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ABSTRACT

Bio-inspired monomers functionalized with nucleobaseonic group allowed
synthesis of supramolecular polymers using free radical polymerization and controlled
radical polymerization techniquesComprehensive investigations for the structure
propertymorphology relationships of these supramolecular polyelarsdated the effect
of noncovalent interactions on polymer physical properties andsstimbly behaviors.

Reverse additiofragmentationchain transfer (RAFT) polymerization afforded
acrylic ABC and ABA triblock copolymers with nucleobdsectionalizdexternablocks
and a lowTgy central block. The hardoft-hard triblock polymer architecturedrove
microphaseseparabn into a physically crosslinked hard phasea low Tg matrix.
Hydrogen bonding in the hard phase enhanced the mechanical strengtfaiatained
procesability of microphaseseparated copolymefer thermoplastics and elastome#s
thermodynamically favored orte-one stoichiometry of adenine and thymine yielded the
optimal thermomechanical performanbdermolecular hydrogen bondimfjtwo thymine
units and one adenine unit allowed the formation of base triplet$ir@uttdselfassembly
of ABC triblock copolymes into remarkably weltlefined lamellae with longange
ordering. Acetyl protected cytosine and guargpnataining random gmlymers exhibited
tunable cohesive strength and peel strength as pressure sensitive adhesives. Post

functionalization converted unprotected cytosine pendent groups in acrylic random



copolymers tarreido-cytosineunits that formedjuadruplesel-hydrogen bnding. Ureide
cytosine containing random copolymers ssembled intoanacfibrillar hard domainsn

a soft acrylic matrix, and exhibited enhanced cohesive strength, wide service temperature
window, and low moisture uptake as soft adhesives.

A library of styrenicDABCO saltcontaining monomerallowed the synthesis of
randomionomerswith two quaternized nitrogen cations on each ionic pendant group.
Thermomechanical, morphological, and rheological aeshgvealed thatloubly-charged
DABCO salts formed stronger ionic association angromoted more weltlefined
microphaseseparatiorcomparedo singly-charged analogs with the same charge density
Bulkier counteions led tceenhanced thermal stability, increagddsemixing, andreduced
wateruptake for DABCO saltcontaining copolymers, while alkyl substituent lengihly
significantly affected wateuptake of DABCO saltontaining copolymersStep growth
polymerization of plant oibased AB monomer and diamines enabled the synthesis of
unprecedentetsocyanatefree poly(amidenydroxyurethane)sthe first examples of film
forming, linear isocyanatree polyurethanes with mechanical integrity and processability.
Successful electrospinning of segment&AHUs afforded randomly orientated,
semicrystallindibers that formed stretchable, frestanding fiber mats with superior cell

adhesion and biocompatibility.



ABSTRACT TO GENERAL PUBLIC

Nature widely employs noncovalent interactions to construct biomacromolecules
with complex three dimensionalrgttures. For example, the double helical structure of
DNA relies on complementary hydrogen bonding between nucleobase pairs and
electrostatic repulsion of the phosphate backbdimese noncovalent interactions are
weaker than chemical bonds but stronpantvan der Waals interaction. This dissertation
focus on designing polymers based orntibgpirations from natural biomacromolecules.
Firstly, scalable reactionsere optimized to synthesize innovatifeenctional monomers
that contain nucleobase andnic 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 groufasgely 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 windowng whch 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. Noncovalenterattionscontaining
polymers potentially solve the paradox of enhancing mechanical strength while sacrificing
processability Nucleobaseand ioncontaining polymers enable potential applications as
soft adhesive, thermoplastic, elastomer, biomedical naite and membranes with

excellent mechanical performance and processabilitg.unique self



assembly behaviors of nucleobasmtaining block copolymers fomd remarkably
periodic patterns with nanometer size, useful in Aaaiterning and microelecima
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-plaind CQ afforded the
synthess of green polyurethans with mechanical integrity andcrystallinity.
Electrospinning produced nanofiber mats with excellent biocompatibility and cell adhesion

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

1.1 Dissertation Overview

The overall theme of this dissertation revolves around synthesis and structure
propertymorphology relationships of novel supramolecular polym@hager 2 reviews
current progress in developing reversible adhesives which represents a promising
applicationfor polymers containing noncovalent interacticBlapters 3 to 7 mainly focus
on nucleobaseontaining random and block copolymers with mechanicigrity and
selfassembled morphologie€hapters8 and 9 introduce the effect of douliarged
pendant groups on random ionomer morphology and properties. Chapters 10 and 11 discuss
synthesis and electrospinning of RAgncyanate poly(amideydroxyuretlane)
thermoplastics based on renewable resources. Chapter 12mkbminary resukonhow
noncovalent interaction impacts interlayer adhesion foaskm projection micro
stereolithography

Chapter 3 details the synthesis of adeniaed thyminefunctiondized ABA
triblock copolymers using RAFT polymerization The supramolecular blend of
complementary nucleobasenctionalized ABA triblock copolymers sedissemblé into
a microphasseparated morphology with emt@d mechanical performance and
maintained pocessability. Chapter 4 repoRAFT polymerizatiorof acrylic ABC triblock
copolymersthat containsel-complementary nucleobasenctionalized external blocks
and a lowTg soft central block. ABC triblock copolymers sal§sembled into wellefined
lamdlar microphaseseparated morphologies for potential applications as thermoplastic
elastomers. Complementary hydrogen bonding within the hard phase facilitated self

assembly and enhanced mechanical perform&itapter 5 further investigates influence



of the binding ratio between thymine to adenineA®C triblock copolymergnechanical
performance and morphologytermolecular hydrogen bonding formed thymamenine
triplets and promoted sed#fssembly into weltlefined lamellaewith long-range order,
while thymineadenine duplets contributed to superior mechanical prop&hsipter 6
expands the synthesis of nucleobesataining copolymers to cytosine, which allows
facile postfunctionalization into ureid@ytosine. Ureidecytosine forned quadruple self
hydrogen bonding that contributéd microphaseseparated morphology witkuperior
cohesive strengthwide service temperature window, arldw moisture uptakefor
applications asdhesives and thermoplastic elastom€tgpter 7 focuses on synthesis of
cytosne and guanineontaining monomers and polyacrylates with aeptgkection
groups. Acetyl cytosine and acetyl guangmntaining acrylics with relatively low polar
monomer incorporation served as promising candidates for pressure sensitive adhesives.
Chaoter 8describes facile synthesis fatyrenic DABCO salt monomers bearing
two covalentlylinked quaternary ammonium catignghich allow the synthesis of novel
charged polymers with a double ion pair on each pendant group. DABCO salt monomers
expand thecurrent 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 thadABCO sals afford stronger ionic associatioof
compared to singly-charged trialkyl ammoniums, whichresulted in 8gperior
thermomechanical and tensile properties of DABCO-@attaining ionomers The
counterion choices and alkyl substituent lengths affected thermal stabilige
separationand wateuptake for both BBCO saltcontaining copolymers and their singly

charged controls.



Chapter 10 describ@sunprecedented ofpot synthetic platform for nonsegmented
and segmented poly(amidhgydroxyurethane) with polyether soft segments using faént
based monomers, wihiaepreserstthe first example of filrforming, linear isocyanate
free polyurethanes with crystallinity, mechanical integrity, and processability. Chapter 11
demonstrates the successful electrospinning of these isocyereatgolyurethanes into
randomly eientated, semicrystallinébers that formed stretchable, frestanding fiber
mats. These fiber mats showggbd cell attachment am negative effect on cell viability,
which enabled potential applications as biomedical materials. Chapter 12 intrtectices
method development and nucleobaseataining U\fcurable resin synthesisréiminary
results of the nucleobas®ntaining samples showed similar weak interfaces compared to
the controls. Finally Chapter ¥8ovides the overall conclusion compariig structure
propertymorphology relationships of polymers with varied noncovalently associating
groups. Chapter 14 suggests future directions to continue the research efforts on

supramolecular polymer synthesis and characterization.



Chapter 2. Design and Peformance of Reversible Adhesives

(In preparationas a chapter in a book volume fodvances in Polymer Scienp&nned to
be published by Springer)
Keren Zhang and Timothy E. Lohg

Department of Chemistry, Macromolecules amadvationinstitute
Virginia Tech, Blacksburg, VA 24061, US

2.1 Abstract

Thepotentialadvantages ancersatilityof reversible adhesigeontinue to catalyze
advances in this aredhis review summarizesecent achievements idesigningand
fabricatingadhesives witlheversible chemidatructures, surface interactions, morphology,
mechanical properties, and adhesion performahicere arenanykey componentshat
introducereversibility into conventional adhesivesassistdesigrs of novel compositions,
including reversible chemicalobds, noncovalent interactions, tailored morphology, and
physical transitional of polymers. Different reversible mechanisms also correspond to
various debonding methods of the adhesives, such as tempeigtoteirradiation,
solvent and mechanical peelj. 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 DielsAlder reacton, 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 vaation. Hydrogen bondingontaining adhesives show potential with

enhanced cohesive strength at application temperature while dissociation upon heating or



solvent regains their processibilitidature also inspiresa wide variety of biomimetic
adhesives basl on gecko, spider, and muss@lge fibrillar structure of the gecko footpad
guaranteegs survival for the abilityto easily attach and detach to a variety of surfaces.
Theabundantatecholicgroups in mussel foot proteigentribute tostrongandreversible
adhesion to rocks underwatéMumerous 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 compositalanateri
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 relgrsibd
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.

2.2 Introduction

2.2.1 Conventional AdhesivesConcept 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 treatniém@ importanceof adhesive
lays in their ability to bindwo 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 \atahgeters to measure
adhesive performandeAdhesive strength describes the capacity of bonding at the

interface between the surface and adhesive, anesa@hstrength 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 evaimn. As adhesives harden between two
surfaces, sufficient adhesive and cohesive strengths provide suitable mechanical properties
at the joint. Howevemanyadhesive applications require debonding of the adhesives after
uses for modification or recyclin@he separation of two assembled surfasekallenging

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 |€a800 °C during the wafer thinning process in advanced
microelectronic device manufacturing proc&$sThermoset adhesives require thermal
decomposition tempature above 350 °C, which largely limits further processing and
recycling®® Some pressure sensitive adhesiveSAR that temporarily bond to diverse
substratesare 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/® However, low cohesive strength of removable PSAs limits their industrial
significance to applications that only require weak adhesion at ths,jsuth as skin care,

surface protections, labels, and office supplies.
2.2.2 Concept andPotential Impact: ReversibleAdhesive

An exciting directimm in adhesive development emphasizes reversibility in mild
conditions while maintaining adherence stren§t®ptimal reversible adhes#g 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 conditiais as varied



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 availabieorable adhesives such as the
Postlt 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 preelssors, 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 multilayer@dmulti-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, cyarybates, 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 futhiture.
However, the chemically crosslinked networks of thermosets are ag sat 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 adhesMest 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 mechaniedsSt!23

Mar kets for fsoftero adhesives such as

also embrace development of their novel reversible competitors. Soft adtfiesmedical



and hygiene products is a big amdportant market for reversible adhesv€urrent
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 widelycaognize the importance of alternative debonding
mechanism$*18 In other applications such as packaging, appliances, textiles, automotive,
electronics, and officsupplies, reversibility of adhesivés 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 wth enhanced adhesive performance often comes with higher processing
temperature for hot melt PSA, or higher volatile organic compounds (VOC) for selution
based PSA. Incorporations of reversible bonding will allow fabrication of PSAs with

enhanced strengtimd maintained processabilit{*

In addition, the future of reversible adhesives goes beyond just imprawirent
adhesive productsThere is a high potential foreversible adhesives in enabling
transformative applications and innovative products such as portable devices, new
sportswear, medical cares, and artificial intelligence designs. The climbing aisilit
geckos intrigues many researchers-Mano f abri c
gl ov e s ctal sBevedngeckanspired adhesive supporting a toy hanging in 2003
(Figure2.1a)® Hawkeset al.demonstrated the capability of their gedékepired adhesives,
allowing anadult dimbingonaglasswa® Who i s to say after sever.
possible to pull off what Tom Cruise did in Mission impossible with genkpired

adhesives instead of wires and pulleys.



