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ABSTRACT 

 

Bio-inspired monomers functionalized with nucleobase or ionic group allowed 

synthesis of supramolecular polymers using free radical polymerization and controlled 

radical polymerization techniques. Comprehensive investigations for the structure-

property-morphology relationships of these supramolecular polymers elucidated the effect 

of noncovalent interactions on polymer physical properties and self-assembly behaviors. 

Reverse addition-fragmentation chain transfer (RAFT) polymerization afforded 

acrylic ABC and ABA triblock copolymers with nucleobase-functionalized external blocks 

and a low-Tg central block. The hard-soft-hard triblock polymer architecture drove 

microphase-separation into a physically crosslinked hard phase in a low Tg matrix. 

Hydrogen bonding in the hard phase enhanced the mechanical strength and maintained 

processability of microphase-separated copolymers for thermoplastics and elastomers. A 

thermodynamically favored one-to-one stoichiometry of adenine and thymine yielded the 

optimal thermomechanical performance. Intermolecular hydrogen bonding of two thymine 

units and one adenine unit allowed the formation of base triplets and directed self-assembly 

of ABC triblock copolymers into remarkably well-defined lamellae with long-range 

ordering. Acetyl protected cytosine and guanine-containing random copolymers exhibited 

tunable cohesive strength and peel strength as pressure sensitive adhesives. Post-

functionalization converted unprotected cytosine pendent groups in acrylic random 



 

 

copolymers to ureido-cytosine units that formed quadruple self-hydrogen bonding. Ureido-

cytosine containing random copolymers self-assembled into nano-fibrillar hard domains in 

a soft acrylic matrix, and exhibited enhanced cohesive strength, wide service temperature 

window, and low moisture uptake as soft adhesives. 

A library of styrenic DABCO salt-containing monomers allowed the synthesis of 

random ionomers with two quaternized nitrogen cations on each ionic pendant group. 

Thermomechanical, morphological, and rheological analyses revealed that doubly-charged 

DABCO salts formed stronger ionic association and promoted more well-defined 

microphase-separation compared to singly-charged analogs with the same charge density. 

Bulkier counterions led to enhanced thermal stability, increased phase-mixing, and reduced 

water uptake for DABCO salt-containing copolymers, while alkyl substituent lengths only 

significantly affected water uptake of DABCO salt-containing copolymers. Step growth 

polymerization of plant oil-based AB monomer and diamines enabled the synthesis of 

unprecedented isocyanate-free poly(amide hydroxyurethane)s, the first examples of film-

forming, linear isocyanate-free polyurethanes with mechanical integrity and processability. 

Successful electrospinning of segmented PAHUs afforded randomly orientated, 

semicrystalline fibers that formed stretchable, free-standing fiber mats with superior cell 

adhesion and biocompatibility. 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT TO GENERAL PUBLIC  

 

Nature widely employs noncovalent interactions to construct biomacromolecules 

with complex three dimensional structures. For example, the double helical structure of 

DNA relies on complementary hydrogen bonding between nucleobase pairs and 

electrostatic repulsion of the phosphate backbone. These noncovalent interactions are 

weaker than chemical bonds but stronger than van der Waals interaction. This dissertation 

focus on designing polymers based on bio-inspirations from natural biomacromolecules. 

Firstly, scalable reactions were optimized to synthesize innovative functional monomers 

that contain nucleobase and ionic group. Secondly, several polymerization techniques 

allowed the incorporation of these functional monomers into polymers. Lastly, chemical 

modification of the polymers further tuned their chemical structures.  

The incorporation of these functional groups largely influenced the physical 

property of polymers through noncovalently associating with each other and forming 

transient networks. The polymer network formation contributed to enhanced mechanical 

strength and widened service temperature window during which the modulus remained 

constant with increasing temperature. Furthermore, noncovalent interactions proved 

reversible upon external triggers such as heat, solvent, and salt, which preserved the 

processability and recyclability of polymers. Noncovalent interactions-containing 

polymers potentially solve the paradox of enhancing mechanical strength while sacrificing 

processability. Nucleobase- and ion-containing polymers enable potential applications as 

soft adhesive, thermoplastic, elastomer, biomedical materials, and membranes with 

excellent mechanical performance and processability. The unique self-
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assembly behaviors of nucleobase-containing block copolymers formed remarkably 

periodic patterns with nanometer size, useful in nano-patterning and microelectronic 

fabrication.  

Another research direction focuses on developing novel thermoplastic 

polyurethanes to mitigate usage of reactive and toxic isocyanates in conventional 

polyurethane synthesis. A novel monomer based on plant-oil and CO2 afforded the 

synthesis of green polyurethanes with mechanical integrity and crystallinity. 

Electrospinning produced nanofiber mats with excellent biocompatibility and cell adhesion 

for tissue scaffold and would dressing materials.  
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Chapter 1.  Introduction  

 Dissertation Overview 

The overall theme of this dissertation revolves around synthesis and structure-

property-morphology relationships of novel supramolecular polymers. Chapter 2 reviews 

current progress in developing reversible adhesives which represents a promising 

application for polymers containing noncovalent interactions. Chapters 3 to 7 mainly focus 

on nucleobase-containing random and block copolymers with mechanical integrity and 

self-assembled morphologies. Chapters 8 and 9 introduce the effect of doubly-charged 

pendant groups on random ionomer morphology and properties. Chapters 10 and 11 discuss 

synthesis and electrospinning of non-isocyanate poly(amide-hydroxyurethane) 

thermoplastics based on renewable resources. Chapter 12 shows preliminary results on how 

noncovalent interaction impacts interlayer adhesion for mask projection micro-

stereolithography. 

Chapter 3 details the synthesis of adenine- and thymine-functionalized ABA 

triblock copolymers using RAFT polymerization. The supramolecular blend of 

complementary nucleobase-functionalized ABA triblock copolymers self-assembled into 

a microphase-separated morphology with enhanced mechanical performance and 

maintained processability. Chapter 4 reports RAFT polymerization of acrylic ABC triblock 

copolymers that contain self-complementary nucleobase-functionalized external blocks 

and a low-Tg soft central block. ABC triblock copolymers self-assembled into well-defined 

lamellar microphase-separated morphologies for potential applications as thermoplastic 

elastomers. Complementary hydrogen bonding within the hard phase facilitated self-

assembly and enhanced mechanical performance. Chapter 5 further investigates influence 
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of the binding ratio between thymine to adenine on ABC triblock copolymers mechanical 

performance and morphology. Intermolecular hydrogen bonding formed thymine-adenine 

triplets and promoted self-assembly into well-defined lamellae with long-range order, 

while thymine-adenine duplets contributed to superior mechanical property. Chapter 6 

expands the synthesis of nucleobase-containing copolymers to cytosine, which allows 

facile post-functionalization into ureido-cytosine. Ureido-cytosine formed quadruple self-

hydrogen bonding that contributed to microphase-separated morphology with superior 

cohesive strength, wide service temperature window, and low moisture uptake for 

applications as adhesives and thermoplastic elastomers. Chapter 7 focuses on synthesis of 

cytosine and guanine-containing monomers and polyacrylates with acetyl-protection 

groups. Acetyl cytosine and acetyl guanine-containing acrylics with relatively low polar 

monomer incorporation served as promising candidates for pressure sensitive adhesives. 

Chapter 8 describes a facile synthesis for styrenic DABCO salt monomers bearing 

two covalently linked quaternary ammonium cations, which allow the synthesis of novel 

charged polymers with a double ion pair on each pendant group. DABCO salt monomers 

expand the current library of ionic monomers and demonstrate the potential of multi-

charged ionic groups in forming strong ionic interactions and driving microphase-

separation. Chapter 9 shows that DABCO salts afford stronger ionic association of 

compared to singly-charged trialkyl ammoniums, which resulted in superior 

thermomechanical and tensile properties of DABCO salt-containing ionomers. The 

counterion choices and alkyl substituent lengths affected thermal stability, phase-

separation, and water uptake for both DABCO salt-containing copolymers and their singly-

charged controls.  
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Chapter 10 describes a unprecedented one-pot synthetic platform for nonsegmented 

and segmented poly(amide-hydroxyurethane) with polyether soft segments using plant-oil 

based monomers, which represents the first example of film-forming, linear isocyanate-

free polyurethanes with crystallinity, mechanical integrity, and processability. Chapter 11 

demonstrates the successful electrospinning of these isocyanate-free polyurethanes into 

randomly orientated, semicrystalline fibers that formed stretchable, free-standing fiber 

mats. These fiber mats showed good cell attachment and no negative effect on cell viability, 

which enabled potential applications as biomedical materials. Chapter 12 introduces testing 

method development and nucleobase-containing UV-curable resin synthesis. Preliminary 

results of the nucleobase-containing samples showed similar weak interfaces compared to 

the controls. Finally Chapter 13 provides the overall conclusion comparing the structure-

property-morphology relationships of polymers with varied noncovalently associating 

groups. Chapter 14 suggests future directions to continue the research efforts on 

supramolecular polymer synthesis and characterization.  
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Chapter 2.  Design and Performance of Reversible Adhesives 

(In preparation as a chapter in a book volume for Advances in Polymer Science planned to 

be published by Springer) 

Keren Zhang and Timothy E. Long*  

 

Department of Chemistry, Macromolecules and Innovation Institute 

Virginia Tech, Blacksburg, VA 24061, US 

 

 Abstract 

The potential advantages and versatility of reversible adhesives continue to catalyze 

advances in this area. This review summarizes recent achievements in designing and 

fabricating adhesives with reversible chemical structures, surface interactions, morphology, 

mechanical properties, and adhesion performance. There are many key components that 

introduce reversibility into conventional adhesives or assist designs of novel compositions, 

including reversible chemical bonds, noncovalent interactions, tailored morphology, and 

physical transitional of polymers. Different reversible mechanisms also correspond to 

various debonding methods of the adhesives, such as temperature, photo-irradiation, 

solvent, and mechanical peeling. Reversible chemical bonds contribute to one type of 

reversible adhesives with controllable molecular weight and crosslinking density. For 

example, adhesives that contain diene and alkene functional groups go through thermal 

reversible Diels-Alder reaction, providing a reversible chemically crosslinked network 

with enhanced mechanical strength. Noncovalent interactions like hydrogen bonding, pi-

pi stacking, and ionic interaction also allow reversible surface interactions and apparent 

molecular weight variation. Hydrogen bonding-containing adhesives show potential with 

enhanced cohesive strength at application temperature while dissociation upon heating or 
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solvent regains their processibility. Nature also inspires a wide variety of biomimetic 

adhesives based on gecko, spider, and mussels. The fibrillar structure of the gecko footpad 

guarantees its survival for the ability to easily attach and detach to a variety of surfaces. 

The abundant catecholic groups in mussel foot proteins contribute to strong and reversible 

adhesion to rocks underwater. Numerous efforts have been devoted in matching and 

preceding adhesion performance of biological systems with synthetic adhesives over the 

past few decades. Other reversible adhesives involve engineered composite materials, 

shape memory materials, and geometric isomers. This review categorizes each reversible 

adhesive based on its main design feature that introduces reversibility. However, many 

high functional reversible adhesives combine multiple mechanisms of reversibility and 

showed promising adhesion strength compared to their predecessors. Exploiting the 

synergy of various reversible mechanisms is becoming the dominating concept of next 

generation, reversible adhesive design. 

 Introduction  

2.2.1  Conventional Adhesives Concept and L imitation  

Adhesives are everywhere: nature makes adhesives like bee wax, gecko foot pad, 

and glue droplets on spider web; synthetic adhesives are widely used in commodity, 

construction, manufacturing industry, and medical treatment. The importance of adhesives 

lays in their ability to bind two surfaces together without tempering the surface integrity 

and aesthetic value, while lowering the cost and bringing additional advantages like 

vibration damping. Adhesive and cohesive strength are two vital parameters to measure 

adhesive performance.1 Adhesive strength describes the capacity of bonding at the 

interface between the surface and adhesive, and cohesive strength represents the internal 
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strength of the adhesive. Conventional adhesives are often low viscosity liquids for easy 

application, which subsequently solidify through chemical crosslinking or physical 

transition such as cooling or solvent evaporation. As adhesives harden between two 

surfaces, sufficient adhesive and cohesive strengths provide suitable mechanical properties 

at the joint. However, many adhesive applications require debonding of the adhesives after 

uses for modification or recycling. The separation of two assembled surfaces is challenging 

in most cases, especially for structural adhesives such as epoxy, which often requires 

demanding conditions such as high temperature. Debonding surfaces with thermoplastic 

adhesives requires at least 200 °C during the wafer thinning process in advanced 

microelectronic device manufacturing process.2-4 Thermoset adhesives require thermal 

decomposition temperature above 350 °C, which largely limits further processing and 

recycling.5,6 Some pressure sensitive adhesives (PSA), that temporarily bond to diverse 

substrates, are removable later with only moderate peeling force. Removable PSAs are 

usually tacky solids that adhere to surfaces with applied pressure and detach with peeling 

force.7,8 However, low cohesive strength of removable PSAs limits their industrial 

significance to applications that only require weak adhesion at the joints, such as skin care, 

surface protections, labels, and office supplies.9  

2.2.2  Concept and Potential Impact: Reversible Adhesive 

An exciting direction in adhesive development emphasizes reversibility in mild 

conditions while maintaining adherence strength.10 Optimal reversible adhesives undergo 

multiple bonding and debonding cycles to a substrate when triggered with external stimuli. 

The adhesive and cohesive strength of reversible adhesives must meet criteria for 

conventional adhesives and maintain stability under certain conditions such as varied 
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temperature and moisture according to specific application requirements. More importantly, 

either or both adhesive and cohesive strength must vary significantly in response to external 

bonding and debonding triggers. Commercially available removable adhesives such as the 

Post-It Notes® typically show relatively weak adhesive strength and poor durability. 

Applied peeling force as the only debonding method largely limits these products in more 

demanding industrial applications. Unlike their predecessors, next generation reversible 

adhesives will gain significant industrial potential if they can substitute conventional 

adhesives with comparable adhesion performance. Such novel adhesives offer 

opportunities for repairing and recycling multilayered or multi-component structures and 

laminates without collateral damages. Reuse of adhesives also provides economic and 

environmental advantages, especially for structural adhesives, which are mostly thermosets 

such as epoxy, polyurethanes, acrylics, cyanoacrylates, polyimides. Structural adhesives 

are mechanically strong to withhold stress similar to their adherents for long period without 

failure. They are widely used in automotive, construction, appliances, and furniture.11 

However, the chemically crosslinked networks of thermosets are so strong that degradation 

of the adhesives is necessary for debonding, which prohibits repair, recycle, or reuse of 

either the adhesives or adherents. Reversible thermosets will open a window for cost-

efficient, sustainable, and recyclable structural adhesives. Most promising direction for 

designing reversible structural adhesives as of now is utilizing reversible chemical 

reactions that form chemically crosslinked network and dissociate upon external triggers, 

such as UV radiation, pH changes, and mechanical stress.5,6,12,13 

Markets for ñsofterò adhesives such as hot melt and pressure sensitive adhesives 

also embrace development of their novel reversible competitors. Soft adhesives for medical 
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and hygiene products is a big and important market for reversible adhesives. Current 

commercial medical skin care products are facing an impasse to provide sufficient skin 

adhesion while alleviating pain and trauma during removal. Applications such as wound 

dressing and bandages widely recognize the importance of alternative debonding 

mechanisms.14-16 In other applications such as packaging, appliances, textiles, automotive, 

electronics, and office supplies, reversibility of adhesives is also crucial in processing, 

applying, removal, and recycling. Higher molecular weight polymers generally increase 

the cohesive strength while compromising the processibility of adhesives. So an adhesive 

formulation with enhanced adhesive performance often comes with higher processing 

temperature for hot melt PSA, or higher volatile organic compounds (VOC) for solution-

based PSA. Incorporations of reversible bonding will allow fabrication of PSAs with 

enhanced strength and maintained processability.17,18  

In addition, the future of reversible adhesives goes beyond just improving current 

adhesive products. There is a high potential for reversible adhesives in enabling 

transformative applications and innovative products such as portable devices, new 

sportswear, medical cares, and artificial intelligence designs. The climbing ability of 

geckos intrigues many researchers to fabricate reversible adhesives for ñSpider-Man 

glovesò. Geim et al. showed gecko-inspired adhesive supporting a toy hanging in 2003 

(Figure 2.1a),19 Hawkes et al. demonstrated the capability of their gecko-inspired adhesives, 

allowing an adult climbing on a glass wall.20  Who is to say after several years it wonôt be 

possible to pull off what Tom Cruise did in Mission impossible with gecko-inspired 

adhesives instead of wires and pulleys. 
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Figure 2.1. A spider-man toy hanging from glass ceiling using a microfabricated gecko-

inspired adhesive pad on its hand 2003. Reprinted with permission19 Copyright 2003 

Nature Publishing Group.  

Currently, the field of reversible adhesives development is relatively new with 

limited industrial impact. Most studies remain preliminary and focus on verifying the 

possibility of incorporating triggerable reversible mechanisms with enhanced adhesive 

strength. Many opportunities await in improving the performance of synthetic reversible 

adhesives. Besides strength and reversibility, durability in multiple adhesion cycles and 

versatility for various surfaces still limit the applications of current synthetic reversible 

adhesives. On the contrary, animals such as geckos, beetles, and flies have the ability to 

fi rmly adhere to a variety of surfaces and swiftly detach. And the bioadhesives are durable 

throughout their lifespan. To achieve similar strength, reversibility, versatility, and 

durability of these biological reversible adhesive systems, most studies start with one 

aspect in developing synthetic substitutes. A confluence of all the superior features still 
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remains elusive in many present adhesive systems. Despite the challenging goals of 

matching Natureôs creations, several recently developments show potential as scalable 

reversible adhesives that afford more than two features of the biological system.20-22 This 

review mainly focuses on summarizing methodologies for design and fabrication of 

reversible adhesive and interfaces, and probing the effect of incorporating reversibility on 

adhesive performance.  

