average 

strength of inter-hydrogen bonding was weaker than the intra-hydrogen bonding in the adenine 

or thymine ionene homopolymers. The variable-temperature FT-IR confirmed the hydrogen 

bonding interactions for the longer spacer ionenes with NH2 bending vibration shifting to lower 

wave numbers and C=O stretching vibration shifting to higher wave numbers with increasing 

temperature. AFM phase image of longer spacer ionene blend showed the disappearance of 

surface texture compared to the shorter spacer ionene blend. 
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 Supplemental 1H NMR Figures: 

 

Figure S  3.1 1H NMR of N,N-bis(3-(dimethylamino)propyl)-4-hydroxybutanamide monomer 
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Figure S  3.2. 1H NMR of 4-(bis(3-dimethylamino)propyl)amino)-4-oxobutyl acrylate monomer 

 

Figure S  3.3. 1H NMR of acrylate-containing ionene (9-bond spacer) 
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Figure S  3.4. 1H NMR of adenine-containing ionene (9-bond spacer) 

 

Figure S  3.5. 1H NMR of thymine-containing ionene (9-bond spacer) 
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Figure S  3.6. 1H NMR of N,N-bis(3-(dimethylamino)propyl)acrylamide monomer

 

Figure S  3.7. 1H NMR of acrylamide-containing ionene (4-bond spacer) 
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Figure S  3.8. 
1H NMR of adenine-containing ionene (4-bond spacer)

 

Figure S  3.9. 1H NMR of adenine-containing ionene (4-bond spacer) 

Chemical Shift (ppm)

a

b+b'c+c'

d1-5

e1-6f

g+g'

a

b
c

b'
c'

d1

d2

d3

d4

e1

e4
e5

e6e2 e3

d5

f
g'

g
CH3OH

H2O

Chemical Shift (ppm)

a

b
c

b'
c'

d1

d2

d3

d4

e1

e4
e5

e6e2 e3

h
f
g

a

b+b'c+c'

e1-6

f
g

d1-4

h

CH3OHH2Oi

i



45 
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4.1. Abstract 
 

Novel adenine-functionalized ionene (ionene-A) and thymine-functionalized ionene (ionene-T) 

were synthesized using aza-Michael addition chemistry. Complexes of these ionenes with 

nucleobase-containing guest molecules (n-butyl thymine, nBT) and (n-butyl adenine, nBA) showed 

well-defined complementary hydrogen bonding interactions. Job’s analysis revealed a 1:1 

stoichiometry for the hydrogen-bonded complexes of [ionene-A]:[nBT], [ionene-T]:[nBA], and 

[nBA]:[ nBT]. Fitting the chemical shifts to the Benesi-Hildebrand method, the calculated 

association constants were 94 M-1, 130 M-1, and 137 M-1 for complexes of [ionene-A]:[nBT], 

[ionene-T]:[nBA], and [nBA]:[ nBT], respectively.  Furthermore, the DSC thermograms of 1:1 

[ionene-A/T]:[guest molecule] complexes showed the disappearance of the guest molecule’s 

melting peak confirming no macrophase separation of the nucleobase guest from the polymer 

matrix. Morphological studies including atomic force microscopy (AFM) and small-angle X-ray 

scattering (SAXS) revealed a microphase-seperated morphology for the nucleobase-containing 

ionenes and demonstrated a reduced degree of microphase separation for the 1:1 complexes. 

Keywords: segmented ionenes, nucleobases, 1H NMR titration, guest molecule, microphase 
separation 
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4.2. Introduction 
 

Current advances in polymer science involve the use of non-covalent interactions, such as 

hydrogen bonding, electrostatics, π-π interactions, metal coordination, and van der waals forces to 

develop supramolecular polymers for various applications. DNA utilizes complementary hydrogen 

bonding through nucleobases to generate complex structures and many polymer chemists have 

drawn inspiration from DNA to synthesize nucleobase-containing polymers.[1]   Environmental 

parameters including temperature, solvent polarity, humidity, concentration, and pH readily control 

the strength of these interactions, thus leading to stimuli-responsive polymers.[2]  

Ionenes are ion-containing polymers that contain quaternized nitrogens in their molecular 

backbone.[3] The step-growth polymerization of a ditertiary amine and a dihalide monomer 

synthesizes ionenes. The synthetic design of this reaction provides control over charge density and 

thus makes ionenes ideal models to investigate the structure-property relationships of well-defined 

cationic polymers. Due to the positive charge of the ammonium ionenes, they demonstrate many 

potential biomedical applications as gene transfection agents,[4, 5] components of cosmetics,[6] 

antimicrobial agents,[7] and flocculants for water treatments.[8] 

 Two general types of ionenes are segmented and non-segmented. These ionenes can have 

various topologies (linear, branched, etc). Segmented[9] ionenes have oligomeric, low Tg  spacers 

between their charged sites and demonstrate enhanced mechanical properties compared to non-

segmented[10] ionenes, which contain shorter distances between charges and therefore higher charge 

density along the backbone. Previous literature describes a wide variety of synthetic polymers 

functionalized with complementary adenine and thymine nucleobases.[11-16]  However, few reports 

detail the incorporation of complementary hydrogen bonding along with ionic interactions. Rotello 

et al.[17] used orthogonal self-assembly of polymers and nanoparticles to micropattern surfaces. 
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However, the hydrogen bonding recognition units and charged species resided on separate polymer 

backbones. Weck et al.[18] first synthesized ammonium and 2,6-diamonopyridine (DAP)-

functionalized norbornene diblock copolymers containing both electrostatic and hydrogen bonding 

interactions. Based on 1H NMR titrations, they concluded that both non-covalent interactions were 

orthogonal with electrostatics causing no disruption of hydrogen bonding.  Recently, Long et al.[19] 

copolymerized 9-vinylbenzyladenine (VBA) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) with subsequent protonation to provide adenine-containing polyelectrolyte. 

Copolymers having 11, 22, and 35 mol% of VBA showed polyelectrolyte behavior in the dilute and 

semidilute regimes. Due to the hydrogen bonding association between adenine units, they did not 

observe polyelectrolyte behavior in the concentrated regime. In addition, the electrospinning 

behavior showed a strong dependence on the VBA incorporation. Another example that 

demonstrated the interplay between hydrogen bonding and electrostatic interactions in both solid 

state and solution state was the synthesis of poly(9-vinylbenzyladenine-b-n-butylacrylate-b-9-

vinylbenzyladenine) triblock copolymer and the  selective association of uracil-containing salt with 

adenine units in the hard phase.[20]  

In this article, we discuss the synthesis of segmented 1000 g/mol poly(ethylene glycol) (PEG)-

based ionenes that contain adenine or thymine units. The PEG segment enhanced the polymer 

solubility in organic solvents and increased chain mobility compared to its non-segmented ionene 

counterpart, leading to improved complementary hydrogen bonding interactions. For the first time, 

we report the synthesis and characterization of water-soluble, adenine (A) and thymine (T) 

functionalized (KAT ca. 100 M-1 in CDCl3) segmented PEG-based ammonium ionenes with 

supramolecular characteristics similar to the DNA molecule. Supramolecular assembly studies 

between the adenine and thymine nucleobases probed the influence of electrostatics on 

complementary hydrogen bonding. In the solution state, we performed 1H NMR titration studies to 
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determine the stoichiometry as well as the association constants, Ka, between adenine- and thymine-

containing PEG-ionenes with complementary guest molecules. In the solid state, we investigated 

the effect of self-complementary hydrogen bonds and complementary hydrogen bonds on thermal 

and morphological properties of adenine- and thymine-ionene homopolymers as well as their 

complexes with guest molecules.  