Figure 2.1 A spiderman toy hanging from glass ceiling using a microfabricated gecko
inspired adhesive pad on its hand 20B@printed with permissidf 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. Besidesrehgth 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
firmly 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 studiesvtaxne

aspect in developing synthetic substitutes. A confluence of all the superior features still



remains elusive in many present adhesive systems. Despite the challenging goals of
matchingNat ur eés <creations, S e v @oteatial asscalabeent | vy de
reversible adhesives that afford more than two features of the biological £§3tdrhis

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 inReversibility in AdhesivesFabrication

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 ohenally reversible 4+2
cyclo-addition reactiorOtto Diels and Kurt Aldedesignedn 19282%2* One of themost
investigated DA reactiainvolves [4+2] cycloaddition reaction of furan as a diene and
maleimide as a dienophile when heated below 692€The resulting cyclohexene adduct
undergoes a retrDiels-Alder reaction, which reverses the cyclic system upon heating
above 90°C (Figure.24).?’ The thermally reversible nature of DA reactions suggests the
facile reversibility of adhesives. Photo reversible cycloaddition also provides an avenue to
incorporate reuesibility through cyclobutane crosslinking groups. Functional groups such
as coumarin, thymine, stilbene and cinnamate undergo reversible [2+2] cycloaddition upon
UV irradiation of certain wavelength (Figure2B).!? The reversible [4+4] cycloaddition
of athracene also introduces photo reversibility to polymeric maté¥igitirdly, pH is an
potential external debonding trigger for reversible adhesives. The reaction of an amine with

paraformaldehyde yiefda triazine, which reverses back to the starting materials in acidic
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conditions (Figure 2c).> In addition, redoxeversible chemical reactions such as
formation of the disulfide bond present another route for designing reversible adhesives
(Figure 22d).29% Reversible chemical reactions either increase the polymer molecular
weight when placing on the backbones, or introduce branching and crosslinking when
placing on the pendant grps. Either way, the reversible chemical bonds improve adhesive

performance under application conditions and weaken cohesive strength when exposed to

debonding triggers.
a 0O o} o)
(0] <60 °C
§\ /7 + | N-R 4 N-R
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Figure 2.2. (a) Diels Alder and retrdDA reaction of furan and maleimide(b) Photo
reversible dinerization reaction of coumarin groufigc) pH reversible triazine
formation from paraformaldehyde with primary amr(el) Redox reversible disulfide

bond formation.
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Noncovalent interactions also serve as reversible mechanisms in adhesive systems.
Noncovalent interactions include hydrogero n di n g, e }" e csttraocsktiantgi,c sv,an’
Waals force, and coordination bonds. They are ubiquitous and significant in nature. In
addition, the welknown double helix structure of DNA is a synergistic combination of
hydrogen bonding, electrostatics, st ac ki ng, -rydraphilibigteractomsh obi c
Inspiration from DNA structure motivates massive studies for synthetic nucleobase
containing polymers, as well as supramolecular systems bearing multiple noncovalent
interactions?3* Similar applicable strategies to design reversible adhesives highlight
nucleobase functional groups and other hydrogen bonding moti&tfeResearchers
continue to recognize the supramolecul ar S )
amendability through incorporating different noncovalent interactions, especially

hydrogen bonding>**

One example is the geckobs ability to cl
solely depends on the weakest noncovalent interaction: van der Waals forces. Researchers
devote many efforts to fabricate dry reversible adhesivesntivaick the multiscale
hierarchy hairy structure of gecko foot. Multiple extensive reviews summarized
achievements so far in this emerging field for further reathfigFurthermore, mussel
footsd strong and reversible attachment to
mechanism and design similar wet adhes®é%! The key to strong cohesion and
adhesion strength is the high content of catecholic amino aci8. 4
dihydroxyphenylalanine (DOPA) in adhesive protein mussel setretimspirations from
beetl esd wing |l ocking device and ripple surf

of reversibility>®®® Applying electronic voltage on conductive adhesive materials and

12



utilizing shape memory polymers (SMP) are the most recent advances of improving

fibrillar reversible adhesivedf?

Finally, there are several reports on thermally controlled dry reversible adhesives
using delicate designs of composite materials with unique shape amihalogical
change$*® A few groups reported reversible adhesion of polyelectrolytes coated surfaces
using ionic interactions and reversible cell adhesion substb@®ed on photoreversible

azobenzene isomerizatiéff’

This review discusses details of various paih 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 achievemérdgsersible 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 systeumsted 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.

2.3 RewersibleChemicallyLinked Adhesives

Covalent bonds require tough conditions to dissociate because of the high energy
nature (~360 kJ/mdf. Consequently, debonding of chemically cured adhesives is difficult
to accomplish. Reversible chemical reactions with mild conditions are valuable tools for

such purpose.

13



2.3.1 Thermally ReversibleDiels-Alder Adhesives

Previous studies have utiliz&A reactiongo form polymer backboneas well as
chemical crosslinksChenet al reported a selfiealing polymeric material, which has
comparable mechanical properties with epoxy resin, using monaevitarsultiple furan
and maleimide functional groups to forrhighly crosslinked polymer netwofR.Solid
state Nuclear Magnetic Resonance spectroscopy (NMR) revealed 30% reversibility of DA
adductscontaining materials in multiple cycles of heating and cooling using cyclohexene
chemich shi fts. Chendéds study proved capability

thermal reversibility to resulting polymeric materials.

Aubert first presented reversible adhesives using the same furan and maleimide DA
reaction to form polymer backbor®’! Epoxy resin, prepared with DA reaction between
furfuryl glycidyl ether and bismaleimide (Figure3p, was ared with diamine to form
adhesives that have lghear of 4.56 MPa on stainless coupons. Immeasurabiésgy
and 16 storage modulus drop at 90°C allowed debonding to occur in multipleaheat
cool cycles. Loss of cohesion and adhesion strength edsuttm the loss of crosslinking
networks above the retldA 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 amihnidés according to the author.

o)
6occ O

Figure 2.3.DA reaction of f ur f-(methilenei4,ypleenytene) et her

bismaleimide’!
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Later, Wouter®t al. presented crosslinked acrylic copolymers networks capable of
temporally bind wafers ding semiconductors manufacture. Wouters et al
copolymerized a series nfalkyl (meth)acrylate and furfuryl methacrylate infdient feed
ratios. Characterization methods including rheology assessed copolymer properties in
presence of bismaleimide crosslinker (Fig@rd). Complex viscosity measurements in
multiple heatand-cool circles demonstrated that the novel copolymer sygtessessed
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 processahtlititigh temperature
compared to benchmark adhesive samples. More importantly, Wetitetgroved the
possibility of tailoring various adhesives properties for different applications using DA

crosslinked adhesives systems.
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Figure 2.4. Crosslinking raction of poly(furfuryl methacrylateo-n-butyl methacrylate)

with bismaleimideReprinted with permissidACopyright2012 Elsevie
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2.3.2 PhotoReversibleCyclobutane Adhesives

Our group designed a series of reversible adhesives based on the photo reversibility
of [2+2] cycloaddition in the past few yedfs®> The removable pressure sensitive
adhesives (PSA) with light initiated crosslinking mechanism from Webster and
coworkerg®’’ inspired many researchers to develop reversible PSA fetraoma wound
dressing. Longt al.were the first to show the possibility of incorporatingamsibility into
PSA via photodnerization forming cyclobutane crosdling sites’ In Figure 2.5,
coumarin functional groups that attached to poebfi(2ylhexyl acrylateco-hydroxyethyl
acrylate) side chain dimerized when exposed to ultravilgiVVA) (>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. Whéigas
irradiation only recovered up to 6% peal strength. Let@. continued more systematic
study on coumarigontaining poly(alkyl acrylate/methacrylaté)This work showed how
the glass transition temperaturg)(lergely affected the photodimerization efficiency when
deviating from irradiation temperature. This occurred as mobile chains allowed more
chanes for coumarin side groups to collide. However, photodimerization efficiency was
i rr el ev amdthyl bropoly(aikg methacrylate) on the main chain compared to
corresponding polyacrylates and polymethacrylates. These photo reactions followed the
BunsenRoscoe 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 environofémé

moieties, wavelength of irradiation, and addition of photosensiif?é&#!
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Figure 2.5 Copolymers modification wit coumarin groups and the photoreversible
dimerization reactionReprinted with permissidd’® 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 reversiboitg et al
synthesized microphase separated poly(siloxane imides) that were made from maleic
anhydride dimers, providing photoreversible cyclobutane groups on the polymer backbone
(Figure2.6).”® Polymers were thermally stable up to 360 °C, until r€foreactions led
to degradatio® Dynamic Mechanical Analysis (DMA) showed a rubbery plateau from
50 °C to 100 °C, which was attributed to the microphase separated nature giQure
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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 h NMR upon UVC irradication

demonstrated reversibility of cyclobutane moieties.

bttt
r oo )

Figure 2.6. Poly(siloxane imides) containing cyclobutane diimide functionaigprinted

with permissio® Copyright2010 Taylor & Francis
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Figure 2.7. DMA of cyclobutane diimidecontaining poly(siloxane imides) demonstrates

a rubbery platealReprinted with permissidACopyright2010 Taylor & Francis

2.3.3 Redox Reversible Adhesin

Disulfide bond is another reversible chemical etpithat can lead to reversibility
in adhesive materials. Wet al discussed the possibility of cleaving disulfide bonds to

redissolve cured polyimides, thus increasing the reprocessing ability of méferials.
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Anumoluet al designed a hydrogel based on crosslinking of disulfide bridges on the end
of 8-armPolyethylene glycol (PEG), using&> as an oxidizing agent or thiopyridine as

a good leaving grouff. Adding glutathione (GSH) as a reducing agent broke down
crosslinked networks, resulting in gel to sol changes (Figue 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 fateexte
periods of time. Botlin vivo andin vitro histology tests demonstrated the benefits of this
doxycycline loaded removable hydrogel wound healing efficiency for mustduted

skin wounds. Furthermore, this work initiated multifunctional wound drgssiaterials
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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 permissio® Copyright2011 Elsevier

In summary, reversible chemical reactions offer versatile tools to desigsibdee
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 mgmcésand opportunities

to improve and explore.

2.4 Biomimetic Reversible Adhesives

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

footpads8* Those pads require multiscale hierarchical fibrillar structure for maximum
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surface contact in order to maintainfficient adhesive force due to the weak van der Waals
force nature. Ani mal s6 | ocomotions require
while remaining good durability and adaptability on a variety of surfaces. A series of
feature articles cover diffent aspects of this area: cell biological nature of the keratin
associated betar ot ei ns ( KAb P% jibrillar madhésives @atametesst aace
fabrication method$®°, theoretical and experimental measurementdbiaion force¥,

mechanical principle of contact splitting and adhesion testing méffgdsanebased

system&#8’, and potential applicatioff<'’ etc.

Nevertheless, limitations present in many getispired fibrillar adhesives. Gecko
footpad KAbBPs protein provides both rigidit
performance, the substrate materials require certain properties for fabricating fibrillar
structure surface. They demand mechanidihess 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. Hovez, 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 performanc&oreover, 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
environmentssuch 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 ecent achievements with potential of addressing drawbacks of traditional

fibrillar adhesives.
2.4.1 Mussel Inspired Fibrillar Reversible Adhesives

Another weltknown bicadhesive system is tlighydroxyphenylalaninéDOPA)-
containing mussel foot which has unicgteong binding to wet surface. Moisture usually
decrease the adhesives performance significantly due to complex réhsdreseas
mussel foot bind to the rock underwater. Waitel first extracted mussel foot proteins
and identified the key amino acid: DOPAHowever, the molecular binding nieamism
remained unclear until 25 years later Messersetithl. found the metal chelating ability
of DOPA>? Later, the molecular interactions were found to be a combination of several
interaction includingtmeeataalt icooo r ccionvaatl ieonnt, 1 'nf
hydrophobidhydrophilic interaction§?®® Since then, synthetic polymers with DOPA
functional groups were proved to be mising in developing reversible adhesives and
antifouling applications. Lee and coworkers have been pioneered in this area and published

an extensive review on musselated theoretical and practical stucig¥:>>%

Combining the strategies of gecko and mussel adhedieest al. presented a unique
igeckel 0 nanoadhesive that had super®or adhe
They coated poly(dopamine methacrylamamemethoxyethyl acrylate) (p(DMAo-

MEA) on to PDMS nanofibrillar through dipping (Figu&9a). The hybrid adhesive

exhibited much higher adhesion compared to nanofibraldhesive without catecholic

coating in air and the enhancement is much more significant in water (RigbjeAnd

durability is phenomenal in more than a thousand cycles (Fig®@®. Macroscopic

adhesion showed 9 N/&im water, which is close toégecko dry adhesive with hierarchy
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structure. Applying two inspirations from natut®eckel nanoadhesives improved the
durability and applicability on wet environment. Besides, improved adhesion usingycoatin
compensated the loss of surface area from eliminating the complex hierarchy, providing a
way of simplifying manufacturing process. Later, Glassal modified the fabricating
procedure and prepared a DO®@éntaining polymer coated microfibrillar with
mushroomshape tips. The new adhesive showed enhanced adhesion strength to nonflat
surface in wet conditions over uncoated and unpatterned matérials.
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Figure 2.9. a) Chemical structerof DOPAcontaining polymer coating. b) Adhesion force
per pillar for norcoated 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 waterRepinted with permissiolf Copyright2007 Nature Publishing Group

2.4.2 Wrinkled Fibrill ar Reversible Adhesives

Wrinkled (Rippled) elastomeric adhesive surface is another way of designing
patterned reversible adhesives. Chaal prepared poly@butyl acrylate) (PnBA) surface
wrinkled elastomer using swelling a laterally confined PnBA fimth improved

adhesiort® Theoretical study showed that adhesion enhancement only occur when
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wavelength of ripples small than critical wavelength which largely varies over different
surface. Linet al used simple yet robust mechanical strain methods to generate wrinkled
PDMS surfacawith different amplitud€’ 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 design a wrinkled microfibrillar PDMS switchable
adhesive? This adhesive had mively good peel and shear force in the range of 10 N/cm
and extraordinary durability over 100 cycles. Moreover, full contact with surface when
applied with prestrain yielded goodresion while no prestrain leéalvery weak adhesion

due to a point coatt with the substrates (Figu2el(. This switchon/off adhesive is an
excellent example of joining different technique to improve the drawback of the original

gecko adhesive addressed before.
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Figure 2.10. SEM images of the wrinkled microfibrillar adhesive a) with prestrain and (b)
without prestrain. The illustration of ¢) point contact and d) area canextanism to the

surface Reprinted with permissiGACopyright2010, American Chemical Sogjet

2.4.3 Interlocked Fibrillar Reversible Adhesives

There are some other most recent advawcesnproving gecko adhesive with
integration of other inspiration. Pang and Sethal designed reversible interlocking
adhesives with high shear force up to 40 N/asing micro/nanofibrillar with high aspect
ratio while maintain easy peeling off availély in vertical direction>° The inspiration
comes from beetl esd wi ng2lldhegheanfgrcedlapendede s how
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 pullingt ¥0 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 apphtions.