2.2.3  Methodologies in Reversibility in Adhesives Fabrication 

Researchers have explored various methods for designing new types of reversible 

adhesives to obtain tunable reversibility with sufficient adhesive strength. Reversible 

chemical reactions provide various avenues to incorporate reversibility into adhesive 

systems. Many thermally reversible polymers are based on a thermally reversible 4+2 

cyclo-addition reaction Otto Diels and Kurt Alder designed in 1928.23,24 One of the most 

investigated DA reactions involves [4+2] cycloaddition reaction of furan as a diene and 

maleimide as a dienophile when heated below 60°C.25,26 The resulting cyclohexene adduct 

undergoes a retro-Diels-Alder reaction, which reverses the cyclic system upon heating 

above 90°C (Figure 2.2a).27 The thermally reversible nature of DA reactions suggests the 

facile reversibility of adhesives. Photo reversible cycloaddition also provides an avenue to 

incorporate reversibility through cyclobutane crosslinking groups. Functional groups such 

as coumarin, thymine, stilbene and cinnamate undergo reversible [2+2] cycloaddition upon 

UV irradiation of certain wavelength (Figure 2.2b).12 The reversible [4+4] cycloaddition 

of athracene also introduces photo reversibility to polymeric materials.28 Thirdly, pH is an 

potential external debonding trigger for reversible adhesives. The reaction of an amine with 

paraformaldehyde yields a triazine, which reverses back to the starting materials in acidic 
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conditions (Figure 2.2c).5 In addition, redox-reversible chemical reactions such as 

formation of the disulfide bond present another route for designing reversible adhesives 

(Figure 2.2d).29,30 Reversible chemical reactions either increase the polymer molecular 

weight when placing on the backbones, or introduce branching and crosslinking when 

placing on the pendant groups. Either way, the reversible chemical bonds improve adhesive 

performance under application conditions and weaken cohesive strength when exposed to 

debonding triggers.  

 

 

 

 

Figure 2.2. (a) Diels Alder and retro-DA reaction of furan and maleimide.25 (b) Photo 

reversible dimerization reaction of coumarin groups.31 (c) pH reversible triazine 

formation from paraformaldehyde with primary amine.5 (d) Redox reversible disulfide 

bond formation. 

a 

b 

c 
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Noncovalent interactions also serve as reversible mechanisms in adhesive systems. 

Noncovalent interactions include hydrogen bonding, electrostatics, ˊ-ˊ stacking, van der 

Waals force, and coordination bonds. They are ubiquitous and significant in nature. In 

addition, the well-known double helix structure of DNA is a synergistic combination of 

hydrogen bonding, electrostatics, -́ˊ stacking, and hydrophobic-hydrophilic interactions. 

Inspiration from DNA structure motivates massive studies for synthetic nucleobase-

containing polymers, as well as supramolecular systems bearing multiple noncovalent 

interactions.32-34 Similar applicable strategies to design reversible adhesives highlight 

nucleobase functional groups and other hydrogen bonding motieties.35-40 Researchers 

continue to recognize the supramolecular systemsô potential for the reversibility and 

amendability through incorporating different noncovalent interactions, especially 

hydrogen bonding.33,41  

One example is the geckoôs ability to climb onto a variety of substrates, which 

solely depends on the weakest noncovalent interaction: van der Waals forces. Researchers 

devote many efforts to fabricate dry reversible adhesives that mimick the multiscale 

hierarchy hairy structure of gecko foot. Multiple extensive reviews summarized 

achievements so far in this emerging field for further reading.42-47 Furthermore, mussel 

footsô strong and reversible attachment to wet surfaces intrigue researchers to study the 

mechanism and design similar wet adhesives.22,48-51 The key to strong cohesion and 

adhesion strength is the high content of catecholic amino acid L-3,4-

dihydroxyphenylalanine (DOPA) in adhesive protein mussel secrete.52-55 Inspirations from 

beetlesô wing locking device and ripple surface morphology also brings in fresh concepts 

of reversibility.56-60 Applying electronic voltage on conductive adhesive materials and 
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utilizing shape memory polymers (SMP) are the most recent advances of improving 

fibrillar reversible adhesives.61,62   

Finally, there are several reports on thermally controlled dry reversible adhesives 

using delicate designs of composite materials with unique shape and morphological 

changes.63-65 A few groups reported reversible adhesion of polyelectrolytes coated surfaces 

using ionic interactions and reversible cell adhesion substrates based on photoreversible 

azobenzene isomerization.66,67  

This review discusses details of various paths to prepare reversible adhesives in 

four main sections introduced above: chemically reversible adhesives, biomimetic 

reversible adhesives, hydrogen bonding supramolecular adhesives, and others types of 

reversible adhesives. Discussion sorts achievements of reversible adhesive according to the 

pivotal theory behind the fabrication of reversible adhesives. Yet a majority of polymer 

performances result from synergistic or antagonistic combination of multiple interactions. 

Many novel complex adhesives systems united two or more concepts to tune adhesion 

strength and enhance reversibility. This review also discusses the advantages and 

disadvantages among different categories of reversible adhesives, followed by promising 

applications reported in literature.  

 Reversible Chemically Linked Adhesives 

Covalent bonds require tough conditions to dissociate because of the high energy 

nature (~360 kJ/mol)68. Consequently, debonding of chemically cured adhesives is difficult 

to accomplish. Reversible chemical reactions with mild conditions are valuable tools for 

such purpose.  
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2.3.1  Thermally Reversible Diels-Alder Adhesives 

Previous studies have utilized DA reactions to form polymer backbones as well as 

chemical crosslinks. Chen et al. reported a self-healing polymeric material, which has 

comparable mechanical properties with epoxy resin, using monomers with multiple furan 

and maleimide functional groups to form a highly crosslinked polymer network.69 Solid 

state Nuclear Magnetic Resonance spectroscopy (NMR) revealed 30% reversibility of DA 

adducts-containing materials in multiple cycles of heating and cooling using cyclohexene 

chemical shifts. Chenôs study proved capability of DA reaction to polymerize, providing 

thermal reversibility to resulting polymeric materials.  

Aubert first presented reversible adhesives using the same furan and maleimide DA 

reaction to form polymer backbone.70,71 Epoxy resin, prepared with DA reaction between 

furfuryl glycidyl ether and bismaleimide (Figure 2.3), was cured with diamine to form 

adhesives that have lap-shear of 4.56 MPa on stainless coupons. Immeasurable lap-shear 

and 103 storage modulus drop at 90°C allowed debonding to occur in multiple heat-and-

cool cycles. Loss of cohesion and adhesion strength resulted from the loss of crosslinking 

networks above the retro-DA reaction temperature. Nevertheless, reversibility loss 

occurred when adhesives were held above 90°C for longer than an hour cumulatively, 

which was due to side reaction between the amines and maleimides according to the author.  

 

Figure 2.3. DA reaction of furfuryl glycidyl ether and 1,1ô-(methylenedi-4,1-phenylene)-

bismaleimide.71 
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Later, Wouters et al. presented crosslinked acrylic copolymers networks capable of 

temporally bind wafers during semiconductors manufacture.72 Wouters et al. 

copolymerized a series of n-alkyl (meth)acrylate and furfuryl methacrylate in different feed 

ratios. Characterization methods including rheology assessed copolymer properties in 

presence of bismaleimide crosslinker (Figure 2.4). Complex viscosity measurements in 

multiple heat-and-cool circles demonstrated that the novel copolymer system possessed 

thermal reversibility without loss of properties. These networks also had sufficient thermal 

stability, chemical resistance and cleanability. New DA crosslinked adhesives exhibited 

higher viscosity at lower temperature and better processability at high temperature 

compared to benchmark adhesive samples. More importantly, Wouters et al. proved the 

possibility of tailoring various adhesives properties for different applications using DA 

crosslinked adhesives systems.  

 

Figure 2.4. Crosslinking reaction of poly(furfuryl methacrylate-co-n-butyl methacrylate) 

with bismaleimide. Reprinted with permission72 Copyright 2012 Elsevier. 
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2.3.2  Photo Reversible Cyclobutane Adhesives 

Our group designed a series of reversible adhesives based on the photo reversibility 

of [2+2] cycloaddition in the past few years.73-75  The removable pressure sensitive 

adhesives (PSA) with light initiated crosslinking mechanism from Webster and 

coworkers76,77 inspired many researchers to develop reversible PSA for non-trauma wound 

dressing. Long et al. were the first to show the possibility of incorporating reversibility into 

PSA via photodimerization forming cyclobutane crosslinking sites.73 In Figure 2.5, 

coumarin functional groups that attached to poly(2-ethylhexyl acrylate-co-hydroxyethyl 

acrylate) side chain dimerized when exposed to ultraviolet-A (UVA) (>300nm), forming a 

cyclohexane crosslinking site which dissociated upon irradiation of  UVC (<290nm). 

Conversion of dimerization was monitored by UV absorption at signature wavelength. Peel 

strength decreased by 97% upon UVA irradiation, resulting from the low viscous flow and 

difficulty to form adhesive bonds, corresponding to 90% gel fraction. Whereas UVA 

irradiation only recovered up to 6% peal strength. Long et al. continued more systematic 

study on coumarin-containing poly(alkyl acrylate/methacrylate).74 This work showed how 

the glass transition temperature (Tg) largely affected the photodimerization efficiency when 

deviating from irradiation temperature. This occurred as mobile chains allowed more 

chances for coumarin side groups to collide. However, photodimerization efficiency was 

irrelevant to the Ŭ-methyl on poly(alkyl methacrylate) on the main chain compared to 

corresponding polyacrylates and polymethacrylates. These photo reactions followed the 

Bunsen-Roscoe reciprocity law, which allowed low intensity of irradiation to be 

compensated with longer time. Another advantage was the stability of cyclobutane groups 

to ambient light. However, the author did not address the problem of poor reversibility, 
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which might result from the equilibrium nature of the reversible reaction under certain 

wavelengths. Previously, Chen and coworkers conducted a thorough investigation of the 

conditions that affected reversibility efficiency. They include chemical environment of the 

moieties, wavelength of irradiation, and addition of photosensitizer.78-82,31  

 

 

Figure 2.5. Copolymers modification with coumarin groups and the photoreversible 

dimerization reaction. Reprinted with permission73,74 Copyright 2005, 2007 Taylor & 

Francis.  

Besides photocrosslinking on the side chain, our group also demonstrated the 

possibility of utilizing cyclobutane photocleavage to decrease molecular weight. This 

mechanism diminished adhesion strength and established reversibility. Long et al. 

synthesized microphase separated poly(siloxane imides) that were made from maleic 

anhydride dimers, providing photoreversible cyclobutane groups on the polymer backbone 

(Figure 2.6).75 Polymers were thermally stable up to 360 °C, until retro-DA reactions led 

to degradation.83 Dynamic Mechanical Analysis (DMA) showed a rubbery plateau from -

50 °C to 100 °C, which was attributed to the microphase separated nature (Figure 2.7).  
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Having a modulus drop for less than 100MPa, this adhesives displayed promising 

applications for requirements of high performance in a large temperature range. Increasing 

intensity of maleimide signature peaks shown on 1H NMR upon UVC irradication 

demonstrated reversibility of cyclobutane moieties.  

 

Figure 2.6. Poly(siloxane imides) containing cyclobutane diimide functionality. Reprinted 

with permission75
 Copyright 2010 Taylor & Francis. 

 

Figure 2.7. DMA of cyclobutane diimide-containing poly(siloxane imides) demonstrates 

a rubbery plateau. Reprinted with permission75 Copyright 2010 Taylor & Francis. 

2.3.3  Redox Reversible Adhesion 

Disulfide bond is another reversible chemical moiety that can lead to reversibility 

in adhesive materials. Wu et al. discussed the possibility of cleaving disulfide bonds to 

redissolve cured polyimides, thus increasing the reprocessing ability of materials.29 
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Anumolu et al. designed a hydrogel based on crosslinking of disulfide bridges on the end 

of 8-arm-Polyethylene glycol (PEG), using H2O2 as an oxidizing agent or thiopyridine as 

a good leaving group.30 Adding glutathione (GSH) as a reducing agent broke down 

crosslinked networks, resulting in gel to sol changes (Figure 2.8). This mechanism has 

potential in removable dermatological treatment for wounds healing without peeling. High 

crosslink density of the hydrogel provided sufficient mechanical strength and low swelling 

degree. This hydrogel also showed sustained drug release of doxycycline for extended 

periods of time. Both in vivo and in vitro histology tests demonstrated the benefits of this 

doxycycline loaded removable hydrogel wound healing efficiency for mustard-induced 

skin wounds. Furthermore, this work initiated multifunctional wound dressing materials 
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design with drug releasing potential and removability that alleviated pain and trauma to the 

patients from peeling. 

   

Figure 2.8. GSH induced gel to sol transformation resulting from the cleavage of disulfide 

bridges. Reprinted with permission30 Copyright 2011 Elsevier. 

In summary, reversible chemical reactions offer versatile tools to design reversible 

adhesives for various applications. Through applying thermal, photo and redox conditions, 

chemical structure changes can result in significant adhesive performance tunability. In 

spite of all inspiring results reviewed above, there are still many aspects and opportunities 

to improve and explore. 

 Biomimetic Reversible Adhesives 

Autumn et al. first measured the adhesive force of a single hair on the gecko 

footpads.84 Those pads require multiscale hierarchical fibrillar structure for maximum 
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surface contact in order to maintain sufficient adhesive force due to the weak van der Waals 

force nature. Animalsô locomotions require easy and fast detachment from the surface 

while remaining good durability and adaptability on a variety of surfaces. A series of 

feature articles cover different aspects of this area: cell biological nature of the keratin-

associated beta-proteins (KAɓPs) enriched setae42, fibrillar adhesives parameters and 

fabrication methods45,85, theoretical and experimental measurement of adhesion forces86, 

mechanical principle of contact splitting and adhesion testing methods43,45, nano-based 

systems46,87, and potential applications44,47 etc.  

Nevertheless, limitations present in many gecko-inspired fibrillar adhesives. Gecko 

footpad KAɓPs protein provides both rigidity and hydrophobicity. To achieve similar 

performance, the substrate materials require certain properties for fabricating fibrillar 

structure surface. They demand mechanical stiffness to prevent fibers collapsing or sticking. 

Softness is also crucial for sufficient adhesion strength. Poly(dimethylsiloxane) (PDMS) is 

a common polymer for fabricating the microfibrillar surface with easy prototyping and 

good adhesion strength. However, high aspect ratio fibers are hard to achieve without 

surface contamination and fibers collapse. Conversely, poly(methyl methacrylate) (PMMA) 

replicates nanofibrillar with high aspect ratio, yet brittleness limit the durability and 

adhesion performance. Moreover, most fibrillar adhesives lack durability and debonding 

mechanism, whereas reversible adhesive that will respond to external stimuli such as heat, 

light, and solvent are highly useful. Their applicability on real surface in various 

environments such as moisture and heat are limited. The major drawback of all gecko-

inspired adhesive is the cost and complexity of manufacturing. Safety issue of 

manufacturing and using nanomaterials also restrict the applications. Below are the most 
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significant and recent achievements with potential of addressing drawbacks of traditional 

fibrillar adhesives. 

2.4.1  Mussel Inspired Fibrillar  Reversible Adhesives 

Another well-known bio-adhesive system is the dihydroxyphenylalanine (DOPA)-

containing mussel foot which has unique strong binding to wet surface. Moisture usually 

decrease the adhesives performance significantly due to complex reasons,88 whereas 

mussel foot bind to the rock underwater. Waite et al. first extracted mussel foot proteins 

and identified the key amino acid: DOPA.55 However, the molecular binding mechanism 

remained unclear until 25 years later Messersmith et al. found the metal chelating ability 

of DOPA.52 Later, the molecular interactions were found to be a combination of several 

interaction including metal coordination, ˊ-ˊ interaction, covalent interchain crosslink and 

hydrophobic/hydrophilic interactions.52,89 Since then, synthetic polymers with DOPA 

functional groups were proved to be promising in developing reversible adhesives and 

antifouling applications. Lee and coworkers have been pioneered in this area and published 

an extensive review on mussel-related theoretical and practical studies.22,50,52,90  

Combining the strategies of gecko and mussel adhesives, Lee et al. presented a unique 

ñgeckelò nanoadhesive that had superior adhesive performance in air and water per pillar.90 

They coated poly(dopamine methacrylamide-co-methoxyethyl acrylate) (p(DMA-co-

MEA) on to PDMS nanofibrillar through dipping (Figure 2.9a). The hybrid adhesive 

exhibited much higher adhesion compared to nanofibrillar adhesive without catecholic 

coating in air and the enhancement is much more significant in water (Figure 2.9b). And 

durability is phenomenal in more than a thousand cycles (Figure 2.9c). Macroscopic 

adhesion showed 9 N/cm2 in water, which is close to the gecko dry adhesive with hierarchy 
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structure. Applying two inspirations from nature, Geckel nanoadhesives improved the 

durability and applicability on wet environment. Besides, improved adhesion using coating 

compensated the loss of surface area from eliminating the complex hierarchy, providing a 

way of simplifying manufacturing process. Later, Glass et al. modified the fabricating 

procedure and prepared a DOPA-containing polymer coated microfibrillar with 

mushroom-shape tips. The new adhesive showed enhanced adhesion strength to nonflat 

surface in wet conditions over uncoated and unpatterned materials.91 

   

Figure 2.9. a) Chemical structure of DOPA-containing polymer coating. b) Adhesion force 

per pillar for non-coated nanoadhesive (gecko) and coated nanoadhesive (geckel) in air and 

water. c) Adhesion force per pillar for geckel nanoadhesive in multiple contact cycles in 

air and water. Reprinted with permission90 Copyright 2007 Nature Publishing Group. 

2.4.2  Wrinkled Fibrill ar Reversible Adhesives 

Wrinkled (Rippled) elastomeric adhesive surface is another way of designing 

patterned reversible adhesives. Chan et al. prepared poly(n-butyl acrylate) (PnBA) surface 

wrinkled elastomer using swelling a laterally confined PnBA film with improved 

adhesion.56 Theoretical study showed that adhesion enhancement only occur when 

a b c 
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wavelength of ripples small than critical wavelength which largely varies over different 

surface. Lin et al. used simple yet robust mechanical strain methods to generate wrinkled 

PDMS surface with different amplitude.57 Their studies were aiming at preparing surface 

with roughness to enhance adhesion properties while lowering the cost of micro/nano 

surface fabrication. Jeong and Suh et al. combined the prototyping fibrillar surface with 

mechanical stain induced wrinkling to design a wrinkled microfibrillar PDMS switchable 

adhesive.58 This adhesive had relatively good peel and shear force in the range of 10 N/cm2 

and extraordinary durability over 100 cycles. Moreover, full contact with surface when 

applied with prestrain yielded good adhesion while no prestrain lead to very weak adhesion 

due to a point contact with the substrates (Figure 2.10). This switch-on/off adhesive is an 

excellent example of joining different technique to improve the drawback of the original 

gecko adhesive addressed before.  