4.3. Experimental 

4.3.1. Materials 
 

 3,3-Iminobis(N,N-dimethylpropylamine) (DMPA, 97%), acryloyl chloride (97% ), 6-

bromohexanoyl chloride (97%), and triethylamine (TEA, 99%) were purchased from Aldrich and 

vacuum distilled prior to use. Potassium tert-butoxide (99.99%), adenine (A, 99%), thymine (T, 

99%), poly(ethylene glycol) (PEG) with Mn = 1000 g/mol, sodium bicarbonate (99.7%), magnesium 

sulfate (99.5%), 1-bromobutane (99%), and potassium carbonate (>99%) were obtained from 

Sigma-Aldrich and used without further purification. γ-butyrolactone (+99%) and 

diisobutylalumium hydride 1.0 M solution in toluene were purchased from Aldrich and used as 

received. Dichloromethane (DCM, HPLC grade), tetrahydrofuran (THF, HPLC grade), and 

dimethyl formamide (DMF, HPLC grade) were passed through an alumina and molecular sieve 

column before use. Chloroform (CHCl3, HPLC grade) and ethyl acetate (EtOAc, HPLC grade) were 

purchased from Fischer Scientific and were used as received. 

  

4.3.2. Instrumentation 
 

 1H NMR spectroscopic analyses were performed on a Varian Advance 500 MHz spectrometer to 

confirm the monomer and polymer composition at ambient temperature in CDCl3 or CD3OD. Fast 
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Atom Bombardment Mass Spectrometry (FAB-MS) was conducted in a positive ion mode on a 

JEOL HX110 dual focusing mass spectrometer. Differential scanning calorimetry (DSC) was 

conducted on a TA Instruments Q100 under a nitrogen purge of 50 mL/min at a heating rate of 10 

°C/min. The glass transition temperatures were measured as the midpoint of the transition in the 

second heating scan. Thermogravimetric analysis (TGA) was conducted on a TA Instruments Hi-

Res TGA 2950 under nitrogen at a heating rate of 10 °C/min. Atomic force microscopy (AFM) was 

performed using a Veeco MultiMode AFM equipped with (Veeco Instruments, Plainview, NYA). 

Samples were imaged at a set-point ratio of 0.70 with a magnification of 1 µm×1 µm. Veeco’s 

Nanosensor silicon tips having a spring constant of 42 N/m were utilized for imaging. SAXS was 

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

emitting X-ray with a wavelength of 0.154 nm (Cu Kα). 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 

multiwire, proportional counting, gas-filled detector, with an exposure time of 1 hour. All SAXD 

data were analyzed using the SAXSGUI software package to obtain radically integrated SAXS 

intensity versus the scattering vector q (SAXS), where q=(4�/�)sin(θ), θ is one half of the 

scattering angle and � is the wavelength of X-ray profiles. 

4.3.3. Synthesis of N,N-bis(3-(dimethylamino)propyl)-4-hydroxybutanamide 
 

The acrylic monomer was synthesized using two steps. In the first step, a flame-dried, 2000-mL, 

three-neck, round-bottomed flask was attached to a 250-mL addition funnel and a condenser. The 

round-bottomed flask was charged with 50 mL (1.00 mol) of 3,3-iminobis(N,N-

dimethylpropylamine) and 700 mL tetrahydrofuran (THF).  The round-bottomed flask was purged 

with nitrogen. Diisobutylalumium hydride (1.0 M solution in toluene, 225 mL, 1.00 mol) was added 
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to the addition funnel and subsequently added to the reaction flask in a drop-wise fashion. The 

solution was stirred for 7 h at 0 °C. Subsequently, the reaction flask was warmed to room 

temperature and 17 mL (1.00 mol) of γ-butyrolactone was added to the reaction mixture and the 

solution was refluxed for 12 h. Water (10 mL) was added slowly to the cooled reaction flask and 

THF was evaporated under reduced pressure. A 15% sodium hydroxide solution (100 mL) was 

added and stirred for an hour. The aqueous layer was extracted three times with 100 mL 

dichloromethane and the organic fractions were combined. The solvent was concentrated in vacuo 

and the product was purified using Kugel-rohr distillation and yellow oil was obtained. An overall 

yield of 70% was obtained. 1H NMR (500 MHz, CDCl3): 1.71 (m, 4H, Hc), 1.90 (m, 2H, Hf), 2.21 

(d, 12H, Ha), 2.26 (t, 4H, Hb), 2.52 (t, 2H, He), 3.35 (m, 4H, Hd), 3.67 (t, 2H, Hg), 3.45 (s, 1H, Hi). 

HRMS (ES+): m/z calcd for [M+H+]  273.24 g/mol, found 274.17 g/mol. (Figure S  4.1). 

4.3.4. Synthesis of 4-(bis(3-(dimethylamino)propyl)amino)-4-oxobutyl acrylate 
 

 In the second step, a flame-dried, 100-mL, round-bottomed flask was connected to a 50-mL 

addition funnel and was charged with dichloromethane (DCM) and 1.00 eq of hydroxyl-containing 

ditertiary amine monomer that was synthesized from the first step. The flask was cooled to 0 °C and 

acryloyl chloride (1.20 eq) was added to the addition funnel containing DCM and the solution was 

added drop-wise added to the reaction flask. The reaction was allowed to proceed for 12 h. Upon 

reaction completion, DCM was evaporated and the salt was dissolved in a mixture of saturated 

NaHCO3 (aq) and saturated Na2CO3 (aq). The aqueous solution was extracted six times with DCM. 

The solution was concentrated in vacuo and the product was purified using Kugel-rohr distillation. 

A yellow oil with an overall yield of 30% was obtained. 1H NMR (500 MHz, CDCl3): 1.68 (m, 4H, 

Hc), 2.02 (m, 2H, Hf), 2.19 (d, 12H, Ha), 2.24 (t, 4H, Hb), 2.42 (t, 2H, He), 3.31 (m, 4H, Hd), 4.20 (t, 

2H, Hg), 5.78-5.83 (m, 1H, HJ1), 6.05-6.14 (m, 1H, Hk), 6.35-6.42 (m, 1H, HJ2) (Figure S  4.2). 
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4.3.5. Synthesis of Bromine End-Capped PEG (Br-PEG-Br) 
 

The commercially available 1000 g/mol poly(ethylene glycol) (PEG) (10 g, 1.00 mol) was 

introduced to a 250-mL, two-neck, round-bottomed flask equipped with a magnetic stir bar, 

addition funnel, and nitrogen inlet. Anhydrous dichloromethane (100 mL) was added to the round-

bottomed flask and 50 mL was added to the addition funnel. The flask was cooled to 0 °C and 6-

bromohexanoyl chloride (2.20 eq) was added to the addition funnel with a syringe and subsequently 

added to the reaction flask in a drop wise fashion. The reaction was allowed to proceed for 24 h. 

Upon reaction completion, the reaction mixture was washed twice with saturated NaHCO3 (aq) and 

twice with distilled water. The DCM layer was separated and dried over magnesium sulfate.  The 

solution was concentrated in vacuo and dried under vacuum at 100 °C for 12 h (97% yield). The 1H 

NMR number-average molecular weight was 1300 g/mol. The 1H NMR (400 MHz, CDCl3) 

spectroscopy for the bromine end-capped 1K PEG is as follows: δ = 1.47 ppm (m, 4H, per chain, 

Hc), 1.65 ppm (m, 4H, Hd), 1.87 ppm (m, 4H, Hb), 2.35 ppm (t, 4H, He), 3.40 ppm (t, 4H, Ha), 3.64 

ppm (m, 76H, Hh), 3.69 ppm (m, 4H, Hg), 4.22 ppm (m, 4H, Hf) (Figure S  4.3). 

4.3.6. Synthesis of n-Butyl thymine (nBT) Guest Molecule 
 

Thymine (10.05 g, 80.0 mmol), potassium carbonate (11.06 g, 80.0 mmol), 1-bromobutane (3.67 g, 

26.8 mmol), and DMSO (200 mL) were added to a 500-mL round-bottomed flask.  The solution 

was heated to 50 °C for 8 h and then cooled.  The resulting precipitate was removed through 

filtration and the DMSO solution was added to 600 mL water.  The aqueous solution was extracted 

four times with 100 mL DCM and then the organic layer was washed four times with 300 mL water.  