A Wing-locking Device . ) B  Biomimetic Interlocking

Preload

SRR UPPer Fiber Array

N

&\\\ W | “1’;.'}']."!”"» Lower Fiber Array
\ WLk 44

Shear Force

inariocking w ' % \! VR

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 arrdmsprinted with permissiéh Copyright 2012

American Chemical Society

2.4.4 Electro-Fibrillar Reversible Adhesives

Krahn and Menon reported a novel conductive gduksed microfibrillar adhesive,
which was made of cured ¢am black with PDMS mixtur&: Experiment set up in Figure
2.1Z was used to measure shear force of conductive fibrillar adhesion to nonconducting
substrated with high applied voltage. ResuFigure2.12b 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 pressureslpad. 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.

a)

2 s B 5 B . “i‘ii“‘,‘:‘
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Comluctive diy sdhesive cledtrodo

b) = ,: @ No fibers
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drywall PP PMMA Apglied Force

Figure 2.12 a) lllustration of two condttive dry adhesive electrodes generate attractive

electrostatic force to substrate when applied voltage. b) Shear bond strength of fiber
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conductive, flat conductive and fiber nonconductive PDMS samples to different substrates
with applied voltage. c) Expienent setup to measure shear force with applied voltage.

Reprinted with permissiéhCopyright 2012American Chemical Society

2.4.5 Shape Memory Fibrillar Reversible Adhesives

Kim et al. producé 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 metféd.he thin layer APcoated SMP
microfibrillar array showed 4 times weaker peeling strength at 80 °C than room
temperature. Deformation @dhesive 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 conclusiothat 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,
elavat on of adhesi on st r eng®sowedsentancedadheésierd a s
performance. Furthermore, adaptation and responsiveness to different conditions can be
expanded due to the nature of the additional interactiom®w direction could involve
incoporating reversible chemical reaction functional grou 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 mecsianiHoweverthefabrication maypecome
complex due tahe 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 gtrenill be a challenging while promising
route of improving fibrillar surface adhesiva$e rext setionwill be focusing on studies

of some very promising hydrogen bonding adhesive system.

2.5 Hydrogen Bonding Based Reversible Adhesives

Hydrogen bonding is 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 sditaling® selfassembl$? and

stimuli responsive materidfs Having multiple lydrogen 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 betweganae and thymine (uracil);

triple hydrogen bonding between cytosine and guanine (Fyd2a)® There are also

many synthetic CMHB for preparing supramolecular poly##&s f or exampl e,
2-ureido4[1H]-pyrimidinone (UPy) quadruple unit which can séifnerize with high
association constant in FiguPel3.% Our group habeen focusing on designing novel
reversible adhesive and investigating the effect of incoporating hydrogen bonding on

adhesive perfornrmee.
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Figure 2.13 a) Chemical structure of double strand DNA showing nucleobase pairs of
adenine/thymine and cytosine/guanirReprinted with permissidh Copyright 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheib) 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. Logtgal copolymerized nBA with URy
methacrylateto synthesize a novel reversible adhesiv@.3 mol % of Upycontaining
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 80C suggested the thermal reversibility,
while solution viscosity and thitlayer chromatography indicated the solvent reversibility
potential of this copolymer system. With a recent study of spacer length effect on the
CMHB efficiency®®, we can possibly increase the peel strength by changing to a longer

spacer between the Upy and the polymer backbone.
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Long et d. 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 irFigure2.14a. High content of urethane groups assisted photo dimerization rate
of cinnamate for bringing in a proximity benefit. Hydrogen bonding enhanced the adhesive
strength of UVcured sample, while photocrosslinking of cinnamate enhanced the cohesive
strength and reduced adhesive strengthe ontent 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 plocessing and reversibility. High melt stability from the isothermal rheology test also
makes the copolymer system a strong candidate for hot melt pressure sensitive adhesives

(Figure2.1%).
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L
Viscosity (Pa*s)

I
0 30 60 90 120

Time (min)

Sample UV-irradiated Failure Non-cured Failure
name peel (Ibg/in)  Stdev mode peel (Iby/in)*  Stdev mode
2Ca4 0.418 0.016 100% adhesive 0.844 0.008 100% cohesive
2UsC1s 0.731 0.014 100% adhesive 1.59 0.028 85% cohesive
2U15C15 0.855 0.017 100% adhesive 1.49 0.021  75% cohesive
2U5,C5 1.03 0.026 100% adhesive 1.64 0.013  60% cohesive
2Usy 1.22 0.159  50% cohesive 1.34 0.147  50% cohesive

Figure 2.14 a) Chemicalstructure 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 copolyRegrénted with

permissiof® Copyright2009 Taylor & Francis

Recently, Long et al. presented novel nucleobasentaining acrylic
supramolecular adhesives with chemical structure shown in FRU&*® Adenine
containing copolymer (A) showed microphase separated with nideslistructure of the
hard phase which was attri bsutteeadk itnog tohfe tnmoer e
adenine ring thathymine 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: Igtacrylic acid) (AA) and 4vinylpyridine (VP) based

copolymers. The strong CMHB acts as physical crosslinking to increase apparent
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molecular weight which results in enhanced adhesive properties. More study on explaining
the mechanism behind the differengerformance 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 variabl@perature (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 nucleobastaining copolymersnal
control of AA and VP containing copolymers. C) Reaction scheme of copolymerization of
nBA and acrylic adenine/thymine. D) VT HR for the complex of A and TReprinted

with permissiof® Copyright 2012, American Chemical Society

The relatively weak single hydrogen bonding can be compensated with increased
guantity of hydrogn bonding groups. Wang and Xie designed a reversible adhesive using
shape memorgpoxy with dense hydroxyl groups and nitrogen atoms in the méferial.
Extraordinary high adhesion force (453 Nf¢gmvas achieved with preload pressure at 90°C
(above ) aided by low amount of methanol and cooling with load. Heating to 90°C again
decrease the peeling force to 0.2 Niciihe slape 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 640N7opulling 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 adlns 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 phatosslinked polyg,L-lactide)s network to be used
potentially as bioadhesi¥® Longet al.introduce reversibility to the network via changing
to hydrogen bonding as a physical sloking method® Biocompatible stashaped
poly(p,L-lactide)s (PDLLA) vere 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 addexddisrupt the hydrogen bonding (Fig@rd 6a). Moreover,

'H NMR shift as function of temperature demonstrated the thermal reversibility of H
bonded network (Figur.16). This study points out a promising direction of designing
biomedical adhesives throagrosslinking of stashaped low molecular weight precursors

with end hydrogen bonding groups, which will be removable upon contact of water.
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Figure 2.16 a) Solution viscosities of stamhaped PDLLA end functionalized with
adenine/thymine and thel:1 mixture in CHG and CHC{DMF. b) *H NMR NH
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chemical shift of PDLLAAT mixture vs temperature Reprinted with permissidff

Copyright2006 American Chemical Society

Hydrogen bonding of nucleobase pair can also be used to design solvent reversible
adhesion. Viswanathan and Long illustrated the solvent reversibility oadhesion
between terminal thyminfunctionalized polystyrenes (PB!°! and silicon surface that
covalently modified with adeniné8 Binding was specific and reversible confirmed with
water contact angle measurement anX photoeletron spectroscopy (XPS) in multiple
solvent treatment cycles, shown in Fig@r&7. Herein, covalent coating of surface with
hydrogen bonding groups was proved to be a possible method to adhere materials
reversibly and selectively. Potential applicatiofsoaexist in biomedical field, column

chromatography and molecular recognition.
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Figure 2.17. a) Scheme of solvent reversible adhesion 6TR& adenine modified silicon
surface. b) Water contact angle and XPS result of silicon surface upon schebntyeles
of PST treatment/wash and DMSO rindReprinted with permissiéh Copyright 2006

American Chemical Society

Even though most of the results are preliminary studies, they all she
advantages and possibility intorporatinghydrogen 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, increaapmarent molecular
weight and networking forming increase thgahd 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 bpatng 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 guaredtwith preload force, while

speculation still needs evidence.

2.6 OtherMethod ofl ntroducing Reversibility

There are some other methods of introducing reversibility in adhesives. Luo et al.
presented a uniquely designed thermal reversible composite \&ft{&3iThe blend of
poly(3c apr ol act one) (PCL) and e p eardyno rptraercour s o |
morphology through g@ymerizationinduced phase separation (Figu2el8A). 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
t he ~fAdi fxfpearnesntviealbleedi ng (DEB) O whi ch st
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 pulbff 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 Ty intrinsic sticky adhesive layet® Preloading at 90 °C deformed the composite
adhesive to comply with substrate surface, resulting in 60 Nfumi-off strength.
Repeatd heating to 90 °C recovered the curved structure, correspondingly minimized the
contact area and decrease the-pffliforce to 10% of the original. Schematic illustration

is shown inFigure2.18E.
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Figure 2.18 A) Stereo optical neroscope images oDEB phenomenon at different
temperatures of the Epoxy/PLC surface. B) and C) Scanning electron microscope (SEM)
images of Epoxy/PLC surface before and after heafeprinted with permissidh
Copyright 2010 ElsevierD) Scheme of reversible adhesion of Shsed composite

adhesivesReprinted with permissiéACopyright2008, American Chemical Sogjet

Kobayashi studied reversible adhesion of positively and negatively charged
polyelectrolytes brushes prepared with surface initiated polymerization on sulfStrates.
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. Patgtlolytes 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. Thevieosnmental pH value served as mechanism for

reversible adhesion in this stuthy.
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2.7 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
van der Waals interaction, and hydrogen bondiogtaining polymers. The reversibility
of chemical reactions can result in significant adhesion strength difference with certain
thermal, photo, and redox external condition changes. Researchers sillgcessfu
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 geicigpired fibrillaradhesive
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 noncavai&gractions 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 comparederall 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 speriferactions 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 pd®videtaching mechanism for

adhesives and surface adhesion.
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3.1 Abstract

Reversibleaddition-fragmentation chaitransfer(RAFT) polymerization afforded the
unprecedented synthesis of wedfined acrylic ABA triblock copolymers with
nucledasefunctionalized external blocks and a central polygtyl acrylate) (RBA)
block. Size exclusion chromatography (SEC) confirmed the molecular weight and
molecular weight distribution of the central bloéki NMR spectroscopy revealed the
successful cain extension of therBA macrcechain transfer agent (CTA) using adenine
or thyminefunctionalized acryt monomersThe acrylic monomer with a flexible spacer
to the pendant nucleobases promoted intermolecedagnitionof nucleobases arldng
range segiental motion of polymer main chains. The exterblaick glass transition
temperature(Tg¢0 )of thymine (T) and adenine (A) functionalized bloeksre52 °C and
76 °C, respectively. Thermomechanical and morphological analysis revealed the effect of

procesing conditions on seHlssembly and microphaseparated morphologyf
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nucleobasdunctionalized ABA copolymers. Thymine and aderinectionalized ABA
triblocks formed a thermodynamically stable, hydregended complex upon blending.

The supramoleculdrlend exhibited a cylindrical microphaseparated 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, nebrk that exhibited enhanced mechanical performance with
melt processibility. Thus, these ABA nucleob#&sectionalized block copolymers

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

3.2 Introduction

Specific roncovalen interactions are a criticalesign feature for tailoring polymeric
material properés! Noncovalent interactionsncluding hydrogen bonding and pi
stacking, create supramolecular phydicatrosslinked network that significantly
influence polymer propertieS’he intermediate bond strength between van der Waals
forces ad covalent bonds leads to reversible bonds that respond to external stimuli such
as temperature, moisture, solvent, and*pHNoncovalent interactionglso improve
cohesive strengtfor adhesives* enhance temperature dependence of melt viscoaity,
promote sekassembly:® Block copolymers containing physical crosslinking attract both
academa and industy due to the potential synergy between microptsegeaation and
noncovalent interactions. Localized hydrogen bonding within the hard phase induces or
reinforces microphase separation of block copolyrh¥&r¥: Long et al observed a phase
separated morphology of triblock copolymers with short nucleobatenalblocks of
molecular weights between4lkDal? Long et al. also recently showethe capability of

hydrogen bonding to facilitate sedssemblyof ABC block copolymers$® Nowick et al
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and McHaleet al both noted enhanced molecular recognition through segregation of block
copolymers in solutioh*'® The commercial impaadf block copolymerthermoplastic
elastomer§TPEs)continues to increasmcluding hot melt adhesives, synthe@lasomers
automobile partsand membranesThe past two decadese also withessed various
fundamental studies of block copolymer TPEs with strughnoperty relationships and
emerging application¥:2! The microphasesepaated morphology of block copolymers is
crucial for their thermoplastic properties and elasticity. The hard phase Thigh
semcrystalline) provides mechanicattegrity, while the soft phase (low J) affords
flexibility. ABA triblock copolymers, such astyrenebutadienestyrene (SBS) and
styreneisoprenestyrene (SIS)represenfTPEswith wide industrialappealdue to their
uniguesynergy ofelastomeric propertiendmelt processibilityNoncovalent interactions
have shown great potential for inducthgrmal responsiveness and enhancing mechanical
strength of polymer§>122223 |t is hypothesized that reversible physical crosslinking in
block copolymers allows supramolecular thermoplastic elastowitrsa selfassembled
morphology, enhanced mechanical integrity, and tailored thermal responsiveness.
Nucleobases in deoxyribonucleic acid (DN&Yemplify biology-inspiredcandidates
for introducing noncovalent interactions to synthetic polygdee to tleir thermal stability
and synthetic versatilitf® The unique molecular recognition between purine and
pyrimidine rings is of particular interest for their potential in -ssi$embly, template
polymerization, thermal responsiveness, and information stér&yyeNucleobase
functionalized polymers also offer unique biological properties including selective protein
adsorption, suppressed bacterial adheze and biocompatibility’ Furthermore,

nucleobase&ontaining polymers suggest pot@al as biosensors, molecular probes,
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biomedicine, biomimetic informatiostorage, and materials with enhanced mechanical
properties>?%39 However, introducing nucleobases to synthetic polymers is challenging
due to their limited solubility and susceptibility to multiple substitutions during monomer
synthesig?