 



25 

 

Figure 2.10. SEM images of the wrinkled microfibrillar adhesive a) with prestrain and (b) 

without prestrain. The illustration of c) point contact and d) area contact mechanism to the 

surface. Reprinted with permission58 Copyright 2010, American Chemical Society. 

2.4.3  Interlocked Fibrillar Reversible Adhesives 

There are some other most recent advances on improving gecko adhesive with 

integration of other inspiration. Pang and Suh et al. designed reversible interlocking 

adhesives with high shear force up to 40 N/cm2 using micro/nanofibrillar with high aspect 

ratio while maintain easy peeling off availability in vertical direction.59,60 The inspiration 

comes from beetlesô wing locking device showed in Figure 2.11. The shear force depended 

on a variety of conditions: polymeric material properties, fiber aspect ratio, fiber diameter 

and preload force. Shear strength decreased over cycles of attaching and detaching 

resulting from the breakage of fibers during pulling, yet 10 nm coating of Pt preserved the 

reversibility up to 300 cycles without much surface damage. As a result, a verstile system 

of reversible adhesive with exceptional high and tunable shear strengh and facile removal 

which will be promising in many applications.  

 

Figure 2.11. A) SEM image of microtrichia on the cuticular surface of a beetle and 

schematic illustration of the interlocking of beetle wings. B) Biomimetic interlocking 
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adhesive system of two dense fiber arrays. Reprinted with permission59 Copyright 2012 

American Chemical Society. 

2.4.4  Electro-Fibrillar Reversible Adhesives 

Krahn and Menon reported a novel conductive gecko-based microfibrillar adhesive, 

which was made of cured carbon black with PDMS mixture.61 Experiment set up in Figure 

2.12c was used to measure shear force of conductive fibrillar adhesion to nonconducting 

substrated with high applied voltage. Result in Figure 2.12b showed microfibrillar structure 

and conductive composite material both contribute to higher shear strength with high 

voltage applied. Preload using electrostatics force also lead to better shear strength than 

comparable normal pressure preload. Even though shear force achieved is not optimal 

compared to other adhesive system, using electrostatics to enhance adhesion strength 

explore a novel persperctive of improving gecko adhesives performance.  

 

Figure 2.12. a) Illustration of two conductive dry adhesive electrodes generate attractive 

electrostatic force to substrate when applied voltage. b) Shear bond strength of fiber 



27 

 

conductive, flat conductive and fiber nonconductive PDMS samples to different substrates 

with applied voltage. c) Experiment setup to measure shear force with applied voltage. 

Reprinted with permission61 Copyright 2012 American Chemical Society. 

2.4.5  Shape Memory Fibrillar Reversible Adhesives 

Kim et al. produced a novel microfibrillar reversible adhesive system by coating a 

continuous thin layer adhesive polymers onto shape memory polymers (SMP) 

microfibrillar array using a dipping and cure method.62 The thin layer AP-coated SMP 

microfibrillar array showed 4 times weaker peeling strength at 80 °C than room 

temperature. Deformation of adhesive during peeling can recover thermally due to the 

shape memory properties. Fibrillar structure was also proved to enhanced rough surface 

adaptation.  

From the leading edge of developing gecko inspired fibrillar adhesives, we can 

draw the conclusion that combining other concept of adhesion and interactions is the way 

out for conquering the limitations of existing fibrillar surface. Uniting external boost of 

molecular interaction other than the weak van der Waals force with large contact areas, 

elavation of adhesion strength is expected as ñgeckelò system22 showed enhanced adhesion 

performance. Furthermore, adaptation and responsiveness to different conditions can be 

expanded due to the nature of the additional interactions. A new direction could involve 

incoporating reversible chemical reaction functional group on fibrillar surface to gain more 

adhesion strength while introduce thermal/photo responsiveness of reversiblity. Other 

noncovalent interations like hydrogen bonding and ion interactions are also promising on 

giving thermal and solvent detachment mechanism. However, the fabrication may become 

complex due to the necessarity of coating both adhesive and substrate surface. Using 
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polymeric materials that have both optimal mechanical property and functional moiety to 

provide extra enhancement to adhesion strength will be a challenging while promising 

route of improving fibrillar surface adhesives. The next section will be focusing on studies 

of some very promising hydrogen bonding adhesive system.  

 Hydrogen Bonding Based Reversible Adhesives 

Hydrogen bonding is a directional attractive force between hydrogen bonding donor and 

acceptor with a medium strength stronger than van der Waals force while weaker than 

covalent bonds. The nature of thermal and solvent reversibility makes it a versatile tool of 

incoporating reversiblity into smart materials like self-healing33, self-assembly93 and 

stimuli responsive materials94. Having multiple hydrogen bonding donors and acceptors on 

one molecule creats complementary multiple hydrogen bondings (CMHB) with higher 

association constant than single hydrogen bonding unit. Nucleobase pairs are natural 

examples of CMHB: double hydrogen bonding between adenine and thymine (uracil); 

triple hydrogen bonding between cytosine and guanine (Figure 2.13a).95 There are also 

many synthetic CMHB for preparing supramolecular polymers96-98, for example, Meijerôs 

2-ureido-4[1H]-pyrimidinone (UPy) quadruple unit which can self-dimerize with high 

association constant in Figure 2.13b.96 Our group has been focusing on designing novel 

reversible adhesive and investigating the effect of incoporating hydrogen bonding on 

adhesive performance.  
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Figure 2.13. a) Chemical structure of double strand DNA showing nucleobase pairs of 

adenine/thymine and cytosine/guanine. Reprinted with permission95 Copyright 2012 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei. b) Hydrogen bonding self-

dimerization of UPy group. 

2.5.1  Acrylic Reversible Adhesives 

Acrylic copolymers are widely used in adhesives manufacturing because of the low 

Tg and sufficient tackiness without additives. Long et al. copolymerized nBA with UPy-

methacrylate to synthesize a novel reversible adhesive.37 3.3 mol % of Upy-containing 

monomer in nBA resulted in triple peel strength with glass substrate compared to PBA, 

which can be attributed to hydrogen bonding with substrate and increased apparent 

molecular weight. Melt viscosity dropping at 80 °C suggested the thermal reversibility, 

while solution viscosity and thin-layer chromatography indicated the solvent reversibility 

potential of this copolymer system. With a recent study of spacer length effect on the 

CMHB efficiency99, we can possibly increase the peel strength by changing to a longer 

spacer between the Upy and the polymer backbone.  

a b 
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Long et al. later reported acrylic copolymer adhesives that took advantage of the 

synergistic effect of hydrogen bonding and photo reversible reaction. Urethane and 

cinnamate group were used as hydrogen bonding and photocrosslinking sites respectively, 

as shown in Figure 2.14a. High content of urethane groups assisted photo dimerization rate 

of cinnamate for bringing in a proximity benefit. Hydrogen bonding enhanced the adhesive 

strength of UV-cured sample, while photocrosslinking of cinnamate enhanced the cohesive 

strength and reduced adhesive strength. The content of hydrogen bonding and 

photocrosslinking groups can serve as two parameters to tune the adhesives performance 

(Figure 2.14c). Thermally dissociation of hydrogen bonding provides low viscosity for 

melt processing and reversibility. High melt stability from the isothermal rheology test also 

makes the copolymer system a strong candidate for hot melt pressure sensitive adhesives 

(Figure 2.14b).  
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Figure 2.14. a) Chemical structure of cinnamate and urethane containing acrylic 

copolymers as HMPSA. b) Isothermal melt rheology at 150 °C for 2h. c) Peeling strength 

and failure mode of cinnamate and urethane containing acrylic copolymers. Reprinted with 

permission38 Copyright 2009 Taylor & Francis. 

Recently, Long et al. presented novel nucleobase-containing acrylic 

supramolecular adhesives with chemical structure shown in Figure 2.15.35 Adenine-

containing copolymer (A) showed microphase separated with needle-like structure of the 

hard phase which was attributed to the more pronounced ˊ-ˊ stacking of the aromatic 

adenine ring than thymine-containing copolymer (T). CMHB between pendant adenine and 

thymine moiety significantly enhanced the peel and shear strength between two 

copolymers, compared to the adhesion performance of single copolymer and single 

hydrogen bonding copolymers: poly(acrylic acid) (AA) and 4-vinylpyridine (VP) based 

copolymers. The strong CMHB acts as physical crosslinking to increase apparent 

a b 

c 
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molecular weight which results in enhanced adhesive properties. More study on explaining 

the mechanism behind the difference performance of single nucleobase adhesive and 

reversibility are being pursued in our laboratory. However, one can speculate the adhesion 

strength of A+T would decrease when heated above the hydrogen bonding dissociation 

temperature based on the variable temperature (VT) Fourier Transform Infrared spetra (FT-

IR), which showed the stretching vibration of hydrogen bonded carbonyl peak 

disappearance upon heating. 
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Figure 2.15. A) Peel and B) shear strength of nucleobase-containing copolymers and 

control of AA and VP containing copolymers. C) Reaction scheme of copolymerization of 

nBA and acrylic adenine/thymine. D) VT FT-IR for the complex of A and T. Reprinted 

with permission35 Copyright 2012, American Chemical Society. 

The relatively weak single hydrogen bonding can be compensated with increased 

quantity of hydrogen bonding groups. Wang and Xie designed a reversible adhesive using 

shape memory-epoxy with dense hydroxyl groups and nitrogen atoms in the material.40 

Extraordinary high adhesion force (453 N/cm2) was achieved with preload pressure at 90°C 

(above Tg) aided by low amount of methanol and cooling with load. Heating to 90°C again 

decrease the peeling force to 0.2 N/cm2. The shape memory property of epoxy recovered 

the deforming during heating and preserved the original adhesion strength to 67% after two 

cycles. Incorporating more hydrogen bonding groups through grafting polyethyleneimine 

on epoxy surface resulted in a 640N/cm2 pulling off strength and pH dependence with 

strong adhesion after treatment with acid solution. This study certainly illustrates the power 

and potential of hydrogen bonding containing adhesives with comparable adhesion 

strength to conventional liquid adhesive and superior reversibility for a variety of 

applications. 
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2.5.2  Solvent Reversible Adhesion 

Solvent reversible adhesion is also an important aspect of hydrogen bonding 

containing polymers, especially for applications that require temperature like human skin. 

Based on the previous work of a photo-crosslinked poly(D,L-lactide)s network to be used 

potentially as bioadhesive36, Long et al. introduce reversibility to the network via changing 

to hydrogen bonding as a physical crosslinking method.100 Biocompatible star-shaped 

poly(D,L-lactide)s (PDLLA) were end capped with adenine and thymine using Michael 

addition. Solution viscosity increased significantly when mixing polymers with two 

complementary nucleobases in nonpolar solvent, followed by a decrease to original range 

when polar solvent were added to disrupt the hydrogen bonding (Figure 2.16a). Moreover, 

1H NMR shift as function of temperature demonstrated the thermal reversibility of H-

bonded network (Figure 2.16b). This study points out a promising direction of designing 

biomedical adhesives through crosslinking of star-shaped low molecular weight precursors 

with end hydrogen bonding groups, which will be removable upon contact of water.  

  

 

Figure 2.16. a) Solution viscosities of star-shaped PDLLA end functionalized with 

adenine/thymine and their 1:1 mixture in CHCl3 and CHCl3/DMF. b) 1H NMR NH 



35 

 

chemical shift of PDLLA-AT mixture vs temperature. Reprinted with permission100 

Copyright 2006 American Chemical Society. 

Hydrogen bonding of nucleobase pair can also be used to design solvent reversible 

adhesion. Viswanathan and Long illustrated the solvent reversibility of the adhesion 

between terminal thymine-functionalized polystyrenes (PS-T)101 and silicon surface that 

covalently modified with adenines.39 Binding was specific and reversible confirmed with 

water contact angle measurement and X-ray photoelectron spectroscopy (XPS) in multiple 

solvent treatment cycles, shown in Figure 2.17. Herein, covalent coating of surface with 

hydrogen bonding groups was proved to be a possible method to adhere materials 

reversibly and selectively. Potential applications also exist in biomedical field, column 

chromatography and molecular recognition.  
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Figure 2.17. a) Scheme of solvent reversible adhesion of PS-T to adenine modified silicon 

surface. b) Water contact angle and XPS result of silicon surface upon solvent wash cycles 

of PS-T treatment/wash and DMSO rinse. Reprinted with permission39 Copyright 2006 

American Chemical Society. 

Even though most of the results are preliminary studies, they all show the 

advantages and possibility of incorporating hydrogen bonding groups into adhesives. With 

relatively strong physical interactions, adhesion on the interface rises due to the additional 

holding force preventing break on interface. Moreover, increasing apparent molecular 

weight and networking forming increase the Tg and modulus of the adhesive material itself 

which could lead to improved cohesive strength. Hydrogen bonding also brings in thermal 

and solvent reversibility which ensure easy detachment upon heating and polar aprotic 

solvent rinsing. Resistance to moisture could be an extra advantage if adhesive is 
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hydrophobic like acrylates. Hydrogen bonding on the interface could be protected by water 

repelling acrylates if sufficient contact can be guaranteed with preload force, while 

speculation still needs evidence.  

 Other Method of Introducing Reversibility  

There are some other methods of introducing reversibility in adhesives. Luo et al. 

presented a uniquely designed thermal reversible composite adhesive.64,65 The blend of 

poly(3-caprolactone) (PCL) and epoxy precursor formed a ñbricks-and-mortarò 

morphology through polymerization-induced phase separation (Figure 2.18A). When 

heated above the melting point of PCL for enough period of time under preload, the rigid 

composite adhesives wet the surface and formed a PCL thin layer at the interface due to 

the ñdifferential expansive bleeding (DEB)ò which is termed for the PCL volume 

expansion in excess of epoxy components. Cooling resulted in strong adhesive and 

cohesive strength as the thin layer of PCL provides good wetting and high modulus 

crystalline with highest pull-off strength to be about 9MPa. Melting of PLC thin layer at 

80 °C resulted in easy detachment of adhesives. Xie et al. also designed a reversible 

composite adhesive using a special shape memory polymer layer with small curvature and 

a low Tg intrinsic sticky adhesive layer.63 Preloading at 90 °C deformed the composite 

adhesive to comply with substrate surface, resulting in 60 N/cm2 pull-off strength. 

Repeated heating to 90 °C recovered the curved structure, correspondingly minimized the 

contact area and decrease the pull-off force to 10% of the original. Schematic illustration 

is shown in Figure 2.18E. 
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Figure 2.18. A) Stereo optical microscope images of DEB phenomenon at different 

temperatures of the Epoxy/PLC surface. B) and C) Scanning electron microscope (SEM) 

images of Epoxy/PLC surface before and after heating. Reprinted with permission65 

Copyright 2010 Elsevier. D) Scheme of reversible adhesion of SMP-based composite 

adhesives. Reprinted with permission63 Copyright 2008, American Chemical Society. 

Kobayashi studied reversible adhesion of positively and negatively charged 

polyelectrolytes brushes prepared with surface initiated polymerization on substrates.66 

Small amount of deionized water generated strong binding of two oppositely charge 

surface with a lap shear rate of 1.5 MPa. NaCl solution easily separated the surface through 

screening charges interactions. Polyelectrolytes remained on original surface in both 

detaching mechanism which proved the capability to go through multiple attaching and 

detaching cycles. La Spina et al. also reported switchable adhesion of a polyacid gel to 

polybase grafted substrate. The environmental pH value served as mechanism for 

reversible adhesion in this study.102 

D 
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 Conclusion 

With the potential to recycle, repair, and reuse, reversible adhesives have received 

significant attention from chemists, engineers, and material scientists. Achievements in 

fabricating reversible adhesive and surface adhesion so far mainly include three routes: 

reversible chemical reaction, biomimetic reversible system, which is primarily based on 

van der Waals interaction, and hydrogen bonding-containing polymers. The reversibility 

of chemical reactions can result in significant adhesion strength difference with certain 

thermal, photo, and redox external condition changes. Researchers successfully 

incorporated thermal reversible Diel Alder adducts and photoresponsive cyclobutane 

groups to achiever reversible adhesion, which is attributed to molecular weight changing 

or crosslink network forming. While the development of gecko-inspired fibrillar adhesive 

seems to reach a bottleneck of fabricating complicated hierarchy structure, new directions 

of utilizing additional mechanism of adhesion open another window to enhanced adhesion 

strength as well as simplified manufacture.  Uniting other noncovalent interactions and 

special shape design of adhesive materials not only overcomes the weakness from van der 

Waals nature of original gecko adhesives, but also introducing new detaching mechanism 

while maintaining weak peel strength for single fiber compared to overall adhesion strength. 

Incorporating hydrogen bonding enhances both interfacial adhesion strength and internal 

cohesive strength of the adhesive materials. Having multiple hydrogen acceptors and 

donors on one CMHB unit provides strong and specific interactions which further improve 

the apparent molecular weight and form network. Researchers further demonstrated large 

number of hydrogen bonding compensated relatively weak hydrogen bonding. Thermal 
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and solvent reversibility from hydrogen bonding provide detaching mechanism for 

adhesives and surface adhesion.  
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 Abstract 

Reversible addition-fragmentation chain transfer (RAFT) polymerization afforded the 

unprecedented synthesis of well-defined acrylic ABA triblock copolymers with 

nucleobase-functionalized external blocks and a central poly(n-butyl acrylate) (PnBA) 

block. Size exclusion chromatography (SEC) confirmed the molecular weight and 

molecular weight distribution of the central block. 1H NMR spectroscopy revealed the 

successful chain extension of the PnBA macro-chain transfer agent (CTA) using adenine 

or thymine-functionalized acrylic monomers. The acrylic monomer with a flexible spacer 

to the pendant nucleobases promoted intermolecular recognition of nucleobases and long 

range segmental motion of polymer main chains. The external block glass transition 

temperatures (Tgôs) of thymine (T) and adenine (A) functionalized blocks were 52 °C and 

76 °C, respectively. Thermomechanical and morphological analysis revealed the effect of 

processing conditions on self-assembly and microphase-separated morphology of 
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nucleobase-functionalized ABA copolymers. Thymine and adenine-functionalized ABA 

triblocks formed a thermodynamically stable, hydrogen-bonded complex upon blending. 