The organic layer was dried over magnesium sulfate and then concentrated in vacuo to obtain a 

solid.  The solid product was recrystallized from chloroform:hexanes to obtain a white solid with a 

yield of 51%. 1H NMR (400 MHz, CDCl3): 0.95 ppm (t, 3H, Ha), 1.36 ppm (m, 2H, Hb), 1.66 ppm 
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(p, 2H, Hc), 1.92 ppm (s, 3H, He), 3.69 ppm (t, 2H, Hd), 6.97 ppm (s, 1H, Hf), 8.65 ppm (s, 1H, Hg) 

(Figure S  4.4). 

4.3.7. Synthesis of n-Butyl adenine (nBA) Guest Molecule 
 

Adenine (6.05 g, 44.8 mmol), 1-bromobutane (6.16 g, 45.0 mmol), potassium carbonate (8.33 g, 

60.3 mmol), and DMSO (60 mL) were added to a 250-mL round-bottomed flask.  The resulting 

solution was stirred for 48 h at 23 °C and then poured into 600 mL water.  The aqueous solution 

was extracted three times with 100 mL DCM and then the organic layer was washed three times 

with 100 mL water.  The organic layer was dried over magnesium sulfate and concentrated in vacuo 

to obtain a solid.  The product was obtained as a white solid after recrystallization from 

chloroform:hexanes. 1H NMR (400 MHz, CDCl3): 0.96 ppm (t, 3H, Ha), 1.37 ppm (m, 2H, Hb), 

1.88 ppm (p, 2H, Hc), 4.20 ppm (t, 2H, Hd), 5.67 ppm (s, 2H, He), 7.79 ppm (s, 1H, Hf), 8.37 ppm 

(s, 1H, Hg) (Figure S  4.5). 

4.3.8. Synthesis of Acrylate-Containing PEG-Based Ionene Precursor 
 

Upon the synthesis of acrylic ditertiary amine monomer and bromine end-capped PEG, a 1:1 ratio 

of monomers were polymerized in DMF for 24 h at 80 °C in the presence of a catalytic amount of 

BHT. The polymer was stored in the DMF solution until the next synthetic step. 1H NMR (400 

MHz, CD3OD):1.42 (m, 4H, Hm), 1.72 (m, 4H, Hn), 1.81 (m, 4H, Hi), 2.05 (m, 6H, Hd), 2.40 (m, 

4H, Hp), 2.55 (t, 2H, He), 3.11 (d, 12H, Ha), 3.33-3.47 (m, 8H, Hb+c), 3.50 (t, 4H, Hg), 3.63 (s, 75H, 

Hk1+k2), 3.69 (t, 4H, Hl), 4.18-4.27 (m, 6H, Hf), 5.88-5.93 (dd, 1H, Hj2), 6.13-6.22 (m, 1H, Hh), 6.36-

6.42 (dd, 1H, Hj1) (Figure S  4.6). 
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4.3.9. Synthesis of Nucleobase-Containing PEG-Based Ionene using Post-Polymerization 
Functionalization 
 

After polymerization, the acrylic ionene solution in DMF was charged with 1.20 mol of adenine or 

thymine and 0.30 mol of tBuOK for 4 d. The nucleobase-containing ionene product was 

precipitated in ethyl acetate and dried in vacuo (0.1 mmHg) for 24 h (90% yield). 1H NMR (400 

MHz, CD3OD) for adenine-containing ionene:1.42 (m, 4H, Hm), 1.70 (m, 4H, Hn), 1.81 (m, 4H, Hi), 

1.91 (p, 2H, Hd’), 2.06 (m, 4H, Hd), 2.30 (t, 2H, He), 2.40 (m, 4H, Hp), 3.01 (t, 2H, Hh), 3.12 (d, 

12H, Ha), 3.33-3.59 (m, 8H, Hb+c+g), 3.63 (s, 70H, Hk1+k2), 3.69 (t, 4H, Hl), 4.15 (t, 2H, Hq), 4.20 (m, 

4H, Hf), 4.52 (m, 2H, Hj), 8.16 (s, 1H, Hs), 8.22 (s, 1H, Hr).
1H NMR (400 MHz, CD3OD) for 

thymine-containing ionene: 1.44 (m, 4H, Hm), 1.71(m, 4H, Hn), 1.81 (m, 4H, Hi), 1.86 (s, 3H, Hs), 

1.95 (p, 2H, Hd’), 2.08 (m, 4H, Hd), 2.32(t, 2H, He), 2.40 (t, 4H, Hp), 2.77 (t, 2H, Hh), 3.13 (d, 12H, 

Ha), 3.34-3.59 (m, 8H, Hb+c+g), 3.63 (s, 70H, Hk1+k2), 3.69 (t, 4H, Hl), 4.00 (t, 2H, Hq), 4.17 (t, 2H, 

Hj), 4.20 (t, 4H, Hf), 7.49 (s, 1H, Hr). (Figure S  4.7) 

 

4.3.10. Preparation of  Ionene Blend with Guest Molecules 
 

The segmented adenine-containing ionene and thymine-containing ionene solutions in chloroform 

were mixed with nBT and nBA chloroform solutions in a 1:1 molar ratio respectively. The blends 

were stirred for an hour, and cast in Teflon® molds. The chloroform slowly evaporated at room 

temperature for 48 h and the films were then annealed at 100 °C for 24 hours in vacuo. Upon 

drying, the films were stored on drying agents (Drierite) and kept inside desiccator until further 

characterizations. 
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4.4. Results and Discussion 

4.4.1. Synthesis of Nucleobase Functionalized PEG-Based Ionene Homopolymers 

Synthesis of nucleobase functional PEG-based ionenes involved the synthesis of an acrylic 

ditertiary amine monomer and an oligomeric bromine-terminated PEG spacer. In the first synthetic 

step of the acrylic monomer synthesis, the secondary amine ring-opened the γ-butyrolactone in the 

presence of DIBAL, an efficient amidating agent for the conversion of lactones to amides.[21] Thus 

the reaction produced an OH-containing ditertiary amine monomer in high yields. In the second 

step, an acid chloride reaction between the primary alcohol and acryloyl chloride yielded an acrylic 

ditertiary amine monomer (Scheme  4.1a). We also used an acid chloride reaction to synthesize the 

difunctional bromine-terminated PEG (Scheme  4.1b). In our earlier work, we used similar reaction 

conditions to synthesize bromine end-capped poly(propylene glycol) oligomers and confirmed their 

difunctionalities with MALDI-TOF mass spectroscopy and titration analysis.[9]  

 

  

 

Scheme  4.1. Synthesis of acrylic ditertiary amine monomer (a), bromine end-capped 1000 g/mol 
PEG (b) 
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As shown in Scheme  4.2, the pure, difunctional tertiary amine and bromide monomers reacted 

under Menshutkin reaction conditions to provide acrylate-containing PEG-based ionene. In the 

same reaction flask, the post-polymerization functionalization using base-catalyzed Michael 

addition to the acrylate ionene precursor in DMF proceeded to yield the adenine-containing ionene 

(ionene-A) and thymine-containing ionene (ionene-T). The Michael addition reaction solution 

initially began heterogeneous and became homogeneous as it proceeded due to the enhanced 

solubility of the final nucleobase ionene product. The thermodynamically controlled base-catalyzed 

Michael addition promoted a regioselective substitution of adenine and thymine at the N9 and N1 

positions, respectively.[22] Herein, we optimized the reaction conditions such as solvent, 

temperature, and base to obtain the regioselective nucleobase-containing ionenes. 1H NMR 

spectroscopy confirmed successful incorporation of the heterocyclic base pairs. The disappearance 

of the olefinic protons at 5.8-6.6 ppm confirmed the quantitative Michael addition of the 

nucleobases to the acrylate ionene.  
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Scheme  4.2. Post-polymerization functionalization of PEG-based ionene 
 