Most nucleobaseontaining polymers in the literature are synthesized through the
polymerization of nucleobadenctionalized monomers, and styrenic and methacrylic
adenine/ thymine monomers are exteelidescribed. Various controlled polymerization
strategies are amendable to synthesize nucledbastonalized polymers, including ring
opening metathesis polymerizatithi? nitroxide mediated polymerizatidAl*33 and atom
transfer radical polymerization (ATRBY3® Lutz et al synthesized nucleobase
functionalized styrenicpolymers and observed the association and dissociation of
hydrogen bonding in solutiol¥>’ McHale et al combinel segregation in solution with
templating to obtain weltontrolled, high molecular weight styrenic nucleobase
polymerst* Our research group reported styrenic triblock copolymers with adenine and
thymine external blocks and showed their potential ag delivery vehicles and biological
probes'>* Inaki et al synthesized methacrylamide adenine and uratyinpers with an
ethylene spacer for template polymerizatidff. Others probed the effect of molecular
recognition on copolymer composition with nonpolar and hgendbonding disrupting
solvent using methacrylic adenine and thymine monomers with ethylene diester ¥bacers.
Haddetonet al synthesized methacrylic and acrylic nucleoside monomers for subsequent
template polymerizatiof?** Other researchers synthesized and observed assembly of

PEGylated methacrylic nucleobase polymer in water, and also reported nucleobase
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functionalized monomers for stgpowth polymerization including norbornene
derivatives31324244

Despite the intensive research interest in nuclecbas&ining polymers, most
nucledasecontaining polymers mentioned above either presented sterically constrained
side groups or rigid polymer backboneswip® above the hydrogen bon
temperature range. Literature values for styrenic and methacrylic adenct®nalizd
polymer g6 s range fr om 10 5-fudktdnalized p@yindrs shd;aTt hy mi n e
from 87 °Cto 191 °C, depending on the monomer structéfé*°414> The only previously
reported acrylic nucleoside homopolymeiso showedg® s a r o-L70 W?° $tdrid
effects and polymer chain rigidity significantly restricted molecular association and
dissociation in the bulf€ This also accounts for predominate research focus in literature
on supramolecular polymer selfsembly and template polymerization in solution, where
solvation and mobility promote molecular recognition. Previous investigatibioulk and
mechanical properties of supramolecular polymers only include telechelic polymers with
physical crosslinking sites located only at the chain efAtfS.As a result, nucleobase
functionalized block copolymers with sufficiently lowyg ackbone and less steric
hindrance are of particular interest for ascertaining the influence of nucleobase pendant
groups on soliektate properties.

Acrylic polymers exhibit 26100 °C lower [ values than their methacrylic analogs due
to the absence of a pendent methyl on the backt¥dt@wever, controlled polymerization
of acrylate monomers i s mor e ephotwi Wechgi ng du
facilitates branching due to chain transfer to polyPh&ong et al previously synthesized

acrylic adenine and thymine polymers with df 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 oA complenentary hydrogen bonding on random copolymer
blends due to supramolecular association in the bulk.

This manuscript focuses on the synthesis of noveljnsipired, supramolecular
block copolymers with weltlefined compositions and nanoscale prseggarated
morphologies. An optimizedwb-step, RAFT polymerization afforded ABA Ifock
copolymers with either adenine acrylic (AdA) or thymine acrylic (ThA) external blocks
and a RBA central block.The structural design of an acrylic backbone with a flexible
spacer to the nucleobase pendant groups ensured sufficiently®oand fleibility for
molecular recognitiod. Dynamic mechanical analysis (DMA), shhaangle Xray
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 performante.
complementary hydrogen bonding between adenine and thymine contributed to a
microphaseseparated 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.

3.3 Experimental Section

Materials. n-butyl acrylate (BA, 99+%) waspurchased from Aldrich and passed through
a neutral alumina columb e f o r e -Arsbis(isobulyyrohitéile) (AIBN, Fluka, 99%)
was recrystallized from methanoN , Mlidéyclohexylcarbodiimide (DCC, 99%),-4
(di met hyl ami no) p yandil,4ibutanedio(diadvkate (Alfa@8sar99%)

wereused without further pification. Adenine (A, 99%), thymine (T, 99%), triethylamine
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(TEA, 99%), potassium carbonate (99%), -hegkanediamine (98%), -édyanc4-
(dodecylsulfanylthiocarbonylsulfanyl)pentanoic acid (CDP, 97%), andi2é&rt-butyl-4-

methylphenol (BHT, 99%) were purased from Aldrich and used without further
purification. Hexane (HPLC grade), chloroform (CHGHPLC), tetrahydrofuran (THF,

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

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

received.

Analytical Methods. *H NMR and*C NMR spectra were collected in CR@r DMSO-

ds on a Varian INOVA spectrometer operating at 400 Mid23 °C. Size exclusion
chromatography (SEC) was performed using a Waters stteseon chromatograph. The
instrument was equipped with a-@€counrisoa sampl e
Waters 2410 refractive index (RI) detector operating at 88@ndg Wyatt Technologies

miniDAWN multi-angle laser light scattering (MALDSletet¢or operating at 690 nmvith

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

from the light scattering detector with dn/dc value of 0.07. Differential scanning
calorimetry (DSC) was performed under a nitrogen flisbfOaomL/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 secatthesca. DMA was conducted

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

of 8 &m, and a static force of O0.01 N. The
transition temperature gfwas determined at the ggemaximum of thetad cur v e . Al

FTIR experiments werperformedusinga Varian 670IR spectrometer (DTGS detector)
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with Pike Technologies variable temperature GladiATRttachment (Diamond crystal).
The spectra were collected at 4 tnasolution andsan average of 32 scans. The samples
were subjected to a temperature ramp of 1 °C /min, starting from 30 °C to 180 FTIRnd
spectra were collectezlrery 10 °C beginning from 30 °C.

A Veeco MultiMode scanning probe microscope was used for tappote AM
imaging. Samples were imaged at apgant ratio of 0.60 withamagi f i cati on of 1
em. Vrmamosensor silicon tipwith a spring constant of 42 N/m were utilized for
imaging.SAXS experiments were performed using a Rigale& 3000 3 pinhole SAXS
system, equipped with a rotating anode emittingaX with a wavelegth of 0.154 nm (Cu
KU) . T h ¢o-deteaton plistaance was 1600 mm, anchgge was calibrated using a
silver behenate standard. Tadonensional SAXS patterns were obtained using a fully
integrated 2D multiwire, proportional counting, gdked detector with an exposure time
of 2 h. All SAXS data were analyzed using the SAXSGUI software package to obtain
radically integrated SAXS intensit\ersuss cat t eri ng vector q, where
one half of the scatterfiXrmagy. angle and & is th
Polymerization of difunctional PnBA macro-CTA. 1,6-bis(4cyanc4-(dodecylsulfany
thiocarbonylsulfanyl)pentanoic aciiexane diamide (dCDMRH.) was synthesized
according to previous literatuPéDMF (13.0 g, 20 wt%), dCDNH: (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 siegled
Schlenk flaskThe monomerinitiator: CTA ratio was 630:1:10rhe flask was subjected
to four freezepumpthaw cycleswith subsequentefilling with argon. The flask was then
sealed and thermostated at 65 °C for &hNMR determineca monomerconversion of

55%. After the polymezration, residual monomer and solvent were removed by distillation.
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SEC analysis in THF revealed molecular weight déta 44.8 kDaMw/Mn= 1.13. Yield
wasapproximatelys0%.

Polymerization of adeninefunctionalized ABA triblock copolymers. AdA (613.8 mg,
1.8 mmol), AIBN (0.2 mg, 1.2mol), MBA macreCTA (549.0 mg 1 &hol)3anckcDMF
(4.6 g 20 wt%) were charged into a singleclked Schlenk flask angubjected to four
cycles offreezepumpthawand subsequengfilling with argon. The flask was then sealed
and maintainedat 65 °C for6 h. The copolymer was isolated from precipitation into
methanol and drieth vacuoat room temperature for 24 ihe monomer: initiator: CTA
ratio was 1500:1:10'H NMR revealedthe numberaveragemolecular weight for each
external block of poly(AdAb-nBA-b-AdA) M,= 13.8 kDa,monomerconversion 56%
assuming an equal chain growth rate from both m@drA ends

Polymerization of thymine-functionalized ABA triblock copolymers. ThA (613.0 mg,
1.9 mmol), AIBN (0.2 mg, 1.2mol), MBA macreCTA (549.0 mg, 12.3mol), and DMF
(4.7 g 20 wt%) were charged into a singlecled Schlenk flaskand subjected to four
cycles offreezepumpthawand subsequengfilling with argon. The flask was then sealed
and maintainedat 65 °C for6 h. The copolymer was isolated from precipitation into
methanol and dried under vacuum at room temperature for B2dehmonomer: initiator:
CTA ratio was 1600:1:10H NMR revealed numbeaverage moleculaweightfor each
external block of poly(ThA-nBA-b-ThA) M,=15.0 kDafor each block monomer
conversion 56%assuming an equal chain growth rate from both m&dra ends.

Triblock copolymer films and supramolecular blend preparation Poly(AdA-b-nBA-
b-AdA) and poly(ThAb-nBA-b-ThA) were melt pressed @20 °C for 1 h and annealed at

120 °Cin vacw for 24 h.poly(AdA-b-nBA-b-AdA)/poly(ThA-b-nBA-b-ThA) werealso
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dissolved in DMSO (2 Wb solids) at 50 °C for 18 h and casted to a Teflanold. A
Teflon® mold was used teinimize deformation of the polymeridlims during removal.
The mold was placed at 80 @ 48 h to slowly evaporateMSO. The dried copolymer
film was then annealedndervacuum at 120 °C for 24 h. To obtain the supramolecular
blend,poly(AdA-b-nBA-b-AdA) (50 mg) and poly(ThA-nBA-b-ThA) (47 mg) (A:T=1:1)
were dissolved in DMS@ mL) at 50 °C for 18 h and casted to a Teflomold, using an

identicaldrying and annealing procedure.

3.4 Results and Discussion

Synthesis of acrylic ABA triblock copolymers with nucleobasdunctionalized
external blocks. Controlled radical polymerizatioallowed the synthesis ofucleobase
functionalizedABA triblock comlymerswith anacrylic backbone. Michael addition af
butanedioldiacrylate with adenin®r thymine affordeda convenientsynthesis of the
acrylic nucleobase monomeftsThe acrylic backbone and flexé spacer linking he
backboneo pendennucleobase facilitatedhoncovalent intexctions and tuned thigds of
the external blockéScheme3.1). The butanediol spacafsopromoted the solubility of
nucleobase monomers in organic solgewhich allowed homogeneous copolgrmzation
in DMF at typical concentrations

Reversible additiofragmentation chain transfer (RAFT) polymerizati®® an
efficient route for synthesizinglock copolymers of various compositions due to excellent
functional group toleranc¥.Despite the many advantages of RAFT polymerization, only
a few previous reports used RAFT toynthesize nucleobadanctionalized
polymerst3143054 | onget al previously designed and synthesized two difunctional chain

transfer agents (CTA) for RAFT polymerizatiai ABA diblock copolymers through

53



divergent chain growtP?: A diamidelinked difunctionalCTA was used to polymerize
acrylic nucleobase monomeiihedifunctional CTA afforded a divergent polymerization
of ABA triblock in two steps (Schenf&l). In the first step, dCDMH> controlled the
polymerization olMBA and yielded RBA macrainitiator with absolute M of 44.8 kDa
and PDI of 1.13ccording toSEC (Figure 3.1). Chain transfer to polymer for acrylics
was supressediue to preference fahain transfer tthe CTA. Several parametepsoved
necessary for obtaining good control of RAFT polymerization of acrylai@sdingstrict
freezepumpthaw cycles proper CTA-to-initiator ratio (10:1 for dCDPNH2), low
monomer conversion (<70%), and constant polymerization temperatrg@ractical
threshold molecular weight for trithiocarbonatas observed ne&@0~100 kDain the
polymerization of acrylic monomeraherecontrolled polymerization diminished

In the secondtep, PBA macrainitiator 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 e®@éufhe
diamide linker also contributed tbermaland hydrolyic stablity . tH NMR spectroscopy
was the primary toofor collecing structural and molecular weight information due to
limited solubility ofthetriblock copolymesfor molecular weight determination usiSgC.
'H NMR spectroscopic analysisf the reaction mixture immediately after polymerization
providednumberaveragemolecular weigha of thenucleobase block throughcomparison
of monomerconversion andnacroCTA molecular weight. For exampléhe ratio of
integration of acrylic peak&H) at 5.86.4 ppmto the methylene peak2H) adjacent to
adenine at 4:2.4 ppm yieldd a 56%conversion othe polymerization (Figure $2). *H

NMR spectroscopic analysisf the purified copolymes determinednumberaverage
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molecular weights for the nucleobase blocks through the ratio of nucleobasBAo P
(Figure .4, S35). The moleculaweight results of purified block copolymer products
(DP2in Table S.1) agreed with results from experimental predictions: (DR able $.1).
Numberaverage molecular weights of poly(AdAnBA-b-AdA) and poly(ThAb-nBA-
b-ThA) were 27.644.827.6 kDa and30.1-:44.830.1 kDa, respectively. The degree of
polymerization (DP) of the nucleobakenctionalized external block was calculated from
the average of two calculation methods. DP of AdA external block for pol{&dBA -
b-AdA) was 83; DP of ThA externdilock for poly(ThAb-nBA-b-ThA) was 93. Total
numberaverage molecular weights of poly(AdAnBA-b-AdA) and poly(ThAb-nBA-b-
ThA) were 72.4 kDa and 74.9 kDa, respectively. Similarity of the acrylic nucleobase
monomers tBA also eliminated possible cross&s problems associated with reactivity

ratio difference of monomers in controlled radical polymerizétion.
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Scheme3.1. Synthesis of adenireand thyminefunctionalized acrylic ABA triblock
copolymers using RAFT polymerization. * For visual guidance, all adenine copolymers
are labeled red; thyme copolymersare labeled blue.