The supramolecular blend exhibited a cylindrical microphase-separated morphology with 

an extended plateau window compared to the individual block copolymers. The 

complementary hydrogen bonding between adenine and thymine formed a thermally labile, 

physically crosslinked, network that exhibited enhanced mechanical performance with 

melt processibility. Thus, these ABA nucleobase-functionalized block copolymers 

demonstrate potential as thermoplastic elastomers for hot melt adhesives and coatings. 

 Introduction 

Specific noncovalent interactions are a critical design feature for tailoring polymeric 

material properties.1 Noncovalent interactions, including hydrogen bonding and pi-pi 

stacking, create supramolecular physically crosslinked networks that significantly 

influence polymer properties. The intermediate bond strength between van der Waals 

forces and covalent bonds leads to reversible bonds that respond to external stimuli such 

as temperature, moisture, solvent, and pH.1,2 Noncovalent interactions also improve 

cohesive strength for adhesives,3,4 enhance temperature dependence of melt viscosity,5 and 

promote self-assembly.4-9 Block copolymers containing physical crosslinking attract both 

academia and industry due to the potential synergy between microphase-separation and 

noncovalent interactions. Localized hydrogen bonding within the hard phase induces or 

reinforces microphase separation of block copolymers.1,10-12 Long et al. observed a phase-

separated morphology of triblock copolymers with short nucleobase external blocks of 

molecular weights between 1-4 kDa.12 Long et al. also recently showed the capability of 

hydrogen bonding to facilitate self-assembly of ABC block copolymers.13 Nowick et al. 
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and McHale et al. both noted enhanced molecular recognition through segregation of block 

copolymers in solution.14,15 The commercial impact of block copolymer thermoplastic 

elastomers (TPEs) continues to increase, including hot melt adhesives, synthetic elasomers, 

automobile parts, and membranes. The past two decades have also witnessed various 

fundamental studies of block copolymer TPEs with structure-property relationships and 

emerging applications.16-21 The microphase-separated morphology of block copolymers is 

crucial for their thermoplastic properties and elasticity. The hard phase (high Tg or 

semicrystalline) provides mechanical integrity, while the soft phase (low Tg) affords 

flexibility. ABA triblock copolymers, such as styrene-butadiene-styrene (SBS) and 

styrene-isoprene-styrene (SIS), represent TPEs with wide industrial appeal due to their 

unique synergy of elastomeric properties and melt processibility. Noncovalent interactions 

have shown great potential for inducing thermal responsiveness and enhancing mechanical 

strength of polymers.1,5,12,22,23 It is hypothesized that reversible physical crosslinking in 

block copolymers allows supramolecular thermoplastic elastomers with a self-assembled 

morphology, enhanced mechanical integrity, and tailored thermal responsiveness. 

Nucleobases in deoxyribonucleic acid (DNA) exemplify biology-inspired candidates 

for introducing noncovalent interactions to synthetic polymers due to their thermal stability 

and synthetic versatility.24 The unique molecular recognition between purine and 

pyrimidine rings is of particular interest for their potential in self-assembly, template 

polymerization, thermal responsiveness, and information storage.25,26 Nucleobase-

functionalized polymers also offer unique biological properties including selective protein 

adsorption, suppressed bacterial adherence, and biocompatibility.27 Furthermore, 

nucleobase-containing polymers suggest potential as biosensors, molecular probes, 
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biomedicine, biomimetic information storage, and materials with enhanced mechanical 

properties.25,28-30 However, introducing nucleobases to synthetic polymers is challenging 

due to their limited solubility and susceptibility to multiple substitutions during monomer 

synthesis.22  

Most nucleobase-containing polymers in the literature are synthesized through the 

polymerization of nucleobase-functionalized monomers, and styrenic and methacrylic 

adenine/ thymine monomers are extensively described. Various controlled polymerization 

strategies are amendable to synthesize nucleobase-functionalized polymers, including ring-

opening metathesis polymerization,31,32 nitroxide mediated polymerization,12,14,33 and atom 

transfer radical polymerization (ATRP).34-36 Lutz et al. synthesized nucleobase-

functionalized styrenic polymers and observed the association and dissociation of 

hydrogen bonding in solution.36,37 McHale et al. combined segregation in solution with 

templating to obtain well-controlled, high molecular weight styrenic nucleobase 

polymers.14 Our research group reported styrenic triblock copolymers with adenine and 

thymine external blocks and showed their potential as drug delivery vehicles and biological 

probes.12,33 Inaki et al. synthesized methacrylamide adenine and uracil polymers with an 

ethylene spacer for template polymerization.38-40 Others probed the effect of molecular 

recognition on copolymer composition with nonpolar and hydrogen-bonding disrupting 

solvent using methacrylic adenine and thymine monomers with ethylene diester spacers.30 

Haddleton et al. synthesized methacrylic and acrylic nucleoside monomers for subsequent 

template polymerization.29,41 Other researchers synthesized and observed assembly of 

PEGylated methacrylic nucleobase polymer in water, and also reported nucleobase-
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functionalized monomers for step-growth polymerization including norbornene 

derivatives.31,32,42-44  

Despite the intensive research interest in nucleobase-containing polymers, most 

nucleobase-containing polymers mentioned above either presented sterically constrained 

side groups or rigid polymer backbones with Tgôs above the hydrogen bonding dissociation 

temperature range. Literature values for styrenic and methacrylic adenine-functionalized 

polymer Tgôs range from 105 ÁC to 204 ÁC; thymine-functionalized polymers show a Tg 

from 87 °C to 191 °C, depending on the monomer structure.12,29,30,41,45 The only previously 

reported acrylic nucleoside homopolymers also showed Tgôs around 140-170 °C.29 Steric 

effects and polymer chain rigidity significantly restricted molecular association and 

dissociation in the bulk.46 This also accounts for predominate research focus in literature 

on supramolecular polymer self-assembly and template polymerization in solution, where 

solvation and mobility promote molecular recognition. Previous investigations of bulk and 

mechanical properties of supramolecular polymers only include telechelic polymers with 

physical crosslinking sites located only at the chain ends.5,47-49 As a result, nucleobase-

functionalized block copolymers with sufficiently low Tg backbone and less steric 

hindrance are of particular interest for ascertaining the influence of nucleobase pendant 

groups on solid-state properties.  

Acrylic polymers exhibit 20-100 °C lower Tg values than their methacrylic analogs due 

to the absence of a pendent methyl on the backbone.50 However, controlled polymerization 

of acrylate monomers is more challenging due to the presence of an Ŭ-proton, which 

facilitates branching due to chain transfer to polymer.51 Long et al. previously synthesized 

acrylic adenine and thymine polymers with Tg of 65 °C and 43 °C, respectively, with 
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flexible spacers to promote molecular recognition. Both rheological and adhesive analyses 

demonstrated the effect of A-T complementary hydrogen bonding on random copolymer 

blends due to supramolecular association in the bulk.4 

This manuscript focuses on the synthesis of novel, bio-inspired, supramolecular 

block copolymers with well-defined compositions and nanoscale phase-separated 

morphologies. An optimized, two-step, RAFT polymerization afforded ABA triblock 

copolymers with either adenine acrylic (AdA) or thymine acrylic (ThA) external blocks 

and a PnBA central block. The structural design of an acrylic backbone with a flexible 

spacer to the nucleobase pendant groups ensured sufficiently low Tgôs and flexibility for 

molecular recognition.4 Dynamic mechanical analysis (DMA), small angle X-ray 

scattering (SAXS), and atomic force microscopy (AFM) revealed the effect of noncovalent 

interactions on block copolymer morphologies and thermomechanical properties. We 

further discuss the effect of processing conditions on film performance. The 

complementary hydrogen bonding between adenine and thymine contributed to a 

microphase-separated supramolecular blend with an elongated plateau region and similar 

melt processibility compared to the precursors. The reversible supramolecular network 

provided enhanced mechanical properties and thermal responsiveness.  

 Experimental Section  

Materials. n-butyl acrylate (nBA, 99+%) was purchased from Aldrich and passed through 

a neutral alumina column before use. Ŭ,Ŭô-Azobis(isobutyronitrile) (AIBN, Fluka, 99%) 

was recrystallized from methanol. N,Nô-dicyclohexylcarbodiimide (DCC, 99%), 4-

(dimethylamino) pyridine (DMAP, Ó99%), and 1,4-butanediol diacrylate (Alfa Aesar, 99%) 

were used without further purification. Adenine (A, 99%), thymine (T, 99%), triethylamine 
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(TEA, 99%), potassium carbonate (99%), 1,6-hexanediamine (98%), 4-cyano-4-

(dodecylsulfanylthiocarbonylsulfanyl)pentanoic acid (CDP, 97%), and 2,6-di-tert-butyl-4-

methylphenol (BHT, 99%) were purchased from Aldrich and used without further 

purification. Hexane (HPLC grade), chloroform (CHCl3, HPLC), tetrahydrofuran (THF, 

HPLC grade), N,N-dimethylsulfoxide (DMSO, HPLC grade) and N,N-dimethylformamide 

(DMF, HPLC grade, anhydrous) were purchased from Fisher Scientific and used as 

received.  

Analytical Methods. 1H NMR and 13C NMR spectra were collected in CDCl3 or DMSO-

d6 on a Varian INOVA spectrometer operating at 400 MHz at 23 °C. Size exclusion 

chromatography (SEC) was performed using a Waters size exclusion chromatograph. The 

instrument was equipped with an auto sampler, three 5 ɛm PLgel Mixed-C columns, a 

Waters 2410 refractive index (RI) detector operating at 880 nm, and a Wyatt Technologies 

miniDAWN multi-angle laser light scattering (MALLS) detector operating at 690 nm with 

a flow rate of 1 mL/min at 30 °C in THF. Reported molecular weights are absolute values 

from the light scattering detector with dn/dc value of 0.07. Differential scanning 

calorimetry (DSC) was performed under a nitrogen flush of 50 mL/min at a heating rate of 

10 °C/min on a TA instruments Q1000 DSC, which was calibrated using indium (mp = 

156.60 °C) and zinc (mp = 419.47 °C) standards. Glass transition temperatures were 

measured as the midpoint of the transition in the second heating scan. DMA was conducted 

on a TA Instruments Q800 in tension mode at a frequency of 1 Hz, an oscillatory amplitude 

of 8 ɛm, and a static force of 0.01 N. The temperature ramp was 3 ÁC/min. The glass 

transition temperature (Tg) was determined at the peak maximum of the tan ŭ curve. All 

FTIR experiments were performed using a Varian 670-IR spectrometer (DTGS detector) 
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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 180 °C and FTIR 

spectra were collected every 10 °C beginning from 30 °C. 

A Veeco MultiMode scanning probe microscope was used for tapping-mode AFM 

imaging. Samples were imaged at a set-point ratio of 0.60 with a magnification of 1 ɛmĬ1 

ɛm. Veeco nanosensor silicon tips with a spring constant of 42 N/m were utilized for 

imaging. SAXS experiments were 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 

KŬ). The sample-to-detector distance was 1600 mm, and q-range was calibrated using a 

silver behenate standard. Two-dimensional SAXS patterns were obtained using a fully 

integrated 2D multiwire, proportional counting, gas-filled detector, with an exposure time 

of 2 h. All SAXS data were analyzed using the SAXSGUI software package to obtain 

radically integrated SAXS intensity versus scattering vector q, where q = (4ˊ/ɚ)sin(ɗ), ɗ is 

one half of the scattering angle and ɚ is the wavelength of X-ray.  

Polymerization of difunctional PnBA macro-CTA . 1,6-bis(4-cyano-4-(dodecylsulfanyl-

thiocarbonylsulfanyl)pentanoic acid)-hexane diamide (dCDPïNH2) was synthesized 

according to previous literature.52 DMF (13.0 g, 20 wt%), dCDPïNH2 (35.6 mg, 0.4 mmol), 

nBA (3.2 g, 25.1 mmol), and AIBN (0.7 mg, 0.04 mmol) were charged into a single-necked 

Schlenk flask. The monomer: initiator: CTA ratio was 630:1:10. The flask was subjected 

to four freeze-pump-thaw cycles with subsequent refilling with argon. The flask was then 

sealed and thermostated at 65 °C for 6 h. 1H NMR determined a monomer conversion of 

55%. After the polymerization, residual monomer and solvent were removed by distillation. 
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SEC analysis in THF revealed molecular weight data Mn= 44.8 kDa. Mw/Mn= 1.13. Yield 

was approximately 50%. 

Polymerization of adenine-functionalized ABA triblock copolymers. AdA (613.8 mg, 

1.8 mmol), AIBN (0.2 mg, 1.2 ɛmol), PnBA macro-CTA (549.0 mg, 12.3 ɛmol), and DMF 

(4.6 g, 20 wt%) were charged into a single-necked Schlenk flask and subjected to four 

cycles of freeze-pump-thaw and subsequent refilling with argon. The flask was then sealed 

and maintained at 65 °C for 6 h. The copolymer was isolated from precipitation into 

methanol and dried in vacuo at room temperature for 24 h. The monomer: initiator: CTA 

ratio was 1500:1:10. 1H NMR revealed the number-average molecular weight for each 

external block of poly(AdA-b-nBA-b-AdA) Mn= 13.8 kDa, monomer conversion 56%, 

assuming an equal chain growth rate from both macro-CTA ends. 

Polymerization of thymine-functionalized ABA triblock copolymers. ThA (613.0 mg, 

1.9 mmol), AIBN (0.2 mg, 1.2 ɛmol), PnBA macro-CTA (549.0 mg, 12.3 ɛmol), and DMF 

(4.7 g, 20 wt%) were charged into a single-necked Schlenk flask and subjected to four 

cycles of freeze-pump-thaw and subsequent refilling with argon. The flask was then sealed 

and maintained at 65 °C for 6 h. The copolymer was isolated from precipitation into 

methanol and dried under vacuum at room temperature for 24 h. The monomer: initiator: 

CTA ratio was 1600:1:10. 1H NMR revealed number-average molecular weight for each 

external block of poly(ThA-b-nBA-b-ThA) Mn=15.0 kDa for each block, monomer 

conversion 56%, assuming an equal chain growth rate from both macro-CTA ends.. 

Triblock copolymer films and supramolecular blend preparation. Poly(AdA-b-nBA-

b-AdA) and poly(ThA-b-nBA-b-ThA) were melt pressed at 120 °C for 1 h and annealed at 

120 °C in vacuo for 24 h. poly(AdA-b-nBA-b-AdA)/poly(ThA-b-nBA-b-ThA) were also 
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dissolved in DMSO (2 wt% solids) at 50 °C for 18 h and casted to a Teflon® mold. A 

Teflon® mold was used to minimize deformation of the polymeric flims during removal. 

The mold was placed at 80 °C for 48 h to slowly evaporate DMSO. The dried copolymer 

film was then annealed under vacuum at 120 °C for 24 h. To obtain the supramolecular 

blend, poly(AdA-b-nBA-b-AdA) (50 mg) and poly(ThA-b-nBA-b-ThA) (47 mg) (A:T=1:1) 

were dissolved in DMSO (5 mL) at 50 °C for 18 h and casted to a Teflon® mold, using an 

identical drying and annealing procedure.  

 Results and Discussion 

 Synthesis of acrylic ABA triblock copolymers with nucleobase-functionalized 

external blocks.  Controlled radical polymerization allowed the synthesis of nucleobase-

functionalized ABA tri block copolymers with an acrylic backbone. Michael addition of a 

butanediol diacrylate with adenine or thymine afforded a convenient synthesis of the 

acrylic nucleobase monomers.4 The acrylic backbone and flexible spacer linking the 

backbone to pendent nucleobases facilitated noncovalent interactions and tuned the Tgôs of 

the external blocks (Scheme 3.1). The butanediol spacer also promoted the solubility of 

nucleobase monomers in organic solvents, which allowed homogeneous copolymerization 

in DMF at typical concentrations.  

Reversible addition-fragmentation chain transfer (RAFT) polymerization is  an 

efficient route for synthesizing block copolymers of various compositions due to excellent 

functional group tolerance.53 Despite the many advantages of RAFT polymerization, only 

a few previous reports used RAFT to synthesize nucleobase-functionalized 

polymers.13,14,30,54 Long et al. previously designed and synthesized two difunctional chain 

transfer agents (CTA) for RAFT polymerization of ABA diblock copolymers through 
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divergent chain growth.52 A diamide-linked difunctional CTA was used to polymerize 

acrylic nucleobase monomers. The difunctional CTA afforded a divergent polymerization 

of ABA triblock in two steps (Scheme 3.1). In the first step, dCDPïNH2 controlled the 

polymerization of nBA and yielded PnBA macro-initiator with absolute Mn of 44.8 kDa 

and PDI of 1.13 according to SEC (Figure S3.1). Chain transfer to polymer for acrylics 

was suppressed due to preference for chain transfer to the CTA. Several parameters proved 

necessary for obtaining good control of RAFT polymerization of acrylates, including strict 

freeze-pump-thaw cycles, proper CTA-to-initiator ratio (10:1 for dCDPïNH2), low 

monomer conversion (<70%), and constant polymerization temperature. A practical 

threshold molecular weight for trithiocarbonate was observed near 80~100 kDa in the 

polymerization of acrylic monomers, where controlled polymerization diminished.  

In the second step, PnBA macro-initiator enabled the polymerization of nucleobase-

functionalized external blocks in a divergent fashion. This divergent chain growth method 

eliminates possible diblock formation if cleavage of the trithiocarbonate occurs.52 The 

diamide linker also contributed to thermal and hydrolytic stability . 1H NMR spectroscopy 

was the primary tool for collecting structural and molecular weight information due to 

limited solubility of the triblock copolymers for molecular weight determination using SEC. 

1H NMR spectroscopic analysis of the reaction mixture immediately after polymerization 

provided number-average molecular weights of the nucleobase block through a comparison 

of monomer conversion and macroCTA molecular weight. For example, the ratio of 

integration of acrylic peaks (3H) at 5.8-6.4 ppm to the methylene peak (2H) adjacent to 

adenine at 4.2-4.4 ppm yielded a 56% conversion of the polymerization (Figure S3.2). 1H 

NMR spectroscopic analysis of the purified copolymers determined number-average 
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molecular weights for the nucleobase blocks through the ratio of nucleobase to PnBA 

(Figure S3.4, S3.5). The molecular weight results of purified block copolymer products 

(DP2 in Table S3.1) agreed with results from experimental predictions (DP1 in Table S3.1). 