4.4.2. 1H NMR Titrations 
 

 When adenine and thymine nucleobases form complementary hydrogen bonds, the chemical shift 

for the NH (thymine) and NH2 (adenine) protons shift downfield compared to their original peak 

position.  We prepared a 1:1 molar ratio blend of [ionene-A]:[ionene-T] at a 4 mM nucleobase in 

chloroform to investigate the formation of complementary multiple hydrogen bonds. However, 1H 

NMR resonances of NH and NH2 protons for the [ionene-A]:[ionene-T] blend had no significant 

change in their chemical shifts compared to the ionene homopolymers. In order for the side-group 

nucleobases to interact, PEG-based ionene chains must be in close affinity. However, due to the 

charged nature of the ionene backbone and steric hindrance between two bulky nucleobase-

containing PEG chains, the formation of hydrogen bond between the complementary nucleobases 
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was restricted. In order to examine the effect of charge and the bulkiness of complementary 

nucleobase carriers, we introduced uracil octyl phosphonium salt (UOP+) as a complementary small 

charged guest molecule to the [ionene-A]. For each repeat unit the charge ratio of [ionene-A] to 

[UOP+] was two to one. Therefore not only we reduced the charge density per repeat unit but also 

we reduced the bulkiness of the complementary nucleobase carrier by using a low molecular weight 

guest molecule compared to the entangled PEG chains.  Solutions of [ionene-A]:[UOP+] complexes 

were prepared where the [ionene-A] concentration remained constant at 4 mM and the [UOP+] 

concentration systematically increased. The position of the NH2 resonance of ionene-A in the 

complex shifted down field (from 6.27 to 6.64 ppm) with the increase in [UOP+] concentration. The 

association constant (Ka) based on Benesi-Hildebrand plot (Figure  4.1) was 19 M-1 which was in 

acceptable range (10-100 M-1) but compared to the neutral guest molecules, studied in the 

following, was quite low. While charge-charge repulsion still reduced the strength of association 

between complementary bases, the less sterically hindered guest molecule promoted hydrogen 

bonding interaction. Thus, we synthesized neutral adenine and thymine-containing small guest 

molecules to examine the supramolecular assembly of the small molecule nucleobase guests and the 

nucleobase ionenes. These guest molecules are small (Mw ≈ 190 g/mol ), have no charge, and are 

highly soluble in chloroform, which makes them ideal candidates to interact with the 

complementary ionene homopolymers. 
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Figure  4.1. Benesi-Hildebrand plot of ionene-A and UOP+ guest molecule association in CDCl3 

We first determined the stoichiometry of the host-guest complex, which is necessary before 

calculating their association constant (Ka).
[23] Job’s method, a continuous variation method, 
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guest.[26] 

 

Figure  4.2. Job’s plot to determine the stoichiometry of (a) [nBT]:[nBA], (b) [ionene-T]:[nBA] and 
[ionene-A]:[nBT] complexes in CDCl3 
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1H NMR titration experiments in chloroform, which favored hydrogen bonding interactions due to 

the relatively low dielectric constant, determined the association constants (Ka) between the adenine 

and thymine nucleobases.  Solutions of [ionene-A]:[nBT] complexes were prepared where the 

[nBT] concentration remained constant at 4 mM and the [ionene-A] concentration systematically 

increased from 4 mM to 16 mM. The position of the NH resonance of nBT in the complex shifted 

down field (from 8.11 to 8.35 ppm) with the increase in [ionene-A] concentration. The curvature of 

chemical shift data with increasing adenine concentration remained consistent with typical 1H NMR 

titration curves.[27] The change in chemical shift with complexation results from a faster exchange 

between the associated and dissociated A-T complex on the NMR time scale.[23, 28] 

Figure  4.3 demonstrates a typical non-linear NMR titration curve of induced chemical shift versus 

solution concentration. The Benesi-Hildebrande model is a mathematical method to determine the 

association constant (Ka) from NMR titration experiments. This model fits the nonlinear chemical 

shift data for a dimeric hydrogen bond association assuming that the complex is formed in a 1:1 

stoichiometry.[23, 29] Fitting of this data to the Benesi-Hildebrande method produces a linear double 

reciprocal plot based on the association of A-T complex, which further confirms the 1:1 

stoichiometry (Figure  4.3). We calculated the association constant (Ka) from the Benesi-Hildebrand 

analysis using the equation:  1/∆δ = 1/(Ka∆δmax[ionene-A])+ 1/∆δmax. The ∆δmax is the maximum 

change of the chemical shift of the thymine NH proton. The slope of the double reciprocal plot is 

1/Ka∆δmax and the intercept is 1/∆δmax. The Ka for the supramolecular assembly of nBT and ionene-

A was 94 M-1, which was consistent with earlier reports on adenine-thymine base pair recognition 

(10-100 M-1 in CDCl3).
[26, 30, 31] 
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Figure  4.3. (a) Nonlinear relationship between induce change for thymine NH chemical shift and 
ionene-A concentration, (b) Benesi-Hildebrand plot of ionene-A and nBT guest molecule 
association in CDCl3 
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of Benesi-Hildebrand for the association of [ionene-T] and [nBA]. The Ka calculated from the slope 

of this plot is 130 M-1 .  

  

Figure  4.4. (a) Nonlinear relationship between induce change for adenine NH2 chemical shift and 
ionene-T concentration, (b) Benesi-Hildebrand plot of ionene-T and nBA guest molecule 
association in CDCl3 
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values of 130 M-1 for [ionene-T]:[nBA] and [nBA]:[ nBT] with Ka of 137 M-1 can be due to better 

solubility of ionene-T compared to ionene-A in CDCl3. This can lead to efficient accessibility of 

nucleobases and stronger association between nucleobase pairs in solution.

 

Figure  4.5. (a) Nonlinear relationship between induce change for adenine NH2 chemical shift and 
nBT concentration, (b) Benesi-Hildebrand plot of nBT and nBA guest molecule association in 
CDCl3 
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4.4.3. Thermal Transitions 
 

Upon discovering the complementary behavior of nucleobase-containing ionenes with guest 

molecules in solution, we investigated the solid state properties of 1:1 molar ratios of ionene 

complexes with small guest molecules. To understand the association of nucleobase pairs, we 

studied the thermal properties of ionene-A, ionene-T and their complexes. All films were solution 

cast from chloroform and annealed at 100 °C for 24 h in vacuum. DSC curves for the nucleobase-

functionalized ionene homopolymers and complexes showed a single glass transition temperature at 

roughly -40 °C. This transition corresponded to the Tg of the PEG soft segment (SS) (1000 g/mol) 

and confirmed a microphase separation of PEG SS from the ionic hard segment (HS). Since the 

nucleobases were incorporated into the hard phase, the hydrogen-bonding interactions did not 

significantly influence the Tg of the SS. In the solution-cast 1:1 blend of [ionene-A]:[nBT] and 

[ionene-T]:[nBA] from chloroform, the crystallization and melting peak of nBT and nBA were 

absent from the DSC thermograms (Figure  4.6) and the films were optically clear. Previously Long 

et al.[20] also showed that the addition of uracil-containing phosphonium salt to the adenine-

containing triblock copolymers resulted in the disappearance of the phosphonium salt crystallization 

peak in the DSC thermograms. Thus, the absence of melting and crystallization peaks of the guest 

molecules indicates a well-defined hydrogen bonding interaction between the polymer and the guest 

molecule. Table 1 illustrates the thermal transitions of ionene homopolymers and ionene complexes. 
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Figure  4.6. DSC thermograms of ionene-A homopolymer and 1:1 complex with nBT. Second 
heating cycle is shown. 