Hydrogen bonding between monomeraising NMR titration . NMR titration is a
common tool to monitor reversibility of hydrogen bondingand supramolecular
assembly:>>°® NMR titration experimerst at 22 °C for the AdA and ThA monomers
guantified the association constarfor ther complementary hydrogen bonding. The
concentration of ThA monomer (guest) in CDglremained constant while the
concentration of AA monomer (host) varied. Actual AJA concentration was calculated
from the ratio of AdA to ThA in CDGI The hydrogen bonded protoesonance forhA

shiftedfrom high field to lowfield with increasing AdA concentratidifrigure $.6). The
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Co n n enetlsod provided moreaccurate calculation using a nbmnear fitting compared

to the commonly used Benedildebrand mode?®*® Figure 3.1 depicts a plot othe
concentration of AdAversust he c¢c hemi c al i) of FhAfhydrogem lzondgde s (U
proton andnortlinear fitting determined the binding constdkt) to be 128 M using

equation (1)[H]o and [G} represent the concentration AHA (host) and ThA (guest),

r e s p e c tisithe differgnce btween the chemical shift of observed aththefree

T h Agis the difference between the chemical shift of completely bonded ThA and free
ThA. The binding constant of AdA and ThA agcewdl with literature values®®° The

acrylic substitubn on the nucleobase id not interfere withcomplemenrdry hydrogen

bonding between the AdA and ThA monomers.
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Figure 3.1. Non-linear fitting of NMR titration results to determitiee binding constant

of AdA and ThA in CDC4 at 22 °C.
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Thermal Transitions. In the design ohmorphous TPEghe hardsoft-hard triblock
copolymer structure is essential for mechanical integrity and elasfidigy.application
temperaturgvindow for TPEdies between theglof the hardexternablocks which afford
mechanical integrity and the softcentral block, which provides flexibility?® The
nucleobasdunctionalized ABA triblock copgimers contained acrylic adeninetbymine
externablocks designedasthe hardblocks and RBA central block for the soft block. DSC
determined J& of poly(ThA-b-nBA-b-ThA) to be-40 °C and 52 °C, and g0 ®f
poly(AdA-b-nBA-b-AdA) to be -39 °C and 76 °QFigure 3.7). The presence oMo T¢0 s
confirmed a block structure ofthe nucleobasdunctionalized copolymers. The similar
lower T40 $or both ABA triblock copolymers correspondéal PhBA block, while the
higher T¢0 sorrelated well with thepreviously reporté homopolymersT 6 .4 The soft
blocksTgd¢ s wer e s i gh tnBAyhonmopotyiesTy (-47 TChadue tp mhasy
mixing of the soft and hard phases, which was confirmed in mechanical anBfsisard
blocks T¢0 awere slightly higher than the reped homopolymes T46 ,swhich was
presumably attributed to molecular weight differences of the nucleobase blocks from
previously reported homopolymetsThe Ty difference between adenine and thymine
blocks resulted from the bulkier pyrimidine structure and additiongpipstacking of
adenine. Selassociation of adenine is stronghan thyminedespitetheir similar sel
hydrogen bonding consta®® This structural differencalso affectedself-assembly and
morphology which is discussed belowTGA 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 thitiermal stability for high temperature applications

such as hot melt adhesivesnd injection molding (Figure S3.8). To the best of our
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knowledge, the acrylic nucleobase blampolymersshowed the lowestgd among all
previouslyreported nucleobadenctionalized polymers.

Thermomechanical analysis. All triblock copolymer films showedsuperior
mechanicaintegity compared taliblock copolymers with similar nucleobase content and
molecular weight. PolyBA-b-AdA) and poly6BA-b-ThA) synthesized usinga
monotunctional CTA did not form frestanding films.As expected,he hardsofthard
block copolymer structurgroved crucialfor TPE behavior Higher Ty external blocks
anchored both ends tife polymer chainwhile the soft central block providetiexibility .
Two dfferent processing methodsrepard block copolymer films withan identical
annealing procedureBoth nelt-pressed and solutiezast copolymer films exhibited
microphaseseparation in their thermomechanicahalysis and surface morphology
(Figures 3.2, 3.3ad). In Figure3.2, the firsttransitionin the storage modulutemperature
curve and the firstan delta peak from the lowest temperature corresponded tpaise
transition of thesoft phase, followed by a platesagionwhere modulus remained constant
with temperature. The bright and dark regions related to hard and soft phases, respectively,
in AFM phase images (FiguBe3). Both processing conditions resuliadselfassemlsd,
microphaseseparatd ABA triblock copolymerfilms. However, DMA and AFM revealed
significant morpholomgal and mechanical differensgpresumablyesulting fromdiffering
processing conditions. In FiguBe2, thesolutioncastfilms showechigher plateamoduli
on storage modulus curves compared to the-preksednalog for bothcopolymersThe
tan delta curves and AFM images (FiggBea-d) also indicaté more defineanicrophase
separatiorwith slow evaporating solvenSoft phasely (tan delta peak) of mefiressed

poly(ThA-b-nBA-b-ThA) and mly(AdA-b-nBA-b-AdA) films were-19 °C and-17 °C,
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which were higher tha solutionrcast samplesRestricted mobility and shorteself
assembly time in the médlinpededphase separatiocompared teolution. A mixed soft
phase that contained batlicleobas@and MBA blocks resulted in a higher soft bloclg T
and a lower plateau modulus, forming a kinetically trapped morphology. Farthealing

at 120 °Cfor 5 ddid nothave a significant impact on the partially mixed phsegaration
for the meltpressed samples. Chain mobility and time are keys to thessdmbly
kinetics of block copolymers in the presence of physical crosslimtsrmolecular
hydrogen bonding alsaresumablyfurther restricted chain mobility even at the annealing
temperatureAs a polar solvent and a hydrogen bonding acceptor, DMSO dilutes hydrogen
bonding groups and screens intermolecular hydrogen bon&rger solventwas
necessaryo disruptphysical crosslinking and facilitate selésembly. The sedssembled

morphology significany affected mechanical propertiastemperaturencreased

= . . Melt-pressed poly(AdA-nBA-b-AdA)
— Solutioncastpoly(AdA-b-nBA-b-AdA)

1.0E+04 === Melt-pressed poly(ThA-nBA-b-ThA) - 3.0
T Soluion-castpoly(ThA-b-nBA-b-ThA)
~ LOE+03 3 — 25
S
= 1.0E+02- 2.0
= S
>
T 1.0E+01- 154
= 2
() QD
2 1.0E+00 - 1.0
S
? 1.0E-01- 0.5
1.0E-02 - 0.0

-80 -60 -40 -20 0 20 40 60 80 100
Temperature (AC)
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Fi gwBReETf fect of processing carcdilt iprnspeart i &8

nucl efobmstei onal i zed triblock copol ymer s.

Figure 3.3. Tapping mode AFM phase image of @lutioncastpoly(AdA-b-nBA-b-

AdA), (b) solutiortcastpoly(ThA-b-nBA-b-ThA), (c) meltpressedooly(AdA-b-nBA-b-
AdA), (d) meltpressedpoly(ThA-b-nBA-b-ThA), and (e)solutioncastsupramolecular
blend.

Plateau moduli of melpressed ABA triblock copolymers were in the range of typical
TPEs, while plateau moduli of solutimast copolymers were too high for elastonfégs
wt% of adenindunctionalized blocks and 40 wt% of thymifienctionalized blocks self
assembled into hard phases, which restricted the flexibility of copolymers in the plateau
temperature range. Decreasing the nucleobase cartdritlock length will potentially

afford nucleobaséunctionalized triblock copolymer TPEs with improved elasticity.
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DMA also elucidated the effect of noncovalent interactions on block copolymer
thermomechanical properties. Above thgoTthe soft phasehe second drop of modulus
and intermediate tan delta peak relateth®Tq of the hard block for botksolutioncast
samples. A smaflecondlateau followed the hatdlock Tq before the terminal flow. Tése
secondarylateaus were attributed to salsociation of the adenir@denine anthymine
thymine hydrogen bonding and pi stackingVariable temperaturéTIR of poly(ThA-b-
nBA-b-ThA) and mly(AdA-b-nBA-b-AdA) verified the presencef aveak selfhydrogen
bonding Figure 3.9, S310). Poly(AdA-b-nBA-b-AdA) showed a higher modulus above
thesecondly compared to the poly(ThA-nBA-b-ThA), which correlated tstronger pi
pi stacking of the purine rindsThe noncovaleninteraction dominated region was not
obvious for meHlpressed poly(ThA-nBA-b-ThA) and absent for mefiressegoly(AdA-
b-nBA-b-AdA) due to the poor assembdy the hard phase in the melt. The lower plateau
modulus forthe meltpressedpoly(AdA-b-nBA-b-AdA) resulted froma slower self
assembly compared to poly(THANBA-b-ThA). The additional ppi stacking and bulkier
pendant group furthemhibited chain mollity of the adenine block. Melpressed
poly(AdA-b-nBA-b-AdA) exhibitedmore phase mixing thameltpressedooly(ThA-b-
nBA-b-ThA) underthe samennealingtime. Certainfeaturesof block copolymers were
necessary teevealthe noncovalent interactiesiominated plateau regiom particular, the
Tg of the physicdl crosslinked block needs to be lower than the dissociation temperature
of physical crosslinkdn addition,sufficientphysical crosslinkingtrength isalsoneeded
Strong crosslinksvill restrct segmental motion and potentially leadatoorderdisorder

transition temperatur@bove thénard block Fas shown fosupramolecular blend in Figure
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3.4. Sufficientdegrees of polymerization ftine nucleobase blocks also enswsetlicient

noncovalentnteractions to influencthe mechanical properties.
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Figure 3.4. Thermomechanical properties of solutioast nucleobastinctionalized
triblock copolymers and their blend.

Supramolecular blend. Solution blend ofpoly(AdA-b-nBA-b-AdA) and poly(ThA
b-nBA-b-ThA) were prepared to examine the influencecomplementary hydrogen
bonding of AT on mechanicaperformanceThe supramolecular blend gdoly(AdA-b-
nBA-b-AdA) and poly(ThAb-nBA-b-ThA) at 1:1 adenin¢ghymine molar ratio showed
microphaseseparationrather than macrophaseparation due taollectively strong
intermolecular interactiorfs. AFM and DMA revealed awell-organized microphase
separated morphology for the supramolecular blend (Bdl8e 3.4). Complementary
hydrogen bonding between adenine and thymiregpoximately 50’stronger tharA-

A/T-T selfassociatiort:?° The physicdy crosslinkedhymine and adenintunctionalized
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hard blocks selassembled inta single high §phase, while the softiBA block formed
asoft phaseThe pateauregionof the supramolecular blend in Figudd extendedeyond
the Tg0 sf either hard blocksTable3.1 summarize observedlg6 fom DSC andDMA
and the majorlateau range of solutiecastpoly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-
b-ThA), and their blend. The blendid not exhibit an externablock Ty, and an
approximately 40 °C wider plateau windowas observeadtompared to thendividual
components The molecular recognition between adenine and thymine restricted the
mobility of thehard blocks abovéy0 ef eitherhardblocks In addition, the blendhowed
an onset bterminal flow at a similar temperature apoly(AdA-b-nBA-b-AdA) and
poly(ThA-b-nBA-b-ThA) near 90 °C, corresponding the temperatureherea majority
of the hydrogen bonding dissocidt@ heseresultsllustratedthat noncovalent interactions
extendthe temperature independent modulus region, whigentainng melt procesility
due to therrareversibilty of thephysical crosslinks.

Dynamic mechanical analysis revealed potential benefits of the nucleobase
functionalized supramolecular blend for TPEplkgations. Interchain recognition
contributed to welbdefined microphasseparation, extended plateau range, and
maintained melt processibility for the supramolecular blend. However, a higher plateau
modulus, was observed compared to a typical TPE msedahge, limiting the elasticity
of the solutiorcast 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. T40 s and plateau trucepbmsdanttionalized blatkh g e s
copolymers. T, Tg*2are from tan delta curves of DMA (soluticast samples); g%,

T422are from the second heating ramps of DSC.

Al A2 B2 B2
T T T T Pl at e
Temperatur 9 9 g g ]
(Ac) (Ac) (Ac) (Ac) (AC)
Pol y (bAB Ab-Ad A 31 52 -39 76 76
Pol y (bc-hBaAO-T h A 29 49 -4 0 52 71
A: T 1:1 B -30 N A 47 74 1009

SAXS and bulk morphology.SAXS resultsvere used to probé@e bulk morphology
of solution-castpoly(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and blend (Figue
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 Eg§uab.e). Poly(AdA-
b-nBA-b-AdA) and the blend showeriodic scattering maxima that roughly match the
expectedy, Moq, Ut q, Vixq, andp ¢ peak positions that are characteristibexagonally
packed cylindes, where q is the position of the first maximumcontrast, ér poly(ThA-
b-nBA-b-ThA), both Figure 3.3b and3.5 indicate anuch less ordered morphologihe
well-assembled cylindrical phase separation morphologglg{AdA-b-nBA-b-AdA) and
the blendwas attributed toenhanced ordering originating fromi-pi stacking and
complementary hydrogen bondjngspectivelyPurine rings of ply(AdA-b-nBA-b-AdA)
were shown to afford strongerpi interaction than pyrimidine rings poly(ThA-b-nBA-
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b-ThA).* However, the WAXD profilgFigure $.11) only shove abroaddiffraction peak
characteristicof inter-chain correlations(amorphous halo) ofthe PnBA block* The
absence oé signature diffraction peak for 4pi stacking is presumably due to thmall,
nanometescale &e of the packed AdA domainss aompared tmuch longer range order

of packed AdA units in theomopolymerg?® The d spacings were 60.4 nm, 63.4 nm, and
58.7 nm for ply(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and the blend,
respectively. These d spacings were attributed to thepatticle distance between the
phase separated domains, which also correspon@#idwith interparticle 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 facilitatbd selfassembly of block copolymers at the
equilibrium selfassembled morphologyhe bulk morphology and surface morphology
agreel well, andboth demonstrated the positive effect of noncovalent interactions on block
copolymer seHassembly.