Number-average molecular weights of poly(AdA-b-nBA-b-AdA) and poly(ThA-b-nBA-

b-ThA) were 27.6-44.8-27.6 kDa and 30.1-44.8-30.1 kDa,  respectively. The degree of 

polymerization (DP) of the nucleobase-functionalized external block was calculated from 

the average of two calculation methods. DP of AdA external block for poly(AdA-b-nBA-

b-AdA) was 83; DP of ThA external block for poly(ThA-b-nBA-b-ThA) was 93. Total 

number-average molecular weights of poly(AdA-b-nBA-b-AdA) and poly(ThA-b-nBA-b-

ThA) were 72.4 kDa and 74.9 kDa, respectively. Similarity of the acrylic nucleobase 

monomers to nBA also eliminated possible crossover problems associated with reactivity 

ratio difference of monomers in controlled radical polymerization.4  
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Scheme 3.1. Synthesis of adenine- and thymine-functionalized acrylic ABA triblock 

copolymers using RAFT polymerization. * For visual guidance, all adenine copolymers 

are labeled red; thymine copolymers are labeled blue. 

Hydrogen bonding between monomers using NMR titration . NMR titration is a 

common tool to monitor reversibility of hydrogen bonding and supramolecular 

assembly.1,55-58 NMR titration experiments at 22 °C for the AdA and ThA monomers 

quantified the association constant for their complementary hydrogen bonding. The 

concentration of ThA monomer (guest) in CDCl3 remained constant while the 

concentration of AdA monomer (host) varied. Actual AdA concentration was calculated 

from the ratio of AdA to ThA in CDCl3. The hydrogen bonded proton resonance for ThA 

shifted from high field to low field with increasing AdA concentration (Figure S3.6). The 
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Connersô method provided a more accurate calculation using a non-linear fitting compared 

to the commonly used Benesi-Hildebrand model.58,59 Figure 3.1 depicts a plot of the 

concentration of AdA versus the chemical shift changes (ŭi) of ThA hydrogen bonded 

proton, and non-linear fitting determined the binding constant (K) to be 128 M-1 using 

equation (1). [H]0 and [G]0 represent the concentration of AdA (host) and ThA (guest), 

respectively. ŭi is the difference between the chemical shift of observed ThA and the free 

ThA; ŭc is the difference between the chemical shift of completely bonded ThA and free 

ThA. The binding constant of AdA and ThA agreed well with literature values.56,60 The 

acrylic substitution on the nucleobase did not interfere with complementary hydrogen 

bonding between the AdA and ThA monomers.  

Ὄ                                                                                    (1) 

  

Figure 3.1. Non-linear fitting of NMR titration results to determine the binding constant 

of AdA and ThA in CDCl3 at 22 °C. 
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Thermal Transitions. In the design of amorphous TPEs, the hard-soft-hard triblock 

copolymer structure is essential for mechanical integrity and elasticity. The application 

temperature window for TPEs lies between the Tg of the hard external blocks, which afford 

mechanical integrity, and the soft central block, which provides flexibility.20 The 

nucleobase-functionalized ABA triblock copolymers contained acrylic adenine or thymine 

external blocks designed as the hard blocks and PnBA central block for the soft block. DSC 

determined Tgôs of poly(ThA-b-nBA-b-ThA)  to be -40 °C and 52 °C, and Tgôs of 

poly(AdA-b-nBA-b-AdA) to be   -39 °C and 76 °C (Figure S3.7). The presence of two Tgôs 

confirmed a block structure of the nucleobase-functionalized copolymers. The similar 

lower Tgôs for both ABA triblock copolymers corresponded to PnBA block, while the 

higher Tgôs correlated well with the previously reported homopolymers Tgôs.
4 The soft 

blocks Tgôs were slightly higher than polynBA homopolymer Tg (-47 °C) due to phase 

mixing of the soft and hard phases, which was confirmed in mechanical analysis. The hard 

blocks Tgôs were slightly higher than the reported homopolymers Tgôs, which was 

presumably attributed to molecular weight differences of the nucleobase blocks from 

previously reported homopolymers.4 The Tg difference between adenine and thymine 

blocks resulted from the bulkier pyrimidine structure and additional pi-pi stacking of 

adenine. Self-association of adenine is stronger than thymine despite their similar self-

hydrogen bonding constants.60 This structural difference also affected self-assembly and 

morphology, which is discussed below. TGA showed 5 wt% loss temperatures of 

poly(AdA-b-nBA-b-AdA) and poly(ThA-b-nBA-b-ThA) to be 282 °C and 285 °C, 

respectively, which demonstrated their thermal stability for high temperature applications 

such as hot melt adhesives and injection molding (Figure S3.8). To the best of our 
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knowledge, the acrylic nucleobase block copolymers showed the lowest Tgôs among all 

previously reported nucleobase-functionalized polymers.  

Thermomechanical analysis. All triblock copolymer films showed superior 

mechanical integrity compared to diblock copolymers with similar nucleobase content and 

molecular weight. Poly(nBA-b-AdA) and poly(nBA-b-ThA) synthesized using a 

monofunctional CTA did not form free-standing films. As expected, the hard-soft-hard 

block copolymer structure proved crucial for TPE behavior. Higher Tg external blocks 

anchored both ends of the polymer chain, while the soft central block provided flexibility . 

Two different processing methods prepared block copolymer films with an identical 

annealing procedure. Both melt-pressed and solution-cast copolymer films exhibited 

microphase-separation in their thermomechanical analysis and surface morphology 

(Figures 3.2, 3.3a-d). In Figure 3.2, the first transition in the storage modulus-temperature 

curve and the first tan delta peak from the lowest temperature corresponded to the glass 

transition of the soft phase, followed by a plateau region where modulus remained constant 

with temperature. The bright and dark regions related to hard and soft phases, respectively, 

in AFM phase images (Figure 3.3). Both processing conditions resulted in self-assembled, 

microphase-separated ABA triblock copolymer films. However, DMA and AFM revealed 

significant morphological and mechanical differences, presumably resulting from differing 

processing conditions. In Figure 3.2, the solution-cast films showed higher plateau moduli 

on storage modulus curves compared to the melt-pressed analogs for both copolymers. The 

tan delta curves and AFM images (Figures 3.3a-d) also indicated more defined microphase-

separation with slow evaporating solvent. Soft phase Tg (tan delta peak) of melt-pressed 

poly(ThA-b-nBA-b-ThA) and poly(AdA-b-nBA-b-AdA) film s were -19 °C and -17 °C, 
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which were higher than solution-cast samples. Restricted mobility and shorter self-

assembly time in the melt impeded phase separation compared to solution. A mixed soft 

phase that contained both nucleobase and PnBA blocks resulted in a higher soft block Tg 

and a lower plateau modulus, forming a kinetically trapped morphology. Further annealing 

at 120 °C for 5 d did not have a significant impact on the partially mixed phase separation 

for the melt-pressed samples. Chain mobility and time are keys to the self-assembly 

kinetics of block copolymers in the presence of physical crosslinks. Intermolecular 

hydrogen bonding also presumably further restricted chain mobility even at the annealing 

temperature. As a polar solvent and a hydrogen bonding acceptor, DMSO dilutes hydrogen 

bonding groups and screens intermolecular hydrogen bonding. Proper solvent was 

necessary to disrupt physical crosslinking and facilitate self-assembly. The self-assembled 

morphology significantly affected mechanical properties as temperature increased. 
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Figure 3.2. Effect of processing conditions on the thermomechanical properties of 

nucleobase-functionalized triblock copolymers. 

Figure 3.3. Tapping mode AFM phase image of (a) solution-cast poly(AdA-b-nBA-b-

AdA), (b) solution-cast poly(ThA-b-nBA-b-ThA), (c) melt-pressed poly(AdA-b-nBA-b-

AdA), (d) melt-pressed poly(ThA-b-nBA-b-ThA), and (e) solution-cast supramolecular 

blend. 

Plateau moduli of melt-pressed ABA triblock copolymers were in the range of typical 

TPEs, while plateau moduli of solution-cast copolymers were too high for elastomers.21 38 

wt% of adenine-functionalized blocks and 40 wt% of thymine-functionalized blocks self-

assembled into hard phases, which restricted the flexibility of copolymers in the plateau 

temperature range.  Decreasing the nucleobase content and block length will potentially 

afford nucleobase-functionalized triblock copolymer TPEs with improved elasticity.  
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DMA also elucidated the effect of noncovalent interactions on block copolymer 

thermomechanical properties. Above the Tg of the soft phase, the second drop of modulus 

and intermediate tan delta peak related to the Tg of the hard block for both solution-cast 

samples. A small second plateau followed the hard block Tg before the terminal flow. These 

secondary plateaus were attributed to self-association of the adenine-adenine and thymine-

thymine hydrogen bonding and pi-pi stacking. Variable temperature FTIR of poly(ThA-b-

nBA-b-ThA) and poly(AdA-b-nBA-b-AdA) verified the presence of weak self-hydrogen 

bonding (Figure S3.9, S3.10). Poly(AdA-b-nBA-b-AdA)  showed a higher modulus above 

the second Tg compared to the poly(ThA-b-nBA-b-ThA), which correlated to stronger pi-

pi stacking of the purine rings.4 The noncovalent-interaction dominated region was not 

obvious for melt-pressed poly(ThA-b-nBA-b-ThA) and absent for melt-pressed poly(AdA-

b-nBA-b-AdA) due to the poor assembly of the hard phase in the melt. The lower plateau 

modulus for the melt-pressed poly(AdA-b-nBA-b-AdA) resulted from a slower self-

assembly compared to poly(ThA-b-nBA-b-ThA). The additional pi-pi stacking and bulkier 

pendant group further inhibited chain mobility of the adenine block. Melt-pressed 

poly(AdA-b-nBA-b-AdA) exhibited more phase mixing than melt-pressed poly(ThA-b-

nBA-b-ThA) under the same annealing time. Certain features of block copolymers were 

necessary to reveal the noncovalent interaction-dominated plateau region. In particular, the 

Tg of the physically crosslinked block needs to be lower than the dissociation temperature 

of physical crosslinks. In addition, sufficient physical crosslinking strength is also needed. 

Strong crosslinks will restrict segmental motion and potentially lead to an order-disorder 

transition temperature above the hard block Tg as shown for supramolecular blend in Figure 
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3.4. Sufficient degrees of polymerization for the nucleobase blocks also ensured sufficient 

noncovalent interactions to influence the mechanical properties. 

 

Figure 3.4. Thermomechanical properties of solution-cast nucleobase-functionalized 

triblock copolymers and their blend. 

Supramolecular blend. Solution blend of poly(AdA-b-nBA-b-AdA)  and poly(ThA-

b-nBA-b-ThA) were prepared to examine the influence of complementary hydrogen 

bonding of A-T on mechanical performance. The supramolecular blend of poly(AdA-b-

nBA-b-AdA) and poly(ThA-b-nBA-b-ThA) at 1:1 adenine:thymine molar ratio showed 

microphase-separation rather than macrophase-separation due to collectively strong 

intermolecular interactions.61 AFM and DMA revealed a well-organized microphase-

separated morphology for the supramolecular blend (Figures 3.3e, 3.4). Complementary 

hydrogen bonding between adenine and thymine is approximately 50× stronger than A-

A/T-T self-association.4,60 The physically crosslinked thymine and adenine-functionalized 
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hard blocks self-assembled into a single high Tg phase, while the soft PnBA block formed 

a soft phase. The plateau region of the supramolecular blend in Figure 3.4 extended beyond 

the Tgôs of either hard blocks. Table 3.1 summarizes observed Tgôs from DSC and DMA 

and the major plateau range of solution-cast poly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-

b-ThA), and their blend. The blend did not exhibit an external block Tg, and an 

approximately 40 °C wider plateau window was observed compared to the individual 

components. The molecular recognition between adenine and thymine restricted the 

mobility of the hard blocks above Tgôs of either hard blocks. In addition, the blend showed 

an onset of terminal flow at a similar temperature as poly(AdA-b-nBA-b-AdA) and 

poly(ThA-b-nBA-b-ThA) near 90 °C, corresponding to the temperature where a majority 

of the hydrogen bonding dissociated. These results illustrated that noncovalent interactions 

extend the temperature independent modulus region, while maintaining melt processibility 

due to thermoreversibility of the physical crosslinks.  

Dynamic mechanical analysis revealed potential benefits of the nucleobase-

functionalized supramolecular blend for TPE applications. Inter-chain recognition 

contributed to well-defined microphase-separation, extended plateau range, and 

maintained melt processibility for the supramolecular blend. However, a higher plateau 

modulus, was observed compared to a typical TPE modulus range, limiting the elasticity 

of the solution-cast supramolecular blend. Further studies are underway to tune the triblock 

copolymer structure for a supramolecular blend with improved TPE performance.  
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Table 3.1. Tgôs and plateau temperature ranges of nucleobase-functionalized block 

copolymers. Tg
A1,  Tg

A2 are from tan delta curves of DMA (solution-cast samples);  Tg
B1,  

Tg
B2 are from the second heating ramps of DSC.  

Temperature (ÁC) 
T
g

A1 

(ÁC) 

T
g

A2 

(ÁC) 

T
g

B2 

(ÁC) 

T
g

B2 

(ÁC) 

Plateau 

(ÁC) 

Poly(AdA-b-nBA-b-AdA) -31 52 -39 76 76 

Poly(ThA-b-nBA-b-ThA) -29 49 -40 52 71 

A:T 1:1 Blend -30 NA -47 74 109 

 

SAXS and bulk morphology. SAXS results were used to probe the bulk morphology 

of solution-cast poly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and blends (Figure 

3.5). The SAXS profile for each of the samples contains relatively broad scattering maxima 

with periodic intensity oscillations, indicative of a morphology with a distribution of 

characteristic dimensions (in agreement with the AFM data in Figures 3.3a,b,e). Poly(AdA-

b-nBA-b-AdA) and the blend show periodic scattering maxima that roughly match the 

expected q, Ѝσq, Ѝτq, Ѝχq, and Ѝρςq peak positions that are characteristic of hexagonally 

packed cylinders, where q is the position of the first maximum. In contrast, for poly(ThA-

b-nBA-b-ThA), both Figures 3.3b and 3.5 indicate a much less ordered morphology. The 

well-assembled cylindrical phase separation morphology of poly(AdA-b-nBA-b-AdA) and 

the blend was attributed to enhanced ordering originating from pi-pi stacking and 

complementary hydrogen bonding, respectively. Purine rings of poly(AdA-b-nBA-b-AdA) 

were shown to afford stronger pi-pi interaction than pyrimidine rings in poly(ThA-b-nBA-
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b-ThA).4 However, the WAXD profile (Figure S3.11) only shows a broad diffraction peak 

characteristic of inter-chain correlations (amorphous halo) of the PnBA block.4 The 

absence of a signature diffraction peak for pi-pi stacking is presumably due to the small, 

nanometer-scale size of the packed AdA domains, as compared to much longer range order 

of packed AdA units in the homopolymers.4,5 The d spacings were 60.4 nm, 63.4 nm, and 

58.7 nm for poly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and the blend, 

respectively. These d spacings were attributed to the inter-particle distance between the 

phase separated domains, which also corresponded well with inter-particle distances 

observed in AFM. All average spacings were close to 60 nm due to the similar volume 

fractions of the external and internal blocks for all three samples.  Overall, noncovalent 

interactions within the hard phase facilitated the self-assembly of block copolymers at the 

equilibrium self-assembled morphology. The bulk morphology and surface morphology 

agreed well, and both demonstrated the positive effect of noncovalent interactions on block 

copolymer self-assembly.  

SAXS results also agreed with the trend in dynamic mechanical analysis of the 

solution-cast poly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and the blend. 

Poly(ThA-b-nBA-b-ThA) exhibited the lowest order-disorder transition temperature due 

to the least ordered microphase-separation. Figure 3.6 depicts the self-assembled 

morphology of the supramolecular blend. The complementary hydrogen bonding 

facilitated self-assembly of supramolecular block copolymer blends and enhanced the 

mechanical performance as a function of temperature. The thermal dissociation of 

hydrogen bonding led to a disruption of the physically crosslinked network in the hard 

phase, which resulted in a modulus drop. Overall, a synergy between the noncovalent 
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interactions within the hard phase and the equilibrium, self-assembled morphology 

contributed to enhanced supramolecular polymer properties. Better phase separation led to 

more physical crosslinking within the hard phase and higher modulus when comparing 

solution-cast to melt-pressed samples. Stronger physical crosslinking within the hard phase 

facilitated self-assembly and reinforced the microphase-separated morphology when 

comparing solution-cast supramolecular blend with poly(AdA-b-nBA-b-AdA) and 

poly(ThA-b-nBA-b-ThA). However, noncovalent interactions decreased the rate of self-

assembly in the melt. 

 

Figure 3.5. SAXS of solution-cast nucleobase-functionalized triblock copolymers and 

their blend. For clarity, data were vertically shifted by arbitrary factors. 
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Figure 3.6. Pictorial representation of supramolecular blend of adenine and thymine-

functionalized triblock copolymers. 

Variable temperature FTIR.  Variable temperature FTIR is suitable to monitor the 

thermal reversibility of hydrogen bonding in the bulk.4,55 The low solubility of nucleobase-

functionalized block copolymers in nonpolar solvents limited the feasibility of NMR 

titration despite monomer solubility . Variable temperature FTIR on poly(AdA-b-nBA-b-

AdA), poly(ThA-b-nBA-b-ThA), and the blend verified the presence of hydrogen bonding 

and thermal reversibility. Figure 3.7 shows the scale-expanded, ATR-corrected, spectral 

overlay of the supramolecular blend upon a temperature ramp. Hoogsteen base pairing is 

shown in Figure 3.7 to label signature peaks in the spectrum. However, the association of 

adenine and thymine units most likely combined both Hoogsteen and Watson-Crick base 

pairing.22 The primary absorbance at 1730 cm-1 corresponded to C=O stretching of the 

carbonyl peak from the PnBA block and the non-conjugated, carbonyl peak from 

nucleobase blocks. The broad absorbance centered at 1670 cm-1 related to the hydrogen 

bonded C=O on thymine, which shifted to higher wavenumber upon heating (red arrow). 

Two N-H bending vibration peaks at 1600 cm-1 and 1645 cm-1 both shifted toward lower 
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wavenumbers with increasing temperature (blue arrows). Spectra collected after cooling to 

30 °C shows that all hydrogen bonded absorbances shifted to their original wavenumbers. 