 

Table  4.1. Thermal transitions of nucleobase-containing ionenes and their blends 

Sample Tg  (°C) DSC Td5%  (°C) TGA 

Ionene-A -36 246 
Ionene-T -40 248 

[Ionene-A]:[nBT] -31 243 
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4.4.4. Morphology 
 

We conducted atomic force microscopy (AFM) and X-ray scattering on the films of ionene 

homopolymers and ionene complexes. Figure  4.7 represents the AFM phase images of ionene-A 

and ionene-T as well as their complexes. AFM images of ionene homopolymers revealed 

microphase-seperated morphology. The darker regions corresponded to the PEG SS (78 wt%) and 

the brighter regions corresponded to the harder ionic domains and heterocyclic nucleobases (22 

wt%). Comparing the ionene homopolymers with the blends demonstrated a decreased phase 

contrast. This suggested the disruption of the adenine-adenine or thymine-thymine hard phase 

through incorporation of complementary small molecules. Figure  4.8 illustrates the corresponding 

SAXS data. Due to the difference in electron density of the HS relative to the SS, a single peak was 

observed in the SAXS profile of ionene homopolymers. The Bragg spacing, the distance between 

the ionic aggregates, of 5.75 nm for ionene-A was in agreement with our previous report on the 1k 

PPG-based ammonium ionenes having a Bragg spacing of 6.6 nm.[9] The SAXS data revealed that 

the addition of the nBT guest molecule resulted in a disruption of original morphology and led to a 

broad peak at shorter Bragg spacing of 4.62 nm. 
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Figure 4.7. AFM phase images of nucleobase-containing ionene homopolymers (1,3) and their 1:1 
complexes with nBt and nBA (2,4) 
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4.5. Conclusions 
 

 We synthesized and characterized nucleobase-containing ammonium ionenes using post-

polymerization functionalization. The blends of the ionene homopolymers with complementary 

nucleobase-containing guest molecules resulted in efficient hydrogen bonding interactions. Job’s 

plots and Benesi-Hildebrand analyses revealed 1:1 complexation between ionene homopolymers 

and guest molecules. The Ka for [ionene-A]:[nBT], [ionene-T]:[nBA], and [nBT]:[nBA] complexes 

were 94, 130, and 137 M-1 respectively. Ionene homopolymers and complexes showed a single Tg at 

-40 °C that corresponded to the Tg of PEG soft segment due to the microphase separation. The AFM 

and SAXS further confirmed a microphase-separated morphology for ionene homopolymers.  
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Supplemental 1H NMR Figures: 

 

Figure S  4.1. 1H NMR of N,N-bis(3-(dimethylamino)propyl)-4-hydroxybutanamide 

 

Figure S  4.2. 1H NMR of  4-(bis(3-(dimethylamino)propyl)amino)-4-oxobutyl acrylate 
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Figure S  4.3. 1H NMR of bromine end-capped PEG (Br-PEG-Br) 

 

Figure S  4.4. 1H NMR of n-butyl thymine guest molecule (nBT) 
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Figure S  4.5. 
1H NMR of n-butyl adenine guest molecule (nBA)

 

Figure S  4.6. 1H NMR of acrylate-containing PEG-based ionene precursor 

Chemical Shift (ppm)

a

c
b

d

a

b
cd

e

e

f g

g f

CHCl3

Chemical Shift (ppm)

a

a

b
c b

c

b,c

d
d

d

d

e

e

f

f

f

f

h

h

j1
j2

j1 j2

g

g

g

k1

k2

k1,k2

l l

l

i

i

i

m

m

m

n
n

n

p

p

p

H2O

C
H

3O
H



73 
 

 

 

Figure S  4.7. 1H NMR of nucleobase-containing ionenes: adenine-ionene (top),  thymine-ionene 
(bottom) 
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Chapter 5. Synthesis and Characterization of Silicone-Based Ammonium 
Ionenes as Candidates for Self-Healing Polymers 

Mana Tamami and Timothy E. Long* 

Macromolecules and Interfaces Institute, Department of Chemistry, Virginia Tech, Blacksburg, 

VA 24061, USA 

*E-mail address: telong@vt.edu 

5.1. Abstract 
 

We used Menshutkin reaction to synthesize PDMS-based ionenes having various hard segment 

contents. The effect of hard segment content on thermal, mechanical, rheological, and gas 

permeability was investigated. DSC showed one transition at -120 °C corresponding to the Tg of 

PDMS and upon 30 wt% HS a melting transition appeared for PDMS-ionenes. Mechanical 

properties of PDMS-ionenes were dependent on the amount of hard segment content. DMA 

confirmed microphase separation and showed that the rubbery plateau modulus extended to 

higher temperatures (from 87 °C to 164 °C) with increase in hard segment content (from 5 wt% 

to 15 wt%). Tensile analysis demonstrated systematic increase in modulus for PDMS-ionenes 

with increasing hard segment content. The melt viscosity of 5 wt% HS PDMS-based ionene was 

more temperature dependent compared to 15 wt% HS ionene. The OTR values for virgin PDMS-

ionenes decreased linearly from 60000 to 15000 cc/m2/day as the wt% hard segment increased. 

 

Keywords: poly(dimethyl siloxane)-ionene, oxygen transmission rate, melt viscosity, self-
healing, microphase separation 
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5.2. Introduction 
 

Self-healing polymers have the ability to recover their strength and properties after damage. 

Since self-healing materials will not require replacement after damage or wear, this characteristic 

is very attractive especially for conservation purposes. Over the years, many self-healing 

materials have been invented.[1] Based on the self-healing process, the self-healing materials can 

be divided into two categories: self-healing based on covalent interactions which require carbon-

carbon bond formation and self-healing driven by non-covalent interactions which require heat 

or light to stimulate the responsive polymer. Non-covalent interactions such as electrostatics[2, 3] 

and hydrogen bonding[4] not only improve thermal and mechanical properties of polymers, but 

also impart stimuli responsiveness that leads to self-healing.  

Ionomers or ion-containing polymers are macromolecules that contain less than 15 mol% of 

ionic groups.[5, 6] The incompatibility of ionic groups and the organic polymer matrix causes 

ionic aggregation. Eisenberg et al.[5, 7, 8] proposed a model to describe the structure of ionic 

aggregates. They defined a multiplet as “an aggregate consisting of several ion pairs with a 

diameter of 5-10 Ǻ”. Multiplets act as physical crosslinks and restrict the mobility of 

surrounding polymer chains. Upon increasing the ionic content, more multiplets form close to 

each other. Increase in charge density restricts the mobility surrounding each multiplet and 

causes it to overlap into continuous phase known as clusters. It is reported in the literature that 

ionic aggregates have drastic effect on mechanical[9, 10] and thermal  properties.[11] 

Recently the application of ionomers in self-healing materials has been explored. The 

copolymers of ethylene and methacrylic acid (EMAA) neutralized to a certain extent to form 

their salt form have shown self-healing behavior. Among these copolymers, Surlyn® 

manufactured by DuPont is a semicrystalline copolymer of ethylene and methacrylic acid. It has 
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been shown that Surlyn® heals through a viscoelastic healing process.[12] It is proposed that upon 

puncture, heat that is generated melts the ethylene crystallites in the damaged area. The clusters 

disorder and reaggregate to provide molten polymer with sufficient energy to bounce back. The 

polymer chains interdiffuse together and heal the hole. The neighboring polymer chains that 

remained at room temperature acted as an anchor for the mobile chains to pull against. 

Ionenes are ion-containing polymers that have quaternized nitrogen atoms along the polymer 

backbone and are synthesized using step-growth polymerization of a ditertiary amine monomer 

with an alkyl dihalide monomer.[13] This polymerization is straight forward and there are no 

byproducts generated. The synthetic design of this reaction provides control over charge density 

and we can explore novel topologies using various monomer architectures. Our group has 

extensively synthesized ionenes having different chemical structures and investigated the effect 

of charge density on thermal, mechanical, rheological, and morphological properties.[14-17] We 

demonstrated that electrostatic interactions significantly influenced the ionene properties 

compared to their non-ionic counterparts. However, ionenes compared to ionomers have not 

been investigated for their self-healing properties. It is anticipated that the melt-elastic behavior 

of ionenes above their ionic dissociation temperature will assist in self-healing. The morphology 

of ionenes, unlike Surlyn®, can be more easily tailored for a targeted ionic dissociation 

temperature and tuned to have a programmed heal temperature as demanded by an application. 