SAXS resuls also agreed with the trend in dynamic mechanical analysis of the
solutioncast ply(AdA-b-nBA-b-AdA), poly(ThA-b-nBA-b-ThA), and the blend.
Poly(ThA-b-nBA-b-ThA) exhibited the lowest ordetisorder transition temperature due
to the least ordered micropeseparation.Figure 3.6 depics the selfassembled
morphology of the supramolecular blen@he complementary hydrogen bonding
facilitated seKassembly of supramolecular block copolymer blends and enhanced the
mechanical performance as a function of termapure. The thermal dissociation of
hydrogen bonding led to a disruption of the physically crosslinked network in the hard

phase, which resulted in a modulus dr@uerall, a synergy between the noncovalent
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interactions within the hard phase and the dguuim, selfassembled morphology

contributed to enhanced supramolecular polymer properties. Better phase separation led to

more physical crosslinking within the hard phase and higher modulus when comparing

solutioncast to mekpressed samples. Strongéwpical crosslinking within the hard phase

facilitated selassembly and reinforced the microphasparated morphology when

comparing solutiorcast supramolecular blend witholp(AdA-b-nBA-b-AdA) and

poly(ThA-b-nBA-b-ThA). However, noncovalent interact®mlecreased the rate of self

assembly ithemelt.
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Figure 3.6. Pictorial representation afupramolecular blend of adenine and thymine
functionalizedtriblock copolymers.

Variable temperature FTIR. Variable temperature HR is suitable & monitor the
thermal reversibility ohydrogen bonding ithebulk *°>® The low solubility of nucleobase
functionalized block copolymsrin nonpolar solverstlimited the feasibility of NMR
titration despite monomer soliliby . Variable temperature FR on poly(AdA-b-nBA-b-
AdA), poly(ThA-b-nBA-b-ThA), and the blenserified the presence afiydrogen bonding
and thermal reversibility. Figurg.7 shows thescaleexpandedATR-corrected spectal
overlayof the supramoleculdslendupon a temperature ramidoogsteen base pairing is
shown in Figure.7 to label signature peals thespectrum. However, the association of
adenine and thymine units most likelgmbired both Hoogsteen and Wats@mick base
pairing?? The primary absorbancet 1730 crit corresponddto C=0 stretching ofhe
carbonyl peak fromthe PnBA block and the nowonjugated carbonyl peak from
nucleobase bloek The broad absorbance centered at 1670 metatedto the hydrogen
bonded C=0 on thymine, which shifted to higher wavenurapenheating(red arrow)

Two N-H bending vibration peaks at 1600 ¢mnd 1645 cm both shifted toward lower
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wavenumbers with increasing temperature (blue arrows). Spectraedlédttr cooling to

30 °C shows that all hydrogen bonded absorbances shifted to their original wavenumbers.
Upon cooling, hydrogen bonding formation led to ashdt of C=0 stretching vibration

and a blueshift of N-H bending vibratiort:°%%3 Redshift of C=0 stretching vibratiowas

due to C=0 bonding lengtheninghen hydrogefbonded where frequency decreases as

force constant decreases in equatipn — - ( k : force const &nt ;

Blue-shift of N-H bending vibrationwas attributed to restriction of the bending motion
from hydrogen bondingl he spectrakeversibility overa heatcool cycle demonstrated the
thermal reversibility of the supramolecular networke Tray peaks correspondedfee
C=0and NH that were not hydrogen bondéthe ameFTIR experimenbn ply(AdA-
b-nBA-b-AdA) andpoly(ThA-b-nBA-b-ThA) (Figures S3.9, S3.10) indicatedhepresence
of wealer hydrogen bonding from the sedfsociation of AA and T-T, respectivelyThe
FTIR resuts confirmed our hypothesifor the dynamic mechanical performance of the
nucleobasdunctionalized copolymers and the blenthe FTIR resuls also provided
support for themorphology depicteih Figure3.6. Thermoeversible hydrogen bonding
within the had phasecontributed to a supramolecular networkhwét more defined, self
assembled phasseparated morphology, mechanical performance, artiermal

responsiveness
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3.5 Conclusions

Divergent RAFT polymerizatiomafforded synthesis of nucleobaectionalized
acrylic ABA triblock copolymers using a difunctional CTA. The acrylic backbone and
flexible linker were crucial to lower th@y0 dor probing the d&ct of noncovalent
interactions Nucleobasdunctionalized triblock copolymers sessembled into
microphaseseparated morphologiddydrogen bonding and-stacking ceated physically
crosslinked networks with enhanced thermomedamproperties. The gsformance of
block copolymer filmsvaslargely dependerdn their seHassembly behavipwhich was
affected by processing conditions. The complementary hydrogen boofdAd in the

hard phase of thesupramolecular blend contributed to elongated plaau, while
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maintainingmelt procesdility. We observed the synergy between physical crosslinking
within the hard phase and sedsembled microphaseparation. Complementary
noncovalent interactions showepotential in promotingseltassembly, enhamy
mechanical strength and introducing thermal responsiveness to improveelt
proces#ility for block copolymers. Nucleobadanctionalized ABA copolymers offered

a potential platform for future thermoplastic elastomer fabrication.
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3.8 Supporting Information

Analytical Methods. WAXD were performed using a RigakuMax 3000 3 pinhole

SAXS system, equipped with a rotating anode emittirrgys with a wavelength of 0.154

nm (Cu KU). Scattering from a silver- behenat
to-detector distance. For WAXD, the samypbedetector distanceras 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 WAXDd iinst emrsa thyalvfer
scattering angle. WAXD profiles were vertically shifted to facilitate a comparison of the

peak positions.
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Table S3.1. DP and molecular weight frofH NMR spectrums. All datavere based on

the second RAFT polymerization step in Sch@xepolymerization of ADA/ThA external
block with lMBA macraCTA. Conversion refers to the AJA/ThA monomer conversion.
DP refers to the degree of polymerization for the nuclechaszionalizedolock. DR was
calculated fromtH NMR spectroscopic analysis of the reaction mixture immediately after
polymerization through a comparison of monomer conversion and targeted molecular
weight from feed. DPwas calculated frottH NMR spectroscopic analysig the purified

copolymers, using the ratio of nucleobdgectionalized block to RBA internal block.

Targeted
Conversio Mn at (NucleobaseB Averag | Molecula Total
100% | DP. | A) ratio of pure | DP» . molecula
n . e DP | rweight .
conversio copolymer r weight
n
poly(AdA 84 81
-b-nBA- 56% 50.1 kDa 5' 4.3:1 3' 83 27.6 kDa| 72.4 kDa
b-AdA)
poly(ThA 91 94
-b-nBA- 56% 53.0 kDa 1' 3.7:1 6. 93 30.1 kDa| 74.9 kDa
b-ThA)
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Chapter 4. NucleobaseFunctionalized ABC Triblock Copolymers:
Self-assembly of Supramolecular Architectures

(Published irChemical Communicatio2014, 50, 9145)

Keren Zhand,Gregory B.Fahs? Motohiro AibaP Robert B. Mooré,and Timothy E.
Long*?

@ Department of Chemistry, Macromolecules and Interfaces Institute
Virginia Tech, Blacksburg, VA 24061, USA
b Department of Organic and Polymeric Materials, Graduate School of Science and
Engneering, Tokyo Institute of Technologyl21, O-okayama, Megur&u, Tokyo 152
8552, Japan

4.1 Abstract

RAFT polymerization afforded acrylic ABC triblock copolymers with self
complementary nucleobasenctionalized external blocks and a ldwsoft central ock.
ABC triblock copolymers selassembled into wetlefined lamellar microphasseparated
morphologies for potential applications as thermoplastic elastomers. Complementary
hydrogen bonding within the hard phase facilitated -as$embly and enhanced

mechanical performance.

4.2 Introduction

Nature broadly employs complementary hydrogen bondingioleobase pairt®
encode our genetic profiléResearch interest in nucleobastaining synthetic polymers
and supramolecular polymers focuses on the uniqueaulalr recognition between the
purine and pyrimidine ringgdeninethymine (uracil) and guanireytosine' Nucleobase
incorporation significantly affects both sdibn and soliestate properties of polymers due
to the formation of physically crosslinked netwofksS. Nucleobase heterocycles also
restrict the segmental motion of polymer chains, leading to higher glass transition

temperatures (). Most studies of nucleobasentaining polymers focus on the physical
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propertis and selassembly in solution, which enable template polymerizations,
biosensors, and drug theraptés. A fundamental understanding of the effect of
noncovalent interactions on s@ésembly in the absence of solvent is also critical to
elucidate the solidtate properties of nucleobasentaining polymers. Nucleobase
incorporation impacts polymer therameechantal performance, solidtate seHassembly,
and temperaturdependent melt viscosit{12

Many controlled polymerization methods provide nucleolzas#aining polyners
with well-defined architectures in the earlier literature. Common synthetic strategies to
control the polymerization of nucleobalmctionalized monomers have included atom
transfer radical polymerization (ATRF$4 nitroxide mediated polymerization
(NMP)51L15 and ringopening metathesis polymerization (ROMPY. Reversible
additionfragmentation chain transfer (RAFT) polymerization represents a relatively new
and promising method for controlling polymerization of nucleobase monomers due to
superior solvent compatiltiy and functional group tolerané& Advances in controlled
radical polymerization methods also allow sequencesanttural control for synthetic
polymers that contain complementary molecular recognition sites. For examplegBazzi
al. observed the effect of complementary hydrogen bonding on polymeasselinbly in
solution!’ Tao et al. utilized a hydrogefibonding mediator to edrol tacticity in radical
polymerizatior?® However, thesolid-stateproperties of polymers bearing complementary
molecular recognitin 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 comonomelssical 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 bulksselibly. This manuscript
reports unprecedented nucleobé&sectionalized ABC tiblock 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 sigificantly lower than styrenic and methacrylic anal&s. The low Ty values
aided in the elucidation of thefe€t of complementary hydrogen bonding on the bulk
properties of nucleobasmntaining copolymers. When the polymey @xceeds the
dissociation temperature of the physical crosslinks, the polymer chains remain constrained
despite disruption of the physiaabsslinks. Thus, the influence of dissociation of physical
crosslinks on the polymer theramoechanical properties is less clear. In addition, the
flexible acrylic backbone and longer spacers from the backbone to the interactive
nucleobase groups facilieamolecular recognition. The acrylic backbcalso enables
facile sequence control of nucleobdsactionalized sequences and common acrylic
blocks through simply changing the order of monomer addition. More versatile monomer
addition avoids common cross® inefficiencies of monomers with different propagating
radical stabilities. In this study, sequential RAFT polymerization permitted the synthesis
of nucleobasdunctionalized ABC triblock copolymers with a fully acrylic backbone using
adenine acrylatenal thymine acrylate monomers (SchefiB.

The poly(thymine acrylate-n-butyl acrylateb-adenine acrylate), abbreviated as
poly(ThA-b-nBA-b-AdA) (PTBA), represents the first example of an ABC triblock

copolymer containing complementary nucleobfsetionalized external blocks. PTBA
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copolymers were also solution cast into fstending films, enabling the physical
characterization of setissembly behavior in the absence of competing solvents. The self
complementary external blocks of PTBA copolymersilted in unique selassembled
morphologies and therramechanical performance compared to poly(IlRABA-b-ThA)
(PTBT) and poly(AdAb-nBA-b-AdA) (PABA) controls. RAFT polymerization afforded
novel nucleobaseontaining acrylic triblock copolymers for potel thermoplastic

elastomer (TPE) applications.
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Scheme 4.1RAFT polymerization for the preparation of poly(THAnBA-b-AdA) ABC

triblock copolymers.

4.3 Results and discussion

Optimized RAFT polymerization conditions affled ABC triblock copolymers using

2-cyana2-propyl dodecyl trithiocarbonate as the chain transfer agent (CTA) (Seh&me
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Varying monomer conversions during the two chain extension steps provided three
comparative compositions of PTBA triblock copolymmevith differing block lengthstH
NMR spectroscopy was the primary tool for monitoring monomer conversions and
guantifying the degree of polymerization for each block.-Brolip analysis determined
the numbeiaverage molecular weight of poly(ThA) magZd@A. The challenging
solubility of nucleobase copolymers limited the applicability of size exclusion
chromatography. The PTBA triblock copolymer series consisted of three compositions:
PTBA19.419.36.8 kDa, PTBA2 9.47.25.3 kDa, and PTBA3 9-:31.54.6 KDa. Degree
of polymerizations for ThARBA, and AdA blocks (x, y, and z in Schedhé&) were: PTBA
29-151-20, PTBA2 2921316, and PTBA3 2246-14. The thymine:adenine molar ratio
of PTBA 1, 2, and 3 was 1.5, 1.8, and 2.1, respectively. Corresponding peigbhtages
of nucleobaséunctionalized 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 showedtwgdls f r om di fferential scanni
as summarized in Tablé.1l. The lower T at ca.-44 °C corresponded to the central
poly(nBA) block. The central block lengths were sufficiently high to ensure that T
remained constant with increasing molecular weight. Tfte§ of pol y( ThA) and
homopolymers were 43 °C and 65 °C, respectiVeiowever, the external blocks only
showed a single glat ca. 70 °C, rather than two distingdTs f o r- arad dhgnmne n e
functionalized external blocks, presumably due to strong complemehiaiypgen
bonding between the adenine and thymine blocks, forming a single hard phase. The adenine

block presumably restricted segmental motion of the thwfunetionalized block even
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above thethyminé unct i on al ¢ resaltthg ibd smgekolbssbleTly. The Ty of
the hard phase also increased as the adémnationalized block length increased.