Upon cooling, hydrogen bonding formation led to a red-shift of C=O stretching vibration 

and a blue-shift of N-H bending vibration.4,62,63 Red-shift of C=O stretching vibration was 

due to C=O bonding lengthening when hydrogen-bonded, where frequency decreases as 

force constant decreases in equation ’Ӷ  (k: force constant; ɛ: reduced mass).64 

Blue-shift of N-H bending vibration was attributed to restriction of the bending motion 

from hydrogen bonding. The spectral reversibility over a heat-cool cycle demonstrated the 

thermal reversibility of the supramolecular network. The gray peaks corresponded to free 

C=O and N-H that were not hydrogen bonded. The same FTIR experiment on poly(AdA-

b-nBA-b-AdA) and poly(ThA-b-nBA-b-ThA) (Figures S3.9, S3.10) indicated the presence 

of weaker hydrogen bonding from the self-association of A-A and T-T, respectively. The 

FTIR results confirmed our hypothesis for the dynamic mechanical performance of the 

nucleobase-functionalized copolymers and the blend. The FTIR results also provided 

support for the morphology depicted in Figure 3.6. Thermoreversible hydrogen bonding 

within the hard phase contributed to a supramolecular network with a more defined, self-

assembled phase-separated morphology, mechanical performance, and thermal 

responsiveness.  
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Figure 3.7. Variable temperature FTIR spectra in the 1500-1700 cm-1 region for the 

supramolecular blend. 

 Conclusions 

 Divergent RAFT polymerization afforded synthesis of nucleobase-functionalized 

acrylic ABA triblock copolymers using a difunctional CTA. The acrylic backbone and 

flexible linker were crucial to lower the Tgôs for probing the effect of noncovalent 

interactions. Nucleobase-functionalized triblock copolymers self-assembled into 

microphase-separated morphologies. Hydrogen bonding and pi-stacking created physically 

crosslinked networks with enhanced thermomechanical properties. The performance of 

block copolymer films was largely dependent on their self-assembly behavior, which was 

affected by processing conditions. The complementary hydrogen bonding of A-T in the 

hard phase of the supramolecular blend contributed to an elongated plateau, while 
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maintaining melt processibility. We observed the synergy between physical crosslinking 

within the hard phase and self-assembled microphase-separation. Complementary 

noncovalent interactions showed potential in promoting self-assembly, enhancing 

mechanical strength, and introducing thermal responsiveness to improve melt 

processibility for block copolymers. Nucleobase-functionalized ABA copolymers offered 

a potential platform for future thermoplastic elastomer fabrication. 
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 Supporting Information 

Analytical Methods. WAXD were performed using a Rigaku S-Max 3000 3 pinhole 

SAXS system, equipped with a rotating anode emitting X-rays with a wavelength of 0.154 

nm (Cu KŬ). Scattering from a silver behenate standard was used to calibrate the sample-

to-detector distance. For WAXD, the sample-to-detector distance was 80.0 mm. WAXD 

two-dimensional diffraction patterns were obtained using an image plate, with an exposure 

time of 2 hours. All WAXD data were analyzed using the SAXSGUI software package to 

obtain azimuthal averaged WAXD intensity versus 2ɗ profiles, where ɗ is one half of the 

scattering angle. WAXD profiles were vertically shifted to facilitate a comparison of the 

peak positions.  

 

Figure S3.1. SEC trace of poly(nBA) difunctional macro-initiator.  
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Figure S3.2. 1H NMR spectrum of reaction mixture after 2nd RAFT polymerization step of 

adenine block. The integrations of peak a and b were used to calculate conversion.  
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Figure S3.3. 1H NMR spectrum of reaction mixture after 2nd RAFT polymerization step of 

thymine block. The integrations of peak a and b were used to calculate conversion.  

 

Figure S3.4. 1H NMR spectrum of poly(AdA-b-nBA-b-AdA) with 19 mol% adenine. 

 
Figure S3.5. 1H NMR spectrum of poly(ThA-b-nBA-b-ThA) with 21 mol% thymine. 
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Table S3.1. DP and molecular weight from 1H NMR spectrums. All data were based on 

the second RAFT polymerization step in Scheme 3.1, polymerization of AdA/ThA external 

block with PnBA macro-CTA. Conversion refers to the AdA/ThA monomer conversion. 

DP refers to the degree of polymerization for the nucleobase-functionalized block. DP1 was 

calculated from 1H NMR spectroscopic analysis of the reaction mixture immediately after 

polymerization through a comparison of monomer conversion and targeted molecular 

weight from feed. DP2 was calculated from 1H NMR spectroscopic analysis of the purified 

copolymers, using the ratio of nucleobase-functionalized block to PnBA internal block.  

 

 
Conversio
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A) ratio of pure 

copolymer 
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Molecula
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molecula

r weight 

poly(AdA

-b-nBA-

b-AdA) 

56% 50.1 kDa 
84.

5 
4.3:1 

81.

3 
83 27.6 kDa 72.4 kDa 

poly(ThA

-b-nBA-

b-ThA) 

56% 53.0 kDa 
91.

1 
3.7:1 

94.

6 
93 30.1 kDa 74.9 kDa 
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Figure S3.6. 1H NMR spectrum overlay of titration experiment with constant ThA 

concentration of 2 M and increasing AdA concentration from 0 M to 15.34 M.  
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Figure S3.7. DSC 2nd heat of poly(ThA-b-nBA-b-ThA) and poly(AdA-b-nBA-b-AdA). 

 

 

Figure S3.8. TGA traces of poly(ThA-b-nBA-b-ThA), poly(AdA-b-nBA-b-AdA), and 

poly(nBA). 
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Figure S3.9. Variable temperature FT-IR spectra in the 1500-1800 cm-1 region of 

poly(AdA-b-nBA-b-AdA). 

 

Figure S3.10. Variable temperature FT-IR spectra in the 1500-1800 cm-1 region of 

poly(ThA-b-nBA-b-ThA). 
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Figure S3.11. WAXD of solution-cast nucleobase-functionalized triblock copolymers and 

their blend. For clarity, data were shifted vertically by arbitrary factors. 
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Chapter 4.  Nucleobase-Functionalized ABC Triblock Copolymers:   

Self-assembly of Supramolecular Architectures 

(Published in Chemical Communication 2014, 50, 9145) 

Keren Zhang,a Gregory B. Fahs,a Motohiro Aiba,b Robert B. Moore,a and Timothy E. 

Long*a 

 
a Department of Chemistry, Macromolecules and Interfaces Institute 

Virginia Tech, Blacksburg, VA 24061, USA 
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4.1  Abstract 

RAFT polymerization afforded acrylic ABC triblock copolymers with self-

complementary nucleobase-functionalized external blocks and a low-Tg soft central block. 

ABC triblock copolymers self-assembled into well-defined lamellar microphase-separated 

morphologies for potential applications as thermoplastic elastomers. Complementary 

hydrogen bonding within the hard phase facilitated self-assembly and enhanced 

mechanical performance. 

4.2  Introduction 

Nature broadly employs complementary hydrogen bonding of nucleobase pairs to 

encode our genetic profiles. Research interest in nucleobase-containing synthetic polymers 

and supramolecular polymers focuses on the unique molecular recognition between the 

purine and pyrimidine rings: adenine-thymine (uracil) and guanine-cytosine.1-3 Nucleobase 

incorporation significantly affects both solution and solid-state properties of polymers due 

to the formation of physically crosslinked networks.2,4,5 Nucleobase heterocycles also 

restrict the segmental motion of polymer chains, leading to higher glass transition 

temperatures (Tg). Most studies of nucleobase-containing polymers focus on the physical 
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properties and self-assembly in solution, which enable template polymerizations, 

biosensors, and drug therapies.2,6-9 A fundamental understanding of the effect of 

noncovalent interactions on self-assembly in the absence of solvent is also critical to 

elucidate the solid-state properties of nucleobase-containing polymers. Nucleobase 

incorporation impacts polymer thermo-mechanical performance, solid-state self-assembly, 

and temperature-dependent melt viscosity.10-12  

Many controlled polymerization methods provide nucleobase-containing polymers 

with well-defined architectures in the earlier literature. Common synthetic strategies to 

control the polymerization of nucleobase-functionalized monomers have included atom 

transfer radical polymerization (ATRP)9,13,14, nitroxide mediated polymerization 

(NMP)6,11,15, and ring-opening metathesis polymerization (ROMP)16-18. Reversible 

addition-fragmentation chain transfer (RAFT) polymerization represents a relatively new 

and promising method for controlling polymerization of nucleobase monomers due to 

superior solvent compatibility and functional group tolerance.19 Advances in controlled 

radical polymerization methods also allow sequence and structural control for synthetic 

polymers that contain complementary molecular recognition sites. For example, Bazzi et 

al. observed the effect of complementary hydrogen bonding on polymer self-assembly in 

solution.17 Tao et al. utilized a hydrogen-bonding mediator to control tacticity in radical 

polymerization.20 However, the solid-state properties of polymers bearing complementary 

molecular recognition sites remained unexplored.  

To achieve biomimetic synthetic polymers with tailored sequence and specificity, we 

employed RAFT polymerization for the copolymerization of acrylic adenine and thymine 

monomers with commercially available acrylic comonomers. Physical characterization of 
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the block copolymers focused on elucidating the effect of molecular recognition and 

copolymer sequence on the mechanical properties and bulk self-assembly. This manuscript 

reports unprecedented nucleobase-functionalized ABC triblock copolymers with well-

defined structures and controlled sequences.  

Long et al. previously synthesized poly(adenine acrylate)  and poly(thymine acrylate) 

homopolymers with glass transition temperatures of 65 °C and 43 °C, respectively, which 

were significantly lower than styrenic and methacrylic analogs.10,11 The low Tg values 

aided in the elucidation of the effect of complementary hydrogen bonding on the bulk 

properties of nucleobase-containing copolymers. When the polymer Tg exceeds the 

dissociation temperature of the physical crosslinks, the polymer chains remain constrained 

despite disruption of the physical crosslinks. Thus, the influence of dissociation of physical 

crosslinks on the polymer thermo-mechanical properties is less clear. In addition, the 

flexible acrylic backbone and longer spacers from the backbone to the interactive 

nucleobase groups facilitate molecular recognition. The acrylic backbone also enables 

facile sequence control of nucleobase-functionalized sequences and common acrylic 

blocks through simply changing the order of monomer addition. More versatile monomer 

addition avoids common crossover inefficiencies of monomers with different propagating 

radical stabilities. In this study, sequential RAFT polymerization permitted the synthesis 

of nucleobase-functionalized ABC triblock copolymers with a fully acrylic backbone using 

adenine acrylate and thymine acrylate monomers (Scheme 4.1).   

The poly(thymine acrylate-b-n-butyl acrylate-b-adenine acrylate), abbreviated as 

poly(ThA-b-nBA-b-AdA) (PTBA), represents the first example of an ABC triblock 

copolymer containing complementary nucleobase-functionalized external blocks. PTBA 
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copolymers were also solution cast into free-standing films, enabling the physical 

characterization of self-assembly behavior in the absence of competing solvents. The self-

complementary external blocks of PTBA copolymers resulted in unique self-assembled 

morphologies and thermo-mechanical performance compared to poly(ThA-b-nBA-b-ThA) 

(PTBT) and poly(AdA-b-nBA-b-AdA) (PABA) controls. RAFT polymerization afforded 

novel nucleobase-containing acrylic triblock copolymers for potential thermoplastic 

elastomer (TPE) applications.   

  

Scheme 4.1. RAFT polymerization for the preparation of poly(ThA-b-nBA-b-AdA) ABC 

triblock copolymers. 

 

4.3  Results and discussion 

Optimized RAFT polymerization conditions afforded ABC triblock copolymers using 

2-cyano-2-propyl dodecyl trithiocarbonate as the chain transfer agent (CTA) (Scheme 4.1). 
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Varying monomer conversions during the two chain extension steps provided three 

comparative compositions of PTBA triblock copolymers with differing block lengths. 1H 

NMR spectroscopy was the primary tool for monitoring monomer conversions and 

quantifying the degree of polymerization for each block. End-group analysis determined 

the number-average molecular weight of poly(ThA) macro-CTA. The challenging 

solubility of nucleobase copolymers limited the applicability of size exclusion 

chromatography. The PTBA triblock copolymer series consisted of three compositions: 

PTBA1 9.4-19.3-6.8 kDa, PTBA2 9.4-27.2-5.3 kDa, and PTBA3 9.4-31.5-4.6 kDa. Degree 

of polymerizations for ThA, nBA, and AdA blocks (x, y, and z in Scheme 4.1) were: PTBA 

29-151-20, PTBA2 29-213-16, and PTBA3 29-246-14. The thymine:adenine molar ratio 

of PTBA 1, 2, and 3 was 1.5, 1.8, and 2.1, respectively. Corresponding weight percentages 

of nucleobase-functionalized monomers were 46 wt%, 35 wt%, and 31 wt%.  

Thermogravimetric analysis (TGA) determined 5% weight loss temperatures of PTBA 

copolymers near 290 °C, indicating potential tolerance for a high processing temperature. 

All three PTBA copolymers showed two Tgôs from differential scanning calorimetry (DSC), 

as summarized in Table 4.1. The lower Tg at ca. -44 °C corresponded to the central 

poly(nBA) block. The central block lengths were sufficiently high to ensure that Tg 

remained constant with increasing molecular weight. The Tgôs of poly(ThA) and poly(AdA) 

homopolymers were 43 °C and 65 °C, respectively.10 However, the external blocks only 

showed a single Tg at ca. 70 °C, rather than two distinct Tgôs for adenine- and thymine-

functionalized external blocks, presumably due to strong complementary hydrogen 

bonding between the adenine and thymine blocks, forming a single hard phase. The adenine 

block presumably restricted segmental motion of the thymine-functionalized block even 
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above the thymine-functionalized blockôs Tg, resulting in a single observable Tg. The Tg of 

the hard phase also increased as the adenine-functionalized block length increased.  

Table 4.1. Transition temperatures of PTBA copolymers from DMA and DSC 

Temperature (°C) Tg
1 

(Tan ŭ) 

Tg
1 

(DSC) 

Tg
2 

(DSC) 

Tflow 

PTBA3 (9.4-31.5-4.6) kDa -23 -44 66 80 

PTBA2 (9.4-27.2-5.3) kDa -21 -45 67 84 

PTBA1 (9.4-19.3-6.8) kDa -25 -44 72 85 

 

Fabrication of mechanically robust block copolymer TPEs demands a specific 

hard-soft-hard arrangement of hard (high Tg) and soft (low Tg) blocks.21 The triblock 

copolymer sequence of poly(ThA-b-nBA-b-AdA) was critical for preparing 

potential block copolymer TPEs. The nucleobase-functionalized external blocks 

provided mechanical reinforcement and served as physical crosslinks during the 

plateau window. The central poly(nBA) soft block provided flexibility above its Tg. 

The structural similarity of nucleobase-functionalized monomers and nBA led to 

similar propagating radical stability, enabling well-defined crossover at each chain 

extension step. The ɢ parameter is also important for microphase separation of block 

copolymers, where enthalpic interactions between the soft and hard blocks require 

minimization. The relatively hydrophobic nature, thermal stability, and low Tg of 

poly(nBA) all contributed to its suitability as the soft block for designing block 

copolymer TPEs.  

Solution-cast films of PTBA copolymers showed microphase-separated 

morphologies and corresponding thermo-mechanical properties. Dynamic 

mechanical analysis (DMA) suggested microphase separation of PTBA copolymers 

as depicted in Figure 4.1. The lowest thermal transitions in the storage modulus 
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versus temperature curves were assigned to the glass transitions of the PnBA soft 

phase. The following regions in the storage modulus analysis revealed a plateau 

temperature window for each sample, demonstrating feasibility for TPE applications 

over a wide temperature range. The service temperature window of amorphous block 

copolymer TPEs usually ranges from the soft phase Tg to the hard phase Tg. Among 

the three compositions of PTBA copolymers, the plateau modulus increased with 

increasing nucleobase content, which was attributed to an increased physical 

crosslink density. The nucleobase-functionalized copolymers displayed tunable 

plateau moduli with varying nucleobase block or soft block lengths. The plateau 

moduli of PTBA 1, 2, and 3 were higher than rubbery plateau moduli of commercial 

TPEs, with typical values of 2 MPa. Future work will involve synthesis of triblock 

copolymers with shorter nucleobase blocks and longer central blocks for TPE 

applications. The soft block Tgôs as determined from the tan delta curves remained 

constant with varying compositions, indicating that solution casting achieved 

microphase separation (Table 4.1). The microphase-separated morphologies and 

tunable plateau moduli both contribute to the potential of nucleobase-functionalized 

ABC triblock copolymers for TPE applications. 

Complementary hydrogen bonding between the adenine-thymine nucleobase 

pairs enhanced the thermo-mechanical performance of PTBA copolymer films 

compared to ABA triblock copolymer controls. PTBT and PABA with 40 wt% and 

38 wt% nucleobase were synthesized in-parallel and adopted as controls. Identical 

film casting procedures and thermal histories were maintained to validate the 

comparisons. The plateau moduli of PTBT and PABA fell between PTBA1 and 
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PTBA2 owing to their intermediate nucleobase contents. The plateau moduli largely 

depended on hard phase incorporation. The plateau region for the PTBT and PABA 

copolymers ended with a second glass transition belonging to the hard phase. 

However, PTBA did not show a second Tg in either the storage modulus or tan delta 

curves. This phenomenon presumably originated from the hypothesis that 

complementary hydrogen bonding maintained mechanical strength despite long 

range segmental motion of the hard blocks. The moduli of PTBA copolymer films 

eventually decreased upon reaching the dissociation temperature for hydrogen 

bonding near 80-90 °C. The complementary hydrogen bonding within the hard 

phase broadened the plateau window for the block copolymers and enhanced 

thermal response at high temperature. Thus, hydrogen bonding assisted self-

assembly potentially solves the paradox of enhancing mechanical strength while 

improving processibility of polymeric materials. 