Herein, we report the synthesis of poly(dimethyl siloxane)-based ammonium ionenes adapted 

from our earlier research in collaboration with Wilkes et al.[18] we synthesized a series of PDMS-

based ionenes in order to investigate the effect of HS content on ionic dissociation temperature, 

thermal, mechanical, and gas permeation properties. 
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5.3. Experimental. 

5.3.1. Materials 
 

α,ω-Amino propyl-polydimethylsiloxane (PDMS) oligomer with number-average molecular 

weight of 2500 g/mol was purchased from Gelest and dried in vacuo (0.1 mm Hg) for 24 h prior 

to use. 1,12-Dibromododecane (Aldrich, 98%) and 1,4-diazabicyclo[2.2.2]octane (DABCO, 

98%) were sublimed before use. 6-bromohexanoyl chloride (97%) was purchased from Aldrich 

and used as received. Triethylamine (TEA, Aldrich, 99%) was distilled prior to use. Sodium 

bicarbonate (NaHCO3) (99.7%) and magnesium sulfate (99.5%) were obtained from Sigma-

Aldrich and used without further purification. Methanol (MeOH, Fisher, HPLC grade) was 

passed through alumina and molecular sieves columns. Chloroform (CHCl3, Fisher, Optima 

grade) was distilled from calcium hydride. 

5.3.2. Instrumentation 
 

1H NMR was utilized to determine monomer and polymer composition in CDCl3 or CD3OD at 

23 °C with a 400 MHz Inova spectrometer.  Thermogravimetric analysis (TGA) was conducted 

on a TA Instruments Hi-Res TGA 2950 with a temperature ramp of 10 °C/min in a nitrogen 

atmosphere.  Differential scanning calorimetry (DSC) was performed using a TA Instruments 

Q100 differential scanning calorimeter under a nitrogen flow of 50 mL/min. 

Dynamic mechanical analysis (DMA) was conducted on a TA Instruments Q800 dynamic 

mechanical analyzer in tension mode at a frequency of 1 Hz and temperature ramp of 3 °C/min. 

Tensile tests were performed on a 5500R Instron universal testing instrument with a cross-head 

speed of 50 mm/min using manual grips at ambient temperature. Melt rheology experiment was 

conducted on a TA Instruments G2 Rheometer in parallel-plate geometry with a diameter of 8 
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mm and a gap distance of 1mm. Strain amplitude was 1%. Oxygen transmission rate was 

measured using Illinois Instruments Model 8001 Oxygen Permeation Analyzer at 23 °C.   

5.3.3. Synthesis of bromine end-capped poly(dimethyl siloxane) (Br-PDMS-Br) 
 

A literature procedure was used to synthesize Br-PDMS-Br.[18] The commercially available 

amine-terminated PDMS (20.00 g, 1 eq) was added to a two-neck, round-bottomed flask 

equipped with a magnetic stir bar, addition funnel, nitrogen inlet, and 250 mL dichloromethane 

(DCM). Distilled triethylamine (2.2 eq) was added to the flask with a syringe. The flask was 

cooled to 0 °C. 6-Bromohexanoyl chloride (2.2 eq) was added to the addition funnel containing 

50 mL DCM and subsequently added to the reaction flask in a drop wise fashion. The reaction 

was allowed to proceed for 24 h. Triethylamine salt was filtered through a fritted funnel. The 

product in DCM was introduced into a separatory funnel and washed twice with saturated 

NaHCO3(aq) and twice with distilled water. The DCM layer was separated and dried over 

magnesium sulfate, filtered, and evaporated. The product was further dried under vacuum and 

the yield was 97%. The 1H NMR number average molecular weight for Br-PDMS-Br was 3052 

g/mol. 1H NMR (400 MHz, CDCl3): δ = 0.00 (m, 230H, Ha), 0.46 (m, 4H, Hb), 1.43 (m, 8H, Hc), 

1.60 (p, 4H, Hd), 1.81 (p, 4H, He), 2.10 (t, 4H,Hf), 3.17 (q, 4H, Hg), 3.33 (t, 4H, Hh), 5.37 (s, 2H, 

Hi) (Figure  5.1). 
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Figure  5.1. 1H NMR spectrum of bromine-terminated PDMS 

 

5.3.4. Synthesis of poly(dimethyl siloxane)-based ionene homopolymer 
 

Upon the synthesis of difunctional Br-PDMS-Br, the commercially available cyclic ditertiary 

amine monomer (DABCO) was sublimed for further purification and dryness. Then a 1:1 molar 

ratio of Br-PDMS-Br  (5.6 g, 2.6 mmol) with  DABCO (0.29 g, 2.6 mmol) were introduced to a 

flame-dried round-bottom flask equipped with a condenser. The dried chloroform (15 mL) was 

added to the flask and the reaction was refluxed for 24 h at 65 °C. Upon reaction completion no 

further purification was needed. The excess solvent was removed and the rest of reaction 

solution was cast in Teflon mold. The films were slowly air-dried for 48 h and were then 

annealed at 100 °C for 24 h. The ionene films were then stored on drying agents (drierite) and 

inside the desiccator until analyzed. 1H NMR (400 MHz, CD3OD): δ = 0.00 (m, 304H, Ha), 0.48 

(m, 4H, Hb), 1.24-1.87 (m, 16H, Hc), 2.16 (m, 4H, Hd), 3.07 (m, 4H, He), 3.52 (m, 4H, Hf), 3.93 

(s, 12H, Hg) (Figure  5.2). 
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Figure  5.2. 1H NMR spectrum of PDMS-based ionene homopolymer 

 

5.3.5. Synthesis of poly(dimethyl siloxane)-based ionene random copolymer 
 

The copolymer containing 15 wt % hard segment is used as an example; however, all 

copolymers were prepared in a similar fashion. 1,12-dibromododecane (1.08 g, 3.28 mmol), Br-

PDMS-Br (10.00 g, 3.28 mmol), and DABCO (0.74 g, 6.55 mmol) were added to a two-neck, 

round-bottomed flask equipped with a stir bar, condenser, and nitrogen inlet. Dry chloroform (20 

wt % solids) was added to the flask via syringe. The reaction was allowed to proceed for 24 h at 

65 °C and upon completion, the polymer was cast into a film. The films were slowly air-dried for 

48 h and were then annealed at 100 °C for 24 h. The ionene films were then stored on drying 

agents (drierite) and inside the desiccator until analyzed. 1H NMR confirmed the structures of 

PDMS-based ionene random copolymers. 
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5.4. Results and Discussion 

5.4.1. Synthesis of PDMS-based ionenes 
 

We synthesized soft segment precursor, bromine-terminated PDMS, using quantitative 

derivatization of 2.5k g/mol aminopropyl-terminated PDMS with 6-bromohexanoyl chloride to 

yield an oligomeric dibromide (Scheme  5.1). Previously we reported the bromine 

functionalization of poly(propylene glycol) and poly(tetramethylene oxide) using the same 

procedure.[15, 17] 1H NMR confirmed the structure of this oligomer (Figure  5.1). The number 

average molecular weight based on 1H NMR was 3052 g/mol. Scheme  5.2 shows the synthesis of 

PDMS-based ionenes. We varied the amount of soft segment (SS) and hard segment (HS), while 

maintaining the 1:1 molar ratio of DABCO:dibromide. In order to obtain high molecular weight 

step-growth polymer, a 1:1 molar ratio of monomers is critical.[19] As shown in Table  5.1, five 

compositions were synthesized and 1H NMR spectroscopy confirmed their structures. The 

resonance at 2.8 ppm in the 1H NMR spectrum due to protons from DABCO ring shifted to 3.9 

ppm after polymerization, confirming the quaternization of tertiary amine nitrogens within the 

ring. The total amount of 1,12-dibromododecane and DABCO corresponded to the HS content; 

the HS content varied from 5-60 wt%. Ionenes containing 5-60 wt% HS formed uniform solvent-

cast films, however, due to the increase in HS content, the films of 50 and 60 wt% HS were very 

tacky and brittle 
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Scheme  5.1. Synthesis of bromine terminated PDMS 

 

 

Table  5.1. Segmented copolymer compositions based on molar equivalents of monomer and 
HS/SS content 

Br-PDMS-Br 
(mole eq.) 