Table 4.1.Transition temperatures of PTBA copolymers from DMA and DSC

Temperature (°C) Tg Tg T4 Thiow
(Tan {(DSC)  (DSC)

PTBA3 (9.431.54.6) kDa -23 -44 66 80

PTBAZ2 (9.427.25.3) kDa 21 -45 67 84

PTBAL (9.419.36.8) kDa -25 -44 72 85

Fabrication of mechanically robust block copolymer TPEs demands a specific
hardsoft-hard arrangeméf hard (high F) and soft (low ) blocks?! The triblock
copolymer sequence of pd@lhA-b-nBA-b-AdA) was critical for preparing
potential block copolymer TPEs. The nucleobasetionalized external blocks
provided mechanical reinforcement and served as physical crosslinks during the
plateau window. The central pohBA) soft block provded flexibility above its §.

The structural similarity of nucleobasenctionalized monomers amBA led to

similar propagating radical stability, enabling wedfined crossover at each chain
extension step. The 6 parameter i s al so i
copolymers, where enthalpic interactions between the soft and hard blqoke re
minimization. The relatively hydrophobic nature, thermal stability, and lgwfT

poly(nBA) all contributed to its suitability as the soft block for designing block
copolymer TPEs.

Solutioncast films of PTBA copolymers showed microphasearated
morphologies and corresponding thermechanical properties. Dynamic
mechanical analysis (DMA) suggested microphase separation of PTBA copolymers

as depicted in Figuré.l. The lowest thermal transitions in the storage modulus
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versustemperature curves weessigned to the glass transitions of tmBR soft

phase. The following regions in the storage modulus analysis revealed a plateau
temperature window for each sample, demonstrating feasibility for TPE applications
over awide temperature range. The sertnperature window of amorphous block
copolymer TPEs usually ranges from the soft phage the hard phasegTAmong

the three compositions of PTBA copolymers, the plateau modulus increased with
increasing nucleobase content, which was attributed tonamased physical
crosslink density. The nucleobafkectionalized 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 conaherci
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 softblockp s as deter mined from t he
constant wih varying compositions, indicating that solution casting achieved
microphase separation (Tabdel). The microphasseparated morphologies and
tunable plateau moduli both contribute to the potential of nucledbas&onalized

ABC triblock copolymers folf PE applications.

Complementary hydrogen bonding between the addhymaine nucleobase
pairs enhanced the thermwechanical performance of PTBA copolymer films
compared to ABA triblock copolymer controls. PTBT and PABA with 40 wt% and
38 wt% nucleobase eve synthesized iparallel 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 PTBA1l and
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PTBAZ2 owing to their intermediate nucleobantents. 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 secongliif either the storageodulus 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 8@0 °C. The complementary hydrogen bonding within the hard
phase broadened the plateau window for the block copolymers and enhanced
thermal response at high temperature. ThHugjrogen bonding assisted self
assembly potentially solves the paradox of enhancing mechanical strength while

improving processibility of polymeric materials.
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Complementary hydrogen bonding within the hard phase also contributed to a
remarkably ordered microphase separated morphology of the ABC triblock
copolymers. Small angle -Kay scattering (SAXS) was used to elucidate the
microphaseseparated bulk mohwlogy of all three PTBA copolymers in Figute.

The phaseseparated morphologies of asymmetric ABC copolymers are usually
more complex than symmetric ABA triblock and AB diblock copolyntérs.
However, all three PTBA&iblock copolymers showed distinctive lamellar scattering
profiles. SAXS profiles of PTBA2 and PTBA3 both exhibit primary scattering peaks
and four additional secondary peaks, indicating “wsedlanized lamellar
morphologies with longange order. The disictive scattering peaks for ABC
triblock copolymers resulted from the complementary molecular recognition, which
combined two chemically different blocks into a single, precisetiered hard
phase. Consequently, saésembly of an ABC triblock copolymewith
complementary external blocks resembled the-asdbmbly 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-detsred
cylindrical microphasesepaated morphology with broader SAXS scattering peaks.
These analogous ABA triblock copolymers will be discussed in more detail in a
forthcoming publication on nucleoba&enctionalized symmetric ABA triblock
copolymers. The degree of polymerization (N) elifhce provided one possible
explanation for the morphological difference according to the phase diagram, since

the morphol ogy varies as a function of
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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 externblocks.
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Figure 4.2.SAXS profiles of poly(ThAb-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 spacingebveen lamellae. The SAXS profile of PTBAL1 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 oededomains. Two hypotheses may
account for the difference in sedsembled 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 sharéetral block. The centrélock length was
insufficient to induce weltlefined microphase separatioBecondly, 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, eacmahymi
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® Both interand intrachain hydrogen bonding were
presumably present according to the second hypothesis at a 2:1 thymine:adenine
molar ratio. The intechain complexion also provided an explanation for enhanced
mechanical performan@®mpared to PABA and PTBT in Figu4el, resulting from
increased apparent chain lengths. However, elucidation ofantkrintrachain
hydrogen bonding in the solid state is challenging due to the complexity of polymer
structure compared to low molar msasnolecules. Preliminary atomic force
microscopic (AFM) results did not reveal a wa#fined surface morphology for
copolymer films, differing from the observed lamellae bulk morphology in SAXS
profiles. Tuning film casting conditions and applying trarssidn 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 tblock copolymers with complementary external blocks.
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4.4 Conclusions

RAFT polymerization afforded novel salbmplementary nucleobase
functionalized ABC triblock copolymers with fully acrylic backbones. Nucleobase
units converted low dacrylics into mechanally robust polymeric films through steric
restriction of segmental motion coupled with physical crosslinking. 4dafthard
triblock copolymers selassembled into lamellar microphassparated morphologies.
The molecular recognition between two dissanhard blocks contributed to a single
hard phase, and the complementary hydrogen bonding within the hard phase reinforced
and facilitated the microphaseparated morphology of ABC triblock copolymers.
Physical crosslinks within the hard phase broad¢neglateau 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 NatiarieahSe Foundation under

Grant No. DMR0923107.
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4.6 Supporting Information

Materials. n-Butyl acrylate (BA, 99+%) wagurchased from Aldrich and passed through
neutral al umi na c-@tobisfisosutyronitrifelo(AIBN, Eiukae 99%)0, U6
was recrystallized from methanol. dBitanediol diacrylate (Alfa Aesar, 99%) was used
without further purification. Adenine (A9%), thymine (T, 99%), triethylamine (TEA,
99%), potassium carbonate (99%j}cyano2-propyl dodecyl trithiocarbonate (CPDT,
97%), and 2,4li-tert-butyl-4-methylphenol (BHT, 99%) were purchased from Aldrich and
used without further purification. Hexane RHC grade), chloroform (CHgl HPLC),
tetrahydrofuran (THF, HPLC grade),N-dimethylsulfoxide (DMSO, HPLC grade) and
N,N-dimethylformamide (DMF, HPLC grade, anhydrous) were purchased from Fisher
Scientific and used as received.

Analytical Methods. 'H NMR spectra were collected in CDQIr DMSO-ds 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 DS@hich 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 modeaafrequency of 1 Hz, an oscillatory amplitude of 8

em, and a static force of 0.01 N. The temper
temperature(J) was determined at the peak maxi mum

SAXS experiments were performed usindRiggaku SMax 3000 3 pinhole SAXS

system, equipped with a rotating anode emittinga) with a wavelength of 0.154 nm (Cu

KU) . T h ¢o-deteaton plistaance was 1600 mm, anchgge was calibrated using a

silver behenate standard. Tadonensional SAXS p&trns were obtained using a fully

integrated 2D multiwire, proportional counting, gdked 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 versseattering vector q, where q =

@¥)sin(d), d is one haligtheavavelengtteofag at t eri ng a

Polymerization of poly(ThA) macro-CTA. ThA (5.0 g, 15.4 mmol), AIBN (4.1 mg, 25

emol ), CPDT (79.5 mg, 0. 2)werechardedintoasingle DMF ( 2
neck Schlenk flask and subjected to four cycles of frpemepthaw 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 methamol dried under vacuum at room

temperature for 24 h. The monomer: initiator: CTA ratio was 616:1:10. End group analysis

using*H NMR revealed molecular weigMn=9.4 kDa. Conversion was 58%.

Chain extension of poly(ThA) with nBA. Typical synthesis of poly(fA-b-nBA) was

conducted as followsiBA (1.6 mg, 12.2 mmol ), AI' BN (0.3 mg,
macrcCTA (225 mg, 24. 0 emol ), and DMF -(7.1 g,

neck Schlenk flask and subjected to four cycles of frpemepthaw and subsequent
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refilling with argon. The flask was #n 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.
'H NMR revealed molecular weight pbly(ThA-b-nBA) M= 9.4 and 19.3 kDa for each
block, with a conversion of 29%.

Chain extension of poly(ThAb-nBA) with AdA. Typical synthesis of poly(Th&-nBA-

b-AdA) was conducted as follows. AdA (466.

poly(ThA-b-nBA) macreCTA (669 mg, 23.3 emol ), and
charged into a singleeck Schlenk flask and subjected to four cycles of frpemepthaw

and suBequentefilling 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
609:1:10H NMR revealed molecular weight of poly(THANBA-b-AdA) M= 9.419.3

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 castea 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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5.1 Abstract

ABC triblock copolymers bearing adeninand thyminefunctionalized external
blocks seHassembled into longange ordered lamellarionophaseseparated morphology
on nonpatterned substrate. Intermolecular hydrogen bonding formed thhaderene
triplets and promoted sedfssembly into weltlefined lamellae consisting of polhybutyl
acrylate) soft domains and nucleobase hard domahgde thymineadenine duplets

contributed to superior mechanical property.

5.2 Introduction

Immiscibility of chemically different segments of block copolymers drives their
selfassembly behavior, which generates various micropbeysarated morphologies with
periodic arrays of domains ranging from-100 nm in sizé: Directed seHassembly of
block copolymer thin films on patterned substrates forms-adefihed perio@t arrays of
nanasize features with designed shapes,thedubsequestlective removal of one block

enables fabrication of templates and scaffolds used in the microelectronics idéastry.
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Advances in polymer synthesis widened the applications of functional block copolymers
to drug delivery, material templates, nanoporous membranes, photonic materials,
composite raterials, solar cells, adhesives, and elastorfiéts.

Nature broadly employs noncovalent inter
stacking, and ionic interaction, to construct wafined 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 polylnErsCombining
noncovalent interactions with microphassparation of block copolymers potentially
providesa synergistic effect on the sedssembly behavior and enabtkesigns of precise
nancfeatures with additional functionality. For example, Baatzal. synthesizd the first
selfcomplementary ABC triblock copolymers and observed sequégpendent self
assembly behavior in solutidh Xiong et al. demonstrated the formation of long werm
like aggregates in solution from two diblock copolymers bearing hydrogen bonding donors
and aceptors, respectivef.

In the solid state, binary blends of two hydrodmmded diblock copolymers self
assembled into highly asymmetric lamellar morphol®ggnother study showed that
blends of two diblock copolymers with short associating blocksassiémbled intearious
hierarchical nanophasseparated morphologies with varying blending ratios and- film
casting condition$? Hybrid materials consisting of synthetic polymer blecwith
biomacromolecule sequercemerge as a novel route to generate precibeee
dimensionaktructures. For example, Sleimeinal. used short DNA strands to construct a

block copolymer, which selissemt#d into long nandibers through formation of three
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helix bundles2 Last but not least, hydrogen bonding proves essential in thassaimbled
morphology of segmented polyurethanes and polyaniftés.

Recent advances in contield polymerization techniques enable the synthesis of
structurally diverse block copolymers. In addition to AB diblock and symmetric ABA
triblock copolymers, many researchers prepa®BC triblock copolymers and
investigated their selissembled behaviors in the solid state, which generally led to rather
complex morphologies with three phas&® Our group exploited the superior solvent and
functional group tolerance of RAFT polymerization and prepared ABC triblock
copolymers with two complementary, nucleob&sgectionalized external blocks and a
poly(n-butyl acrylate)(poly(nBA)) central block3* Preliminary SAXS results revealed
highly ordered amellae microphasgeparated morphology of annealed ABC triblock
copolymer films. However, the key parameters for achieving this ordered lamellar
morphology remained undetermined.

Herein, this manuscript reports microphagparated morphologies for an
extended series of nucleobamctionalized ABC triblock copolymers with varying
compositions. Studying the effect of block length and thyraithenine (¥A) binding ratio
on morphology and thermomechanical projgsrtaims to establishthe structure
morpholay-propertyrelationship for ABC triblock copolymers with associating blocks.
Transmission electronic microscopy (TEM) revealed a ddfeetlamellar morphology
with longrange order for the fregtanding film of a nucleobaganctionalized ABC
copolymersolutioncastedontoa nonrpatterned 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 phasseparation on facilitating se#fssembly and enhancing
thermomechanical performance of block copolymers. Using associating blocks provides a
promising stategy to achieve longange order in block copolymer microphasparated

morphology for nanolithography and patterning.