 

 

Figure 4.1. Dynamic mechanical temperature ramp of PTBA, copolymers with 

PABA and PTBT controls.  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.01

0.1

1

10

100

1000

10000

-70 -50 -30 -10 10 30 50 70 90

T
a

n
 d

e
lta

S
to

ra
g

e
 m

o
d

u
lu

s
 (

M
P

a
)

Temperature (ÁC)

PTBA1 (9.4-19.3-6.8)

PTBA2 (9.4-27.2-5.3)

PTBA3 (9.4-31.5-4.6)

PABA (13.8-44.8-13.8)

PTBT  (15.0-44.8-15.0)



90 

 

 

Complementary hydrogen bonding within the hard phase also contributed to a 

remarkably ordered microphase separated morphology of the ABC triblock 

copolymers. Small angle X-ray scattering (SAXS) was used to elucidate the 

microphase-separated bulk morphology of all three PTBA copolymers in Figure 4.2. 

The phase-separated morphologies of asymmetric ABC copolymers are usually 

more complex than symmetric ABA triblock and AB diblock copolymers.22 

However, all three PTBA triblock copolymers showed distinctive lamellar scattering 

profiles. SAXS profiles of PTBA2 and PTBA3 both exhibit primary scattering peaks 

and four additional secondary peaks, indicating well-organized lamellar 

morphologies with long-range order. The distinctive scattering peaks for ABC 

triblock copolymers resulted from the complementary molecular recognition, which 

combined two chemically different blocks into a single, precisely-ordered hard 

phase. Consequently, self-assembly of an ABC triblock copolymer with 

complementary external blocks resembled the self-assembly behavior of a 

symmetric ABA triblock copolymer. However, in sharp contrast, PABA with 38 wt% 

nucleobase content (similar to PTBA2 with 35 wt%) showed a less-ordered 

cylindrical microphase-separated morphology with broader SAXS scattering peaks. 

These analogous ABA triblock copolymers will be discussed in more detail in a 

forthcoming publication on nucleobase-functionalized symmetric ABA triblock 

copolymers. The degree of polymerization (N) difference provided one possible 

explanation for the morphological difference according to the phase diagram, since 

the morphology varies as a function of ɢN. However, the highly ordered phase 
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separation of PTBA copolymers was still unique for an ABC or ABA triblock 

copolymer, considering the presence of the complementary hydrogen bonding 

between two dissimilar external blocks.  

 

Figure 4.2. SAXS profiles of poly(ThA-b-nBA-b-AdA) triblock copolymers. 

 

The domain spacing of the lamellae were 25.9 nm, 25.0 nm, and 23.4 nm for 

PABT3, 2, and 1, respectively. Increasing central block lengths resulted in an 

increased spacing between lamellae. The SAXS profile of PTBA1 showed broader 

scattering peaks with fewer highly ordered peaks compared to the other two 

compositions, suggesting a broader distribution of lamellar thicknesses and/or 

interlamellar dimensions, and thus less ordered domains. Two hypotheses may 

account for the difference in self-assembled morphologies for PTBA triblock 

copolymers with various compositions. The less ordered phase separation of PTBA1 
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was possibly a consequence of a shorter central block. The central block length was 

insufficient to induce well-defined microphase separation. Secondly, the highly 

ordered lamellar packing possibly resulted from the fact that thymine:adenine molar 

ratios of PTBA2 and 3 were close to 2. In the second hypothesis, each thymine-

functionalized block statistically paired with two adenine blocks, facilitating the 

aligning of alternating soft phase and hard phase lamellae. In the latter case, the 

phase separated morphology would not follow the general phase diagram of ABA 

triblock copolymers.23 Both inter-and intra-chain hydrogen bonding were 

presumably present according to the second hypothesis at a 2:1 thymine:adenine 

molar ratio. The inter-chain complexion also provided an explanation for enhanced 

mechanical performance compared to PABA and PTBT in Figure 4.1, resulting from 

increased apparent chain lengths. However, elucidation of inter-and intra-chain 

hydrogen bonding in the solid state is challenging due to the complexity of polymer 

structure compared to low molar mass molecules. Preliminary atomic force 

microscopic (AFM) results did not reveal a well-defined surface morphology for 

copolymer films, differing from the observed lamellae bulk morphology in SAXS 

profiles. Tuning film casting conditions and applying transmission electron 

microscopy (TEM) will further elucidate the morphology of nucleobase-

functionalized ABC triblock copolymers. Further investigations are underway to 

validate two hypotheses mentioned above and understand the details of self-

assembly of ABC triblock copolymers with complementary external blocks. 
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4.4  Conclusions 

RAFT polymerization afforded novel self-complementary nucleobase-

functionalized ABC triblock copolymers with fully acrylic backbones. Nucleobase 

units converted low Tg acrylics into mechanically robust polymeric films through steric 

restriction of segmental motion coupled with physical crosslinking. Hard-soft-hard 

triblock copolymers self-assembled into lamellar microphase-separated morphologies. 

The molecular recognition between two dissimilar hard blocks contributed to a single 

hard phase, and the complementary hydrogen bonding within the hard phase reinforced 

and facilitated the microphase-separated morphology of ABC triblock copolymers. 

Physical crosslinks within the hard phase broadened the plateau temperature window 

and improved the processibility of block copolymers for potential TPE applications. 

The authors acknowledge Henkel Corporation for financial support. This material 

is also partially based upon work supported by the National Science Foundation under 

Grant No. DMR-0923107. 
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4.6  Supporting Information 

Materia ls. n-Butyl acrylate (nBA, 99+%) was purchased from Aldrich and passed through 

neutral alumina columns before use. Ŭ,Ŭô-Azobis(isobutyronitrile) (AIBN, Fluka, 99%) 

was recrystallized from methanol. 1,4-Butanediol diacrylate (Alfa Aesar, 99%) was used 

without further purification. Adenine (A, 99%), thymine (T, 99%), triethylamine (TEA, 

99%), potassium carbonate (99%), 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT, 

97%), and 2,6-di-tert-butyl-4-methylphenol (BHT, 99%) were purchased from Aldrich and 

used without further purification. Hexane (HPLC grade), chloroform (CHCl3, HPLC), 

tetrahydrofuran (THF, HPLC grade), N,N-dimethylsulfoxide (DMSO, HPLC grade) and 

N,N-dimethylformamide (DMF, HPLC grade, anhydrous) were purchased from Fisher 

Scientific and used as received.  

Analytical Methods. 1H NMR spectra were collected in CDCl3 or DMSO-d6 on a Varian 

INOVA spectrometer operating at 400 MHz at 23 °C. Differential scanning calorimetry 

(DSC) was performed under a nitrogen flush of 50 mL/min at a heating rate of 10 °C/min 

on a TA instruments Q1000 DSC, which was calibrated using indium (mp = 156.60 °C) 

and zinc (mp = 419.47 °C) standards. Glass transition temperatures were measured as the 
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midpoint of the transition in the second heating scan. DMA was conducted on a TA 

Instruments Q800 in tension mode at a frequency of 1 Hz, an oscillatory amplitude of 8 

ɛm, and a static force of 0.01 N. The temperature ramp was 3 ÁC/min. The glass transition 

temperature (Tg) was determined at the peak maximum of the tan ŭ curve.  

SAXS experiments were 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 

KŬ). The sample-to-detector distance was 1600 mm, and q-range was calibrated using a 

silver behenate standard. Two-dimensional SAXS patterns were obtained using a fully 

integrated 2D multiwire, proportional counting, gas-filled detector, with an exposure time 

of 2 hours. All the SAXS data were analyzed using the SAXSGUI software package to 

obtain radically integrated SAXS intensity versus scattering vector q, where q = 

(4“Ⱦ‗)sin(ɗ), ɗ is one half of the scattering angle and ‗ is the wavelength of X-ray. 

Polymerization of poly(ThA) macro-CTA. ThA (5.0 g, 15.4 mmol), AIBN (4.1 mg, 25 

ɛmol), CPDT (79.5 mg, 0.25 mmol), and DMF (29 g, 15 wt%) were charged into a single-

neck Schlenk flask and subjected to four cycles of freeze-pump-thaw and subsequent 

refilling with argon. The flask was then sealed and thermostated at 65 °C for 3 h. The 

copolymer was isolated from precipitation into methanol and dried under vacuum at room 

temperature for 24 h. The monomer: initiator: CTA ratio was 616:1:10. End group analysis 

using 1H NMR revealed molecular weight Mn=9.4 kDa. Conversion was 58%. 

Chain extension of poly(ThA) with nBA. Typical synthesis of poly(ThA-b-nBA) was 

conducted as follows. nBA (1.6 mg, 12.2 mmol), AIBN (0.3 mg, 2.0 ɛmol), poly(ThA) 

macro-CTA (225 mg, 24.0 ɛmol), and DMF (7.1 g, 20 wt%) were charged into a single-

neck Schlenk flask and subjected to four cycles of freeze-pump-thaw and subsequent 
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refilling with argon. The flask was then sealed and thermostated at 65 °C for 3 h. The 

copolymer was isolated from precipitation into methanol water mixture and dried under 

vacuum at room temperature for 24 h. The monomer: initiator: CTA ratio was 6100:1:10. 

1H NMR revealed molecular weight of poly(ThA-b-nBA) Mn= 9.4 and 19.3 kDa for each 

block, with a conversion of 29%. 

Chain extension of poly(ThA-b-nBA) with AdA.  Typical synthesis of poly(ThA-b-nBA-

b-AdA) was conducted as follows. AdA (466.2 mg, 1.4 mmol), AIBN (0.4 mg, 2.3 ɛmol), 

poly(ThA-b-nBA) macro-CTA (669 mg, 23.3 ɛmol), and DMF (4.5 g, 20 wt%) were 

charged into a single-neck Schlenk flask and subjected to four cycles of freeze-pump-thaw 

and subsequent refilling with argon. The flask was then sealed and thermostated at 65 °C 

for 3 h. The copolymer was isolated from precipitation into methanol water mixture and 

dried under vacuum at room temperature for 24 h. The monomer: initiator: CTA ratio was 

609:1:10. 1H NMR revealed molecular weight of poly(ThA-b-nBA-b-AdA) Mn= 9.4-19.3-

6.8 kDa, with a conversion of 33%. 

Solution cast copolymer films preparation. Solution cast: PTBA copolymers were 

dissolved in DMSO (2 solid wt%) at 50 °C for 18 h and casted to a Teflon mold. Teflon 

mold was used to avoid potential deforming of the polymeric membranes during removal. 

The mold was placed at 80 °C for 48 h to slowly evaporate the DMSO. The dried copolymer 

film was then annealed in vacuum at 120 °C for 48 h.  
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Figure S4.1. 1H NMR spectrum of poly(ThA) macro-CTA and end group analysis for 

determining molecular weight. 

 
Figure S4.2. 1H NMR spectrum of poly(ThA-b-nBA) diblock copolymer macro-CTA. 
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Figure S4.3. 1H NMR spectrum of poly(ThA-b-nBA-b-AdA) triblock copolymer. 

 

Figure S4.4. TGA profiles of poly(ThA-b-nBA-b-AdA) triblock copolymers. 
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 Abstract 

ABC triblock copolymers bearing adenine- and thymine-functionalized external 

blocks self-assembled into long-range ordered lamellar microphase-separated morphology 

on non-patterned substrate. Intermolecular hydrogen bonding formed thymine-adenine 

triplets and promoted self-assembly into well-defined lamellae consisting of poly(n-butyl 

acrylate) soft domains and nucleobase hard domains, while thymine-adenine duplets 

contributed to superior mechanical property.  

 Introduction 

Immiscibility of chemically different segments of block copolymers drives their 

self-assembly behavior, which generates various microphase-separated morphologies with 

periodic arrays of domains ranging from 10-100 nm in size.1-3 Directed self-assembly of 

block copolymer thin films on patterned substrates forms well-defined periodic arrays of 

nano-size features with designed shapes, and the subsequent selective removal of one block 

enables fabrication of templates and scaffolds used in the microelectronics industry.2,4-5 



100 

 

Advances in polymer synthesis widened the applications of functional block copolymers 

to drug delivery, material templates, nanoporous membranes, photonic materials, 

composite materials, solar cells, adhesives, and elastomers. 6-14 

Nature broadly employs noncovalent interactions, such as hydrogen bonding, ˊ-ˊ 

stacking, and ionic interaction, to construct well-defined supramolecular structures such as 

DNA and protein. Weaker than covalent bonds, noncovalent interactions provide 

intermediate bonding strength and directional bonding, which drive or facilitate self-

assembly of natural biomacromolecules and synthetic polymers.15-18 Combining 

noncovalent interactions with microphase-separation of block copolymers potentially 

provides a synergistic effect on the self-assembly behavior and enables designs of precise 

nano-features with additional functionality. For example, Bazzi et al. synthesized the first 

self-complementary ABC triblock copolymers and observed sequence-dependent self-

assembly behavior in solution.19 Xiong et al. demonstrated the formation of long worm-

like aggregates in solution from two diblock copolymers bearing hydrogen bonding donors 

and acceptors, respectively.20  

In the solid state, binary blends of two hydrogen-bonded diblock copolymers self-

assembled into highly asymmetric lamellar morphology.21 Another study showed that 

blends of two diblock copolymers with short associating blocks self-assembled into various 

hierarchical nanophase-separated morphologies with varying blending ratios and film-

casting conditions.22 Hybrid materials consisting of synthetic polymer blocks with 

biomacromolecule sequences emerged as a novel route to generate precise three-

dimensional structures. For example, Sleiman et al. used short DNA strands to construct a 

block copolymer, which self-assembled into long nano-fibers through formation of three-
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helix bundles.23 Last but not least, hydrogen bonding proves essential in the self-assembled 

morphology of segmented polyurethanes and polyamides.24-28 

Recent advances in controlled polymerization techniques enable the synthesis of 

structurally diverse block copolymers. In addition to AB diblock and symmetric ABA 

triblock copolymers, many researchers prepared ABC triblock copolymers and 

investigated their self-assembled behaviors in the solid state, which generally led to rather 

complex morphologies with three phases.29-33 Our group exploited the superior solvent and 

functional group tolerance of RAFT polymerization and prepared ABC triblock 

copolymers with two complementary, nucleobase-functionalized external blocks and a 

poly(n-butyl acrylate) (poly(nBA)) central block.34 Preliminary SAXS results revealed 

highly ordered lamellae microphase-separated morphology of annealed ABC triblock 

copolymer films. However, the key parameters for achieving this ordered lamellar 

morphology remained undetermined.  

Herein, this manuscript reports microphase-separated morphologies for an 

extended series of nucleobase-functionalized ABC triblock copolymers with varying 

compositions. Studying the effect of block length and thymine-adenine (T-A) binding ratio 

on morphology and thermomechanical properties aims to establish the structure-

morphology-property relationship for ABC triblock copolymers with associating blocks. 

Transmission electronic microscopy (TEM) revealed a defect-free lamellar morphology 

with long-range order for the free-standing film of a nucleobase-functionalized ABC 

copolymer solution-casted onto a non-patterned PTFE surface. In addition, ABA triblock 

copolymers with external blocks consisting of random copolymers of adenine and thymine 

acrylics served as controls to determine the necessity of the asymmetric ABC architecture 
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in forming ordered lamellae. This study reveals synergistic effects of noncovalent 

interaction and phase-separation on facilitating self-assembly and enhancing 

thermomechanical performance of block copolymers. Using associating blocks provides a 

promising strategy to achieve long-range order in block copolymer microphase-separated 

morphology for nanolithography and patterning.  

 Results and Discussion 

A three-step RAFT polymerization afforded a series of ABC block copolymers with 

complementary nucleobase-functionalized external blocks and poly(nBA) central block 

(Scheme 5.1), following procedures from Long et al.34 Polymerization of adenine acrylate 

(AdA) and thymine acrylate (ThA) monomers allowed the synthesis of adenine- and 

thymine-functionalized external blocks, respectively. 1H NMR spectroscopy determined 

the number-average molecular weight (Mn) of all poly(ThA-b-nBA-b-AdA) block 

copolymers, abbreviated as PTBA (Table S5.1). PTBA triblock copolymers were solution 

cast from DMSO into non-patterned PTFE molds and dried to form free-standing films 

ranging from 0.2 mm to 0.5 mm in thickness, in accordance with previously reported 

procedures.34 Thermogravimetric analysis revealed Td,5wt% weight loss temperatures of 

PTBA copolymer ranged from 280 °C to 290 °C, and differential scanning calorimetry 

showed two Tgôs for each PTBA copolymer near -45 °C and 70 °C respectively (Figures 

S5.1, S5.2, Table S5.2). The lower Tg corresponded to the poly(nBA) soft phase, and the 

higher Tg ranged from 60 °C to 71 °C with varying adenine to thymine ratio, as poly(AdA) 

showed slightly higher Tg than poly(ThA).35 Each PTBA copolymer exhibited only one Tg 

above room temperature, as the hydrogen bonding between adenine- and thymine-

functionalized blocks contributed to a single hard phase, consistent with earlier work. 34 
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Scheme 5.1. Chemical structure of poly(ThA-b-nBA-b-AdA) (PTBA) ABC triblock 

copolymers. 

Firstly, varying poly(AdA) block length and maintaining poly(ThA) and poly(nBA) 

block length yielded a series of PTBA copolymers with different microphase-separated 

morphologies. The table in Figure 5.1 summarizes the compositions, thymine-adenine (T-

A) ratios, and nucleobase block weight percentages (NB wt%), as well as the morphologies 

of solution-cast PTBA films determined using SAXS and AFM. Increasing the adenine-

functionalized block length from 4.6 kDa to 10.7 kDa resulted in a decrease of thymine-

adenine ratio from 2.1 to 1.1. The distinctive scattering pattern for PTBA with T-A ratio 

of 2.1 showed well-organized lamellar morphology, while T-A ratio of 1.5 led to a lamellar 

scattering profile with broader scattering peaks and only one distinguishable secondary 

peak at the 2q position. SAXS profile of PTBA with T-A ratio of 1.1 indicated a much less 

ordered morphology, and AFM showed a disordered biphasic morphology at the film 

surface. We previously proposed two hypotheses to account for different morphologies of 

PTBA copolymers with various compositions, i.e., (1) the order of microphase-separated 

morphology increased with increasing block length, (2) thymine-adenine ratio dominated 

self-assembly and affected the order of microphase-separation.34 This series of copolymers 

in Figure 5.1 clearly determined that longer block lengths did not directly result in more 
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well-ordered morphology. Since copolymers in Figure 5.1 all exhibited similarly long 

block lengths, it was reasonable to conclude that sufficient block length alone does not 

necessarily lead to a well-ordered morphology. Thymine-adenine ratio played significant 

role in self-assembled morphology of PTBA copolymers with complementary external 

blocks. AFM phase images showed absence of lamellar morphology on the film surface 

due to different surface energy of the nucleobase domains and poly(nBA) domains under 

air. However, the TEM image of microtomed PTBA (9.4-31.5-4.6) film revealed a 

remarkably ordered lamellar morphology with long-range order (Figure 5.2). This long-

range order likely resulted from the complementary hydrogen bonding directing the 

assembly of the nucleobase blocks in absence of substrate pattern.  
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Figure 5.1.  SAXS scattering profiles of PTBA films with varying thymine-adenine ratio; 

AFM phase image shows the bicontinuous surface morphology of PTBA (9.4-33.8-10.7) 

triblock copolymer film. 