1,12-dibromododecane 
(mole eq.) 

DABCO 
(mole eq.) 

HS      

  (wt%) 

SS         

(wt%) 

1.00 0.00 1.00 5 95 

0.50 0.50 1.00 15 85 

0.24 0.76 1.00 30 70 

0.12 0.88 1.00 50 50 

0.08 0.92 1.00 60 40 

 

5.4.2. Thermal Transitions 
 

The effect of hard segment content on thermal transitions was investigated using TGA and DSC. 

We used TGA to measure the thermal stability of all ionenes. TGA indicated that the ionic 

content within the polymer backbone dictates the thermal degradation behavior. The thermal 

degradation temperature at 5% weight loss (TD) decreased from 273 °C to 170 °C with 
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increasing ionic content. The actual mechanism of thermal degradation is complex. Chen et al.[20] 

and Jerome et al.[21] proposed dequaternization of nitrogens according to the Hoffman 

elimination pathway. The Hoffman elimination reaction depends on the basicity of the anion.[22] 

At higher temperatures, the bromine counterion acts as a strong base and can dequaternize 

nitrogens, leaving tertiary amine and alkene chain ends. Herein, as the ionic content increases, 

the number of quaternized nitrogens increase along the backbone and therefore the degradation 

occurs earlier at lower temperatures. All ionenes revealed glass transition temperatures (Tg) of -

123 °C, which corresponded to the Tg of the PDMS soft segment. Upon 30 wt% hard segment 

content the melting temperature (Tm) appeared which demonstrated an ordered crystalline phase 

within the soft PDMS amorphous phase. The data in Table  5.2 strongly suggest that these 

PDMS-based ionenes were microphase separated. 

 

Scheme  5.2. Synthesis of PDMS-based segmented ionene copolymers 
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Table  5.2. TGA and DSC results of segmented PDMS-based ionenes 
HS (wt%) SS (wt%) Td5% (°C) Tg (°C) Tm (°C) 

5 95 273 -123 NA 

15 85 242 -123 NA 

30 70 209 -123 -48 

50 50 190 -123 -50 

60 40 170 -123 -46 

 

5.4.3. Dynamic Mechanical Analysis (DMA) 
 

PDMS-based ionenes having 5 and 15 wt% HS formed homogenous and elastomeric films that 

were ideal candidates to measure their temperature-dependent moduli using DMA. The films 

were stored in desiccator after annealing and were quickly removed from desiccator and loaded 

on to the DMA clamps to prevent absorption of moisture. Figure  5.3 shows the DMA analysis 

for 5 wt% HS-ionene as an example. DMA confirmed microphase separation in these systems. 

Ionene showed high moduli (>103 MPa) in glassy state and a drastic drop in modulus occurred at 

-120 °C due to the glass transition temperature of PDMS soft segment. The rubbery plateau 

modulus for 15 wt% HS-ionene was higher than 5 wt% HS and it also extended to higher 

temperatures compared to 5 wt% HS-ionene (from 87 °C and 164 °C). This shows the 

dependency of rubbery plateau modulus on the charge density and hard segment content. As the 

charge density increased along the ionene backbone, stronger physical crosslinks occurred which 

led to an extension of rubbery plateau modulus. Therefore controlling the hard segment content 
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can tune the ionic dissociation temperature and moduli. Similarly, we reported the effect of 

charge density and soft segment molecular weight on poly(propylene glycol)-based ionenes.[17] 

As shown in Figure  5.3, both ionenes showed three transitions; first transition at -120 °C 

corresponded to the Tg of 2.5k PDMS, the second transition at ca. 20 °C corresponded to the 

melting of PDMS crystallites, and the third transition which occurred at 87 °C for 5 wt% HS-

ionene and at 164 °C for 15 wt% HS-ionene attributed to the ionic dissociation temperature 

followed by the flow. The upward storage modulus for 15 wt% HS-ionene between 50 °C and 

150 °C is not real and is due to an extreme softness of the sample at those high temperatures. 

 

Figure  5.3. DMA of PDMS-based ionene having 5 wt% HS 

 

5.4.4.  Tensile test 
 

We performed tensile analysis at ambient conditions for PDMS-ionenes having 5 and 15 wt% 

HS content (Figure  5.4). The 15 wt% HS ionene showed an ultimate tensile strength of 0.52 MPa 

and elongation at break of 151%. Due to increased wt% HS and stronger physical crosslinks, the 

15 wt% HS-ionene showed higher modulus, tensile strength, and elongation compared to 5 wt% 
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HS-ionene (Table  5.3). It should be mentioned that the tensile moduli of both ionenes were 

comparable with moduli observed at ambient condition using DMA. 

 

Figure  5.4. Tensile analysis of PDMS-based ionene having 5 wt% and 15 wt% HS 

Table  5.3. Tensile data for PDMS-ionene films as a function of wt% HS 

PDMS-
ionenes 

Tensile Stress at 
Break 
(MPa) 

Tensile Strain at 
Break 
(%)  

Young’s 
Modulus 
(MPa) 

5 wt% HS 0.13 ± 0.01 85.76 ± 7.17 0.70 ± 0.30 

15 wt% HS 0.52 ± 0.04 150.66 ± 5.64 1.65 ± 0.11 

5.4.5. Rheology 
 

It is important to understand the effect of hard segment content on viscosity. In the healing event 

the material must flow to reach intimate contact. In order for the healing to occur, the viscosity 

of the polymer must be reduced by increasing the heat. This allows the polymer to reach a low 

enough viscosity to flow and then heal. Therefore upon film preparation of PDMS-based ionenes 

(5 and 15 wt% HS), we investigated the viscosity of the polymer melt as a function of 

temperature. It is illustrated in Figure  5.5 that melt viscosity of 5 wt% HS PDMS-ionene is 
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decreasing with temperature and in comparison the 15 wt% HS PDMS-ionene is independent of 

temperature. In addition, master curve of the storage and loss modulus versus frequency was 

generated for 5 wt% HS PDMS-ionene to estimate the changes in modulus over decades in time. 

Master curve of storage modulus versus frequency was referenced to 90 °C. As shown in Figure 

 5.6, time-temperature superposition was satisfied for the PDMS-ionene having 5 wt% HS. 

 

Figure  5.5. Melt viscosity of PDMS-based ionenes having 5 wt% and 15 wt% HS 
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Figure  5.6. Master curve of PDMS-based ionene with 5wt% HS 

5.4.6. Oxygen Transmission Rate 
 

One technique to determine the efficiency of healing process is to measure and compare oxygen 

transmission rate (OTR) of virgin and healed samples. If the sample has healed successfully, the 

OTR values for the virgin sample and healed sample must be quite comparable. Therefore we 

measured the OTR values for virgin PDMS-based ionenes as a starting point. Although PDMS is 

well-known for its high oxygen permeation, however, the synthetic strategy and its modular 

nature will allow facile extension to other soft segments, including high oxygen barrier 

segments. Figure  5.7 demonstrates OTR values for virgin PDMS-ionenes with 5, 15, and 30 wt% 

hard segment content. The OTR values decreased linearly from 60000 to 15000 cc/m2/day as the 

wt% hard segment increased. This indicates that the composition of the continuous phase 

influenced permeation, and higher ionic concentrations impeded efficient gas transport. The next 

step is to damage the samples and perform healing above the ionic dissociation temperature of 
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each sample (The healing studies will be performed in collaboration with Virginia Common 

Wealth University). Upon healing the OTR values will be determined and compared with virgin 

samples to study the healing efficiency. 