 

Figure 5.2. TEM image of PTBA (9.4-31.5-4.6) triblock copolymer film.  

Dynamic mechanical analysis (DMA) compared the thermomechanical 

performance of three PTBA copolymers films (Figure 5.3). In contrast to the trend of 

morphology, the PTBA film with T-A ratio near one exhibited highest plateau modulus 

and widest plateau window. One to one hydrogen binding between thymine and adenine 

contributed to enhanced mechanical properties, and two to one binding ratio yielded the 

worst thermomechanical performance. Hydrogen bonding between adenine and thymine 

provided physical crosslinking in the hard phase, which restricted molecular mobility 

beyond the glass transition temperature34 of the nucleobase block near 60-70 °C, observed 

only from DSC. The association strength of hydrogen bonding accounted for the difference 

in thermomechanical performance of PTBA film. One to one binding between thymine and 
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adenine likely formed stronger crosslinking than two to one binding. However, the 

increasing nucleobase weight percent from 31 wt% to 37 wt% provided another 

explanation for the increasing mechanical strength.  

 

Figure 5.3 Dynamic mechanical temperature ramps for solution-cast PTBA films with 

varying poly(AdA) block length.  

An additional aspect of this investigation pertains to the morphological and 

thermomechanical differences for PTBA copolymers with similar nucleobase wt% but 

different T-A ratios. Fig. 5.4 depicts two PTBA copolymers with similar nucleobase weight 

percentages and different T-A ratios. The SAXS profile for PTBA (9.4-27.2-5.3) with a T-

A molar ratio of 1.8 exhibited higher order scattering peaks up to the 5q position, indicative 

of an ordered lamellar morphology. On the contrary, PTBA (9.4-39.3-11.6) with T-A ratio 

of 0.8 displayed significantly broader scattering peaks, indicative of a disordered lamellar 

morphology, despite similar nucleobase wt% with PTBA (9.4-27.2-5.3). This 

morphological difference indicated a strong dependence of PTBA morphology on thymine-

adenine binding ratio, which yielded an ordered lamellar phase when T-A molar ratio 
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approached 2:1. The domain spacing of lamellae in Fig. 3 significantly increased with 

increasing block lengths, as the primary scattering peak shifted to lower q values.   

A steric effect provides a plausible explanation for the optimal T-A binding ratio in 

achieving ordered lamellar morphology. The conjugated purine ring of adenine occupies a 

larger space than the pyrimidine ring of thymine. Two thymine units bind with one adenine 

unit to form a base triplet (Fig. 4), previously observed in triple helix DNA molecules.37 

PTBA (9.4-27.2-5.3) with T-A ratio of 2.8 also self-assembled into ordered lamellae with 

scattering peaks up to the 4q position. Additional thymine units with a higher T-A ratio 

than 2:1 presumably caused less disruption to the triplet formation compared to additional 

adenine units. As a result, PTBA with T-A of 2.8 showed more ordered lamellae compared 

to PTBA with T-A of 0.8. The formation of base triplets likely facilitates the development 

of highly ordered lamellar morphology. However, the current study only places the optimal 

T-A ratio near 2:1, and determining the precise optimal ratio for forming lamellae with 

long-range order could be achieved with complementary computational simulations and 

calculations. The weight percentage of overall nucleobase blocks showed an insignificant 

effect on self-assembled morphologies of PTBA for the entire series synthesized in this 

study (Table S5.1). 
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Figure 5.4.  SAXS profiles of PTBA films with varying thymine-adenine ratio or varying 

nucleobase block weight percent; TEM image shows ordered lamellar morphology of a 

PTBA (9.4-20.0-3.4) triblock copolymer film. *The newtonôs rings are imaging artifacts 

due to weak phase contrast. 

 

Figure 5.5 compares DMA modulus curves of six PTBA copolymer films with 

varying compositions to investigate the influence of T-A ratio and NB wt% on the 

thermomechanical properties. PTBA copolymer films were numbered in Figure 5.5 to ease 

the discussion. PTBA3 (9.4-27.2-5.3) exhibited a lower plateau modulus and a wider glass 

transition compared to PTBA1 (9.4-39.3-11.6), due to weaker physical crosslinking as 

these two copolymers shared the same NB wt%. The plateau modulus further decreased 

for PTBA4 (9.4-20.0-2.4) with similar NB wt% as T-A ratio increased to 2.8. This 

comparison confirmed the hypothesis that hydrogen bonding of thymine-adenine 

weakened as T-A ratio deviated from one. The viscous flow temperature also decreased 
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from 90 °C to 80 °C with increasing T-A ratio from 1.2 to 2.8 in presence of constant NB 

wt%. The similar plateau modulus of PTBA2 (9.4-20.0-7.8) compared to PTBA1 

confirmed that the trend of plateau moduli of PTBA1>PTBA3>PTBA4 did not result from 

their molecular weight difference.  

The higher NB wt% of PTBA2 did not lead to a significantly higher plateau 

modulus compared to PTBA1 because of their high modulus value. In the lower modulus 

region, the plateau modulus increased significantly with increasing NB wt% when 

comparing PTBA5 (9.4-33.8-6.6) and PTBA6 (9.4-39.3-6.8) with the same T-A ratio. The 

reinforcement of mechanical strength from physical crosslinking proved more trivial for 

rigid materials compared to soft materials. In summary, mechanical strength of PTBA 

decreased as T-A ratio deviated from one with constant NB wt%, and plateau modulus 

decreased as NB wt% decreased with uniform T-A ratio. The effect of NB wt% became 

more obvious at relatively low modulus level.  

In addition, NMR titration experiment using the Jobôs method confirmed the one to 

one host-guest binding stoichiometry for the complex of thymine acrylate and adenine 

acrylate in CDCl3 with a total concentration of 45 mM and 100 mM (Figure S5.4, S5.5).38-

39 The solubility of ThA and AdA in nonpolar solvents limited their titration at a higher 

concentration. One to one binding ratio between thymine and adenine was favored 

thermodynamically, forming stronger hydrogen bonding than the two to one base triplet. 
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Figure 5.5. Dynamic mechanical temperature ramps for solution-cast PTBA films with 

varying poly(nBA) and poly(AdA) block length. 

Last but not least, two symmetric ABA triblock copolymers carrying both thymine 

and adenine on the external blocks served as controls to investigate the necessity of 

asymmetric triblock structure in forming ordered lamellar morphology.  A two-step RAFT 

polymerization with a difunctional chain transfer agent40 yielded two ABA triblock 

copolymers poly((ThA-co-AdA)-b-nBA-b-(ThA-co-AdA)), abbreviated as P(TA-B-TA) 

using a modified procedure from Long et al. (Scheme 5.2, S5.1).35 The external blocks 

were random copolymers of ThA and AdA, considering the identical structure of these two 

monomers near their acrylic backbones and the absence of templating effect in polar 

solvents.35,41 The initial monomer charge ratios of 1.0 and 2.0 matched with T-A ratios of 

1.0 and 1.9 in the purified block copolymers, respectively. Mn of P(TA-B-TA) with T-A 

1.0 was 12.5-44.8-12.5 kDa and Mn of P(TA-B-TA) with T-A 1.9 was 9.4-44.8-9.4 kDa. 
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The nucleobase blocks comprised 35 wt% and 30 wt% for P(TA-B-TA) with T-A 1.0 and  

T-A 1.9, respectively.  

The SAXS profile of P(TA-B-TA) T-A 1.0 showed broad scattering maxima with 

periodic intensity oscillations that roughly matched q, Ѝσq, Ѝτq, Ѝχq, and Ѝωq peak 

positions for hexagonally packed cylindrical morphology (Figure 5.7). The AFM phase 

image also depicted a cylindrical surface morphology with a distribution of inter-domain 

spacing, agreeing with the SAXS result (Figure 5.7). On the AFM phase image, 

nucleobase-functionalized external blocks self-assembled into the cylindrical hard domains 

(light areas), distributed in the poly(nBA) soft matrix (dark areas), and all cylinders pointed 

towards the film surface. The morphology of P(TA-B-TA) T-A 1.0 matched closely with 

the supramolecular blend of poly(AdA-b-nBA-b-AdA) and poly(ThA-b-nBA-b-ThA) with 

similar block length and T-A ratio,35 while the PTBA analog with T-A of 1.2 and 35 NB 

wt% exhibited a mixed cylindrical-lamellar morphology.  SAXS and AFM results of P(TA-

B-TA) T-A 1.9 showed a mixed cylindrical-lamellar morphology, distinctively different 

from the ordered lamellar morphology of PTBA (9.4-31.5-4.6) with similar T-A ratio and 

NB wt%. As a result, the presence of both thymine and adenine on a single polymer chain 

with optimal T-A ratio proved insufficient for ordered lamellae formation. The less ordered 

morphologies of symmetric ABA controls compared to PTBA likely resulted from 

significant amount of intramolecular hydrogen bonding. The randomly distributed thymine 

and adenine pendant groups predominately associated with their adjacent partners from the 

same block, which resulted in microphase-separated morphology of typical non-

associating ABA block copolymers. The asymmetric PTBA block copolymer structure 

facilitated the intermolecular recognition between adenine and thymine units from different 
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polymer chains, which proved crucial for ordered lamellae formation. However, 

determining the ratio of intra- versus intermolecular hydrogen bonding of P(TA-B-TA) and 

PTBA remained challenging.  

 
Scheme 5.2. Chemical structure of poly((ThA-co-AdA)-b-nBA-b-(ThA-co-AdA)), 

abbreviated as P(TA-B-TA).  

 
 

Figure 5.6.  SAXS scattering profiles and AFM phase images of P(TA-B-TA) films with 

varying thymine-adenine ratio. 
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Figure 5.7 depicts the ordered lamellar morphology of PTBA with hydrogen 

bonded triplets containing two thymine units and one adenine unit. Intermolecular 

hydrogen bonding presumably directed the packing of alternating nucleobase blocks, 

which assembled into the hard domains. Well-organized lamellae with long-range order 

formed with optimal space matching thymine-adenine (T-A) ratio near two (Figure 5.2), 

while deviation of the T-A ratio resulted in curvature of the lamellae (Figure S5.6). 

Hydrogen bonding within the nucleobase-containing hard domains directed the 

morphological development of long-range ordered lamellae, and each nucleobase block 

preferentially bond with its complementary block rather than the poly(nBA) block. AFM 

phase images failed to show lamellar on the PBTA film surface except for PTBA (5.8-

23.6-1.9) with 25 wt% NB (Figure S5.6). It is presumed that the nucleobase-containing 

hard domain favored the surface to air, and increasing the poly(nBA) content forced the 

soft phase to be present at the film surface.    
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Figure 5.7.  Proposed pictorial representation of long-range ordered lamellar morphology 

of PTBA triblock copolymers that contain thymine-adenine base triplets.  

 Conclusions 

In conclusion, a series of PTBA triblock copolymers with complementary external 

blocks exhibited unique composition-dependent, self-assembled morphologies. This 

manuscript discusses in detail how thymine-adenine ratio and the nucleobase block weight 

percent influence bulk morphology and the thermomechanical performance of solution-

cast PTBA copolymer films. An optimal thymine-adenine ratio near two promoted the 

formation of long-range ordered lamellar morphology without substrate patterning. 

However, thymine-adenine thermodynamically favored one to one binding ratio, which 

provided strong physical crosslinking and contributed to superior thermomechanical 

properties. The asymmetric structure of PTBA triblock copolymers proved crucial in 

forming intermolecular hydrogen bonding, which directed the block copolymer self-

assembly into ordered lamellae. This study demonstrates the profound effect of 

noncovalent interaction on self-assembled morphology and thermomechanical 

performance of block copolymers. Utilizing the synergy of noncovalent interaction and 

block copolymer phase-separation provides a promising route for generating templates and 

scaffolds for nano-fabrication, and developing thermoplastics and elastomers with 

enhanced mechanical performance.  
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 Supporting Information  

Materials. n-Butyl acrylate (nBA, 99+%) was purchased from Aldrich and passed through 

neutral alumina columns before use. Ŭ,Ŭô-Azobis(isobutyronitrile) (AIBN, Fluka, 99%) 

was recrystallized from methanol. 1,4-Butanediol diacrylate (Alfa Aesar, 99%) was used 

without further purification. Adenine (A, 99%), thymine (T, 99%), triethylamine (TEA, 

99%), potassium carbonate (99%), 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT, 

97%), and 2,6-di-tert-butyl-4-methylphenol (BHT, 99%) were purchased from Aldrich and 

used without further purification. Hexane (HPLC grade), chloroform (CHCl3, HPLC), 

tetrahydrofuran (THF, HPLC grade), dimethylsulfoxide (DMSO, HPLC grade) and N,N-
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dimethylformamide (DMF, HPLC grade, anhydrous) were purchased from Fisher 

Scientific and used as received.  

Analytical Methods. 1H NMR spectra were collected in CDCl3 or DMSO-d6 on a Varian 

INOVA spectrometer operating at 400 MHz at 23 °C. Differential scanning calorimetry 

(DSC) was performed under a nitrogen flush of 50 mL/min at a heating rate of 10 °C/min 

on a TA instruments Q1000 DSC, which was calibrated using indium (mp = 156.60 °C) 

and zinc (mp = 419.47 °C) standards. Glass transition temperatures were measured as the 

midpoint of the transition in the second heating scan. DMA was conducted on a TA 

Instruments Q800 in tension mode at a frequency of 1 Hz, an oscillatory amplitude of 8 

ɛm, and a static force of 0.01 N. The temperature ramp was 3 ÁC/min. The glass transition 

temperature (Tg) was determined at the peak maximum of the tan ŭ curve.  

SAXS experiments were 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 

KŬ). The sample-to-detector distance was 1600 mm, and q-range was calibrated using a 

silver behenate standard. Two-dimensional SAXS patterns were obtained using a fully 

integrated 2D multiwire, proportional counting, gas-filled detector, with an exposure time 

of 2 hours. All the SAXS data were analyzed using the SAXSGUI software package to 

obtain radically integrated SAXS intensity versus scattering vector q, where q = 

(4“Ⱦ‗)sin(ɗ), ɗ is one half of the scattering angle and ‗ is the wavelength of X-ray. 

Ultrathin sections of PTBA copolymer films were prepared using a CR-X 

Cryosectioning System (RMC Boeckeler). Ethanol was used as a solvent for cryo-

microtome with the diamond knife (Micro Star) temperature set at -85°C and cutting 

thickness controlled at ~100nm. Sample sections were collected on Cu TEM grids and 
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stained with iodine (99%) overnight. PTBA copolymer films were imaged using a 

transmission electron microscope (FEI Titan 300) operated at 300 kV. 

ABC and ABA block copolymer synthesis, solution-cast process, and annealing 

conditions followed previous literature procedures.1,2  

Table S5.1. PTBA triblock copolymer compositions, thymine-adenine (T-A) ratios, 

nucleobase block weight percent, and morphologies, determined using AFM and SAXS. 

Poly(ThA) 

(kDa) 

DP 

(ThA) 

Poly(nBA) 

(kDa) 

DP 

(nBA) 

Poly(AdA) 

(kDa) 

DP 

(AdA) 

T-A 

ratio 

Mn 

total 

NB 

wt% 
Morphology 

9.4 28.9 4.3 333.6 10.1 30.3 1.0 23.8 82 No order 

9.4 28.9 20.0 156.3 7.8 23.3 1.2 37.2 46 
Disordered 

Lamellae 

9.4 28.9 19.3 150.8 6.8 20 1.4 35.5 46 
Disordered 

Lamellae 

9.4 28.9 20.0 156.3 3.4 10.2 2.8 32.8 39 
Ordered 

Lamellae 

9.4 28.9 26.0 203.1 10.0 29.9 1.0 45.4 43 
Disordered 

Lamellae 

9.4 28.9 27.2 212.5 5.3 16 1.8 41.9 35 
Ordered 

Lamellae 

9.4 28.9 33.8 264.1 10.7 32.1 0.9 53.9 37 
Disordered 

biphasic 

9.4 28.9 33.8 264.1 6.6 19.8 1.5 49.8 32 
Disordered 

Lamellae 

9.4 28.9 31.5 246.1 4.6 14 2.1 45.5 31 
Ordered 

Lamellae 

9.4 28.9 39.3 307.0 11.6 34.7 0.8 60.3 35 
Disordered 

Lamellae 

9.4 28.9 39.3 307.0 6.8 20.4 1.4 55.5 29 
Disordered 

Lamellae 

5.8 17.9 23.6 184.4 1.8 5.55 3.2 31.2 24 
Ordered 

Lamellae 

5.8 17.9 11.5 89.8 10.5 31.6 0.6 27.8 59 Cylinders 
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Figure S5.1. Representative TGA thermograms of PTBA copolymers. 

 

Figure S5.2. Representative DSC traces of PTBA copolymers. 

Table S5.2. Compositions and thermal properties of representative PTBA copolymers. 

PTBA 

Composition 

(kDa) 

9.4-26.0-

10.0 
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9.4-20.0-
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11.6 
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Total (kDa) 45.4 32.8 37.2 53.9 60.3 

NB mol% 23% 20% 25% 19% 17% 

NB wt % 43% 39% 46% 37% 35% 

DP 29-203-30 29-156-10 29-156-23 29-264-32 29-307-35 

Td, 5wt% (ÁC) 283 289 280 281 282 

Tg (ÁC) -45, 71 -45, 64 -46, 71 -44, 71 -45, 71 

 

 

Scheme S5.1. RAFT polymerization of poly((ThA-co-AdA)-b-nBA-b-(ThA-co-AdA)) 

ABA triblock copolymers. 
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Figure S5.3. TEM image of PTBA (9.4-31.5-4.6) film. 

 




































































































































































































































































































































































































































































































