 

Figure  5.7. OTR values of PDMS-based ionenes with various HS contents 

 

5.5. Conclusions 
 

PDMS-based ionenes having various hard segment content were synthesized using Menshutkin 

reaction. The thermal analysis of PDMS-ionenes using DSC showed that they have one transition 

at -120 °C corresponding to the Tg of PDMS, further confirming microphase separation. Upon 30 

wt% HS a melting transition appeared for PDMS-ionenes, corresponding to crystalline phase 

within the soft PDMS amorphous phase. DMA confirmed microphase separation and showed 

that the breadth of rubbery plateau moduli and their final softening temperatures change with the 

nature and content of hard segment. As the hard segment content increased from 5 wt% to 15 

wt%, the rubbery plateau modulus extended from 87 °C to 164 °C due to higher physical 
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crosslinking. Tensile analysis demonstrated systematic increase in modulus of PDMS-ionenes 

with increasing hard segment content. The viscosity of polymer melt as a function of temperature 

showed that the viscosity of 5wt% HS PDMS-based ionene is more temperature dependent 

compared to 15 wt% HS PDMS-based ionene. OTR analysis revealed that OTR values for virgin 

PDMS-ionenes decreased linearly from 60000 to 15000 cc/m2/day as the wt% hard segment 

increased, indicating the influence of hard segment continuous phase on gas permeation. 
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Chapter 6. Overall Conclusions 
 

The synthesis and characterization of novel architectures of ion-containing polymers named 

ionenes were described. The synergistic effect of non-covalent interactions including nucleobase 

hydrogen bonding and electrostatics were investigated on the properties of segmented and non-

segmented ammonium ionenes.  

With regard to non-segmented ionene systems, novel adenine and thymine functionalized 

ionene homopolymers having two different side chain spacer lengths were synthesized using 

Menshutkin reaction and subsequent post-polymerization functionalization was conducted via 

Michael addition chemistry. The effect of spacer length on hydrogen bonding interactions in 1:1 

blends was studied. The shorter spacer ionene homopolymers and blends showed higher glass 

transition temperatures than longer spacer ionenes due to closeness of the bulky nucleobase units 

to the backbone and hindering the segmental motion in the ionene backbone. A single glass 

transition temperature confirmed the miscibility of ionene blends. The glass transition 

temperatures of ionene blends with shorter spacer followed the Fox equation indicating no 

hydrogen bonding interactions. The glass transition temperatures of the blends with longer 

spacer lengths deviated from both Fox and Gordon-Taylor equations, demonstrating a presence 

of hydrogen bonding interactions. The variable-temperature FT-IR (30 °C to 170 °C) confirmed 

the hydrogen bonding interactions for the longer spacer ionenes with NH2 bending vibration 

shifting to lower wave numbers and C=O stretching vibration shifting to higher wave numbers 

with increasing temperature.  

Regarding segmented nucleobase-containing ionene systems, similar post-polymerization 

functionalization was applied to synthesize poly(ethylene glycol)-based adenine and thymine 



93 
 

containing ionenes. The blends of the ionene homopolymers with complementary nucleobase-

containing guest molecules resulted in efficient hydrogen bonding interactions. Job’s plots and 

Benesi-Hildebrand analyses revealed 1:1 complexation between ionene homopolymers and guest 

molecules. The association constants for nucleobase-containing ionenes with complementary 

guest molecules were in the order of 100 M-1 which was in agreement with literature values. 

Ionene homopolymers and complexes showed a single glass transition temperature at -40 °C 

which corresponded to the Tg of PEG soft segment and confirmed the microphase separation.  

The synthesis of silicone containing ionene copolymers was achieved through the use of 

PDMS dibromide oligomers, 1,12-dibromododecane, and DABCO. Hard segment contents 

ranged from 5-60 wt%, and structure-property relationships were established as a function of 

hard segment content. Thermal properties were measured via TGA and DSC. Film formation 

characteristics varied as a function of hard segment content, and free-standing elastic films were 

obtained for 5 and 15 wt% hard segment content. DMA confirmed microphase separation and 

showed that the breadth of rubbery plateau moduli and their final softening temperatures change 

with the nature and content of hard segment. As the hard segment content increased from 5 wt% 

to 15 wt%, the rubbery plateau modulus extended from 87 °C to 164 °C due to higher physical 

crosslinking. The viscosity of polymer melt as a function of temperature showed that the 

viscosity of 5 wt% HS PDMS-based ionene is more temperature dependent compared to 15 wt% 

HS ionene. Oxygen transmission rates for PDMS-ionenes decreased linearly from 60000 to 

15000 cc/m2/day as the wt% hard segment increased, indicating the influence of hard segment 

continuous phase on gas permeation. 
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Chapter 7. Suggested Future Work 

 

7.1. Synthesis and characterization of PEG-based cytosine and guanine-containing 
ammonium ionenes 
 

Deoxyribose nucleic acid (DNA) structure includes four nucleobases, pyrimidines 

(thymine and cytosine) and purines (adenine and guanine). DNA with its supramolecular 

characteristics has inspired us along with many other researchers to utilize these features 

and develop polymers that can exhibit similar supramolecular properties. Chapter three 

and four of this thesis were focused on the synthesis and characterization of non-

segmented and segmented adenine and thymine-containing ammonium ionenes. We 

studied the synergistic effect of complementary hydrogen bonding and electrostatics on 

various properties of ammonium ionenes. Future efforts should focus on the synthesis 

and characterization of cytosine and guanine-containing ammonium ionenes. Cytosine 

and guanine base pair interact via three hydrogen bonds with stronger degree of 

interaction (KCG ca. 104-105 M-1in CDCl3) compared to adenine and thymine base pair 

with two hydrogen bonds (KAT ca. 102 M-1 in CDCl3). Therefore synthesizing polymers 

that contain cytosine-guanine hydrogen bonding motifs are attractive for their enhanced 

supramolecular characteristics. However, the synthesis of these polymers can be more 

challenging due to reduced solubility of these nucleobases compared to adenine and 

thymine. Figure  7.1 represents the proposed synthesis of cytosine and guanine-containing 

PEG-based ionene. 
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Figure  7.1. Synthesis of cytosine and guanine-containing poly(ethylene glycol)-based 
ammonium ionenes 

7.2. Synthesis and characterization of ionenes with potential application in adhesives 
 

As mentioned in chapter two, non-covalent interactions such as van der Waals, hydrogen 

bonding and electrostatics can provide physical adhesion. Hydrogen bonded polymers are 

specially used to prepare pressure sensitive adhesives (PSAs). Although, there have been 

extensive studies on the application of hydrogen bonded polymers in adhesive design, but 

not enough literature is present on the application of polymers that contain both hydrogen 

bonding and electrostatics in adhesives. Therefore, one of the future directions in the field 

of ionenes is to design novel architectures that have hydrogen bonding groups or moieties 

and measure their adhesive properties. These architectures can be linear, star-shaped, 

hyper-branched, and comb ionenes. For example, the synthesis of linear PEG-based 

ionene containing hydroxyl side groups is demonstrated in Figure  7.2. This polymer has 

shown potential in adhesive application.  
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Figure  7.2. Synthesis of OH-containing PEG-based ammonium ionene 

 

7.3. Synthesis and characterization of self-healing ammonium ionenes 
 

Self-healing is a behavior in which a material detects its damage and heals itself either 

spontaneously (autonomic) or with the aid of a stimulus (non-autonomic). One series of 

non-autonomic materials are ionomers. Recently the application of ionomers in self-

healing materials has been explored. The copolymers of ethylene and methacrylic acid 

(EMAA) such as Surlyn® manufactured by DuPont have shown promising self-healing 

behavior. In chapter five, the synthesis and structure-property relationships of silicone-

based ammonium ionenes as an alternative candidate to Surlyn® were discussed. The 

future direction in this field is to design ionene systems that contain multiple hydrogen 

bonding motifs throughout the ionene backbone and investigate the effect of 

electrostatics and supramolecular association on self-healing behavior. 

 

 