5.3 Results and Discussion

A threestep RAFT polymerization afforded a series of ABC block copolymers with
complementary nucleoba$enctonalized external blocks and palgA) central block
(Schemes.1), following procedures from Longt al®* Polymerization of adenine acrylate
(AdA) and thymine acrylate (ThA) monomers allowed the synthesis of adesme
thyminefunctionalized external blocks, respectivelt NMR spectroscopy determined
the nuniberaverage molecular weight @Y of all poly(ThA-b-nBA-b-AdA) block
copolymes, abbreviated as PTBA (Tabl®3). PTBA triblock copolymers were solution
cast from DMSO into nopatterned PTFE molds and dried to form fst@nding films
ranging from 0.2 mmnto 0.5 mm in thicknessn accordance with previously reported
procedures? Thermogravimetric analysis revealed sk, weight loss temperatures of
PTBA copolymer ranged from 280 °C to 290 °C, and differential scanning calorimetry
showedtwo s f or each PTRBACamum@lh’C espectivelyn(laigs r
S5.1,S5.2, Table $.2). The lower § corresponded to the pohBA) soft phase, and the
higher Ty ranged from 60 °C to 71 °C with varying adenine to thymine ratio, as poly(AdA)
showed slightly higher githan poly(ThA)3® Each PTBA copolymer exhibited only ong T
above room temperature, as the hydrogen bonding between adanthethymine

functionalized blocks contributed to a single hard phesesistent witlearlier work 34
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Scheme5.1. Chemical structure of poly(Th#-nBA-b-AdA) (PTBA) ABC triblock
copolymers.

Firstly, varying poly(AdA) block length and maintaining poly(ThA) and poBA)
block length yielded a series of PTBA copolymers with different micropbegarated
morphologiesThe &blein Figure 5.1summarizes the compositigrtaymineadenine (¥
A) ratios, and nucleobase block weight percentages (NB wt%), as well as the morphologies
of solutioncast PTBA films determined using SAXS and AFM. Increasing the adenine
functionalized block length from 4.6 kDa to 10.7 kDa resulted decrease of thymine
adenine ratio from 2.1 to 1.1. The distinctive scattering pattern for PTBA wAthakio
of 2.1 showed welbrganized lamellar morphology, whileA ratio of 1.5 led to a lamellar
scattering profile with broader scattering peaks anly one distinguishable secondary
peak at the 2q position. SAXS profile of PTBA witkATratio of 1.1 indicated a much less
ordered morphology, and AFM showeddesordered biphasimorphology at the film
surface We previously proposed two hypothesestoount for different morphologies of
PTBA copolymers wh various compositions, i.g1) the order of microphasseparated
morphology increased with increasing block length tli#mineadenine ratio dominated
selfassemblyand affected the order of maphaseseparatiori* This series of copolymers

in Figure5.1 clearly determined that longer block lergyttid notdirectly resultin more
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well-ordered morphologySince copolymers in Figure Hall exhibited similarly long

block lengths, it was reasonable to conclude that sufficient block length alone does not
neessarily lead to avell-ordered morphologylhymine-adenine ratio played significant

role in selfassembled morphology of PTBA copolymers with complementary external
blocks. AFM phase imageshowed absence of lamellar morphology on the film surface
due todifferent surface energy of the nucleobase domains andng@&ydomains under

air. However, the TEM image of microtomd®TBA (9.431.54.6) film revealed a
remarkaby ordered lamellar morphology with losrgnge order (Figre 52). This long

range order kely resulted from the complementary hydrogen bonding directing the

assembly of the nucleobase blocks in absence of substrate pattern.

PTBA compositions (kDa) | T:A | NB wt% Morphology
) == 94-31.5-46 2.1 31 Ordered lamellae
] 1lq* - -9.4-33.8-6.6 1.5 32 Disordered lamellae
| 'i“ —9.4-33.8-10.7 0.9 37 Disordered biphasic
— ] 1
31 1y
S 4 = I‘:I-q=H
> -
2
(]
£
<
0.0 0.5 1.0 1.5
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Figure 5.1. SAXS scattering profiles of PTBA films with varying thym#adenine ratip

AFM phase image shathe bicontinuous surface morphology PTBA (9.433.810.7)

triblock copolymer film

~ 100 nm |

R BN
Figure 5.2. TEM image ofPTBA (9.431.54.6)triblock copolymeffilm.

Dynamic mechanical analysis (DMA) compared the thermomechanical
performance ofhiree PTBA copolymers filmg¢Figure 53). In contrast to the trend of
morphology, the PTBA film with JA ratio near one exhibited highest plateau modulus
and widest plateau window. One to one hydrogen binding between thymine and adenine
contributed to enhanced mechanical prapgrand 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 temperatficé the nucleobase block near-80 °C, observed
only from DSC. he 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 nuclebase weight percent from 31 wit% to 37 wt% provided another

explanation for the increasing mechanical strength.
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Figure 5.3 Dynamic mechanical temperature ramps for solutiast PTBA films with
varying poly(AdA) block length.

An additional aspect ofhis investigation pertains to themorphological and
thermomechanical differences for PTBA copolymers vgitihilar nucleobasevt% but
different T-A ratios. Fig.5.4depicstwo PTBA copolymers with similar nucleobase weight
percenagesand different TA ratios. The SAXS profilefor PTBA (9.427.25.3) witha T-

A molarratio of 1.8 exhibited higér orderscattering peaks up to the 5q position, indicative
of anordered lamellar morpholog@n the contraryPTBA (9.439.3-11.6) with T-A ratio

of 0.8displayedsignificantly broader scattering peaks, indicative of a disordered lamellar
morphology, despite similar nucleobasewt% with PTBA (9.427.25.3). This
morphologicabifferenceindicated a strong dependencédBA morphologynthymine
adeninebinding ratio, which yieldedan ordered lamellar phas¢hen 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 effecprovides a plausibleexplanation for the optimal-A binding ratioin
achievingordered 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 abase triplei(Fig. 4), previously observed in triple helix DNA molecufés.
PTBA (9.427.25.3) with T-A ratio of 2.8 also selassembled into ordered laltae with
scattering peaks up to the 4q positidalditional thymine units with a higher-A ratio
than 2:1 presumably caused less disruption to the triplet formation compared to additional
adenine units. As a result, PTBA withATof 2.8 showed more orded lamellae compared
to PTBA with T-A of 0.8. The formation obase tripletdikely facilitates the development
of highly ordered lamellar morphologiowever thecurrent study onlplaceshe optimal
T-A ratio near2:1, and determining thpreciseoptimal ratio for forminglamellae with
long-range ordercould be achieved witbomplementarycomputational simulatisand
calculatiors. The weight percentage of overall nucleobase blocks showed an insignificant
effect on sedassembled morphologies of PTBA fitre entire series synthesized in this

study (Table S5.1).
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PTBA compositions | T:A | NB Morphology
(kDa) wit%
1q9* ==9.4-393-11.6 0.8 | 35 Disordered lamellae
’,E‘ . —-94-27.253 | 1.8 | 35 | Ordered lamellae
\‘jq —9.4-20.0-3.4 28 | 39 Ordered lamellae

Arb. Intensity (a.u.)

Figure 54. SAXS profiles of PTBA films with varying thyminradenine ratio or varying

nucleobase block weight percent; TEM image shows ordered lamellar morphology of a

PTBA (9.420.03.4) triblc k copol ymer f il

due to weak phase contrast.

m.

*The

newt onos

Figure 5.5 compares DMA modulus curves of six PTBA copolymer films with

varying compositions to investigate the influenceTefA ratio and NB wt% on the

thermomechagal properties. PTBA copolymer films were numbered iufg§.5 to ease

the discussion. PTBA3 (927.25.3) exhibited a lower plateau modulus and a wider glass

transition compared to PTBA1 (938.311.6), due to weaker physical crosslinking as

these twocopolymers shared the same NB wt%. The plateau modulus further decreased

for PTBA4 (9.420.02.4) with similar NB wt% as JA ratio increased to 2.8. This

comparison confirmed the hypothesis that hydrogen bonding of thyedieine

weakened as-A ratio deviated from one. The viscous flow temperature also decreased
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from 90 °C to 80 °C with increasingA ratio from 1.2 to 2.8 in presence of constant NB
wt%. The similar plateau modulus of PTBA2 (2@.07.8) compared to PTBAl
confirmed that the trend of gau 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 PTBAL because of their high modulus value. In the lower modulus
region, he plateau modulus increased significantly with increasing NB wt% when
comparing PTBAS (9-83.86.6) and PTBAG6 (9-89.36.8) with the same-A ratio. The
reinforcement of mechanical strength from physical crosslinking proved more trivial for
rigid materals compared to soft materials. In summary, mechanical strength of PTBA
decreased as-A ratio deviated from one with constant NB wt%, and plateau modulus
decreased as NB wt% decreased with uniford fatio. The effect of NB wt% became
more obvious at ratively low modulus level.

InadditonNMR titration experiment wusing the J
one hosiguest binding stoichiometry for the complex of thymine acrylate and adenine
acrylate in CDGJwith a total concentration of 45 mM and 100/ (Figure $.4, $.5)3%

39 The solubility of ThA and AdA in nonpolar solvents limited their titration 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 solutast PTBA filmswith
varying polygBA) 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 forngrordeedlamellar morphology. A twstep RAFT
polymerization with a difunctional chain transfer ag&nfielded two ABA triblock
copolymers poly((ThAco-AdA)-b-nBA-b-(ThA-co-AdA)), abbreviated as P(T-B-TA)
using a modified procedure from Lomg al. (Schemeb.2, $.1).2° The external blocks
were random copolymeof ThA and Ad\, considering the identical structure of these two
monomers near their acrylic backbones and the absence of templating effect in polar
solvents®*! The initial monomer charge ratios of 1.0 and 2.0 matched wihratios of
1.0 and 1.9 in the purified block copolymers, respectivelyoMP(TA-B-TA) with T-A

1.0 was 12.814.812.5 kDa and Mof P(TA-B-TA) with T-A 1.9 was 9.444.89.4 kDa.
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The nucleobase bloskomprised35 wt% and 30 wt% for P(TA-TA) with T-A 1.0 and
T-A 1.9, respectively.

The SAXS profile of P(TAB-TA) T-A 1.0 shovedbroad scattering maxima with
periodic intensity oscillations that roughly tolhed q,Moq, Wt g, Vixq, andViwg peak
positions for hexagonally packed cylindrical morphology (Féf.7). The AFM phase
image also depietla cylindrical surface morphology with a distribution of intiermain
spacing, agreeing with the SAXS result (g 5.7). On the AFM phase image,
nucleobasdunctionalized external blocks selEsembled into the cylindrical hard domains
(light areas), distributed in the pohBA) soft matrix (dark areas), and all cylinders pointed
towards the film surface. The morphgloof P(TA-B-TA) T-A 1.0 matched closely with
the supramolecular blend of poly(Ad&AnBA-b-AdA) and poly(ThAb-nBA-b-ThA) with
similar block length and -A ratio,>® while the PTBA analog with -A of 1.2 and 35 NB
wt% exhibited a mixed cylindricddmellar morphology. SAXS and AFM results of P(TA
B-TA) T-A 1.9 showed a mixed cylindricdmellar morphology, distinctively different
from the ordered lamellar morphology of PTBA (84.54.6) with similar FA 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 fro
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 microphasparated 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 formatldowever,
detemining the ratio of intraversus intermolecular hydrogen bonding of PBA'A) and

PTBA remained challenging.

O;/O O;/O \Ho o o\go
</N \NWN 0=‘(N \ )=O WN N
N= o HN o 40§;NH N‘il\?
2 HoN

Scheme 5.2. Chemical structure of poly((Th&o-AdA)-b-nBA-b-(ThA-co-AdA)),

abbreviated aB(TA-B-TA).

Arb. Intensity (a.u.)

---P(TA-B-TA) :TA=1.9 30 wt% NB
—P(TA-B-TA)T:A=1.0 35wt%NB

0.05 0.15 0.25 0.35 0.45
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Figure 5.6. SAXS scattering profiles and AFM phase imageB(@iA-B-TA) films with

varying thymineadenine 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 unitmiolescular
hydrogen bonding presumably directed the packing of alternating nucleobase blocks,
which assembled into the hard domains. Véeflanized lamellae with loaginge order
formed with optimal space matching thymiagenine (TA) ratio near two (Figre 52),
while deviation of the JA ratio resulted in curvature of the lamellae (Hig S5.6).
Hydrogen bonding within the nucleobasentaining hard domains directed the
morphological development of losrgnge ordered lamellae, and each nucleobase block
preferentially bond with its complementary block rather than the pB&) block. AFM
phase images failed to show lamellar on the PBTA film surface except for PT&A (5.
23.6-1.9) with 25 wt% NB (Figures5.6). It is presumed that the nucleobasataining
had domain favored the surface to air, and increasing theni&y(content forced the

soft phase to be present at the film surface.
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Figure 5.7. Proposed igtorial representation of loagange ordered lamellar morphology

of PTBA triblock copolymers thiacontain thymineadenine base triplets.

5.4 Conclusions

In conclusion, a series of PTBA triblock copolymers with complementary external
blocks exhibited unique compositiaiependent, selissembled morphologies. This
manuscript discusses in detail how thye@denine ratio and the nucleobase block weight
percent influence bulk morphology affte thermomechanical performance of solution
cast PTBA copolymer films. An optimal thymuaglenine ratio near two promoted the
formation of longrange ordered lamellar mmhology without substrate patterning.
However, thymineadenine thermodynamically favored one to one binding ratio, which
provided strong physical crosslinking and contributed to superior thermomechanical
properties. The asymmetric structure of PTBA trddacopolymers 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 se&sembled morphology and thernmexhanical
performance of block copolymers. Utilizing the synergy of noncovalent interaction and
block copolymer phasseparation provides a promising route for generating templates and
scaffolds for nandabrication, and developing thermoplastics and edastrs with

enhanced mechanical performance.
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5.7 Supporting Information

Materials. n-Butyl acrylate (BA, 99+%) was purchased from Aldrich and passed through
neutral al umi na c-@ztobisfisosutyronitrifelo(AIBN, Elukae 99%)J, U6
was recrystallized from methanol. dBditanediol diacrylate (Alfa Aesa99%) was used
without further purification. Adenine (A, 99%), thymine (T, 99%), triethylamine (TEA,
99%), potassium carbonate (99%j}cyane2-propyl dodecyl trithiocarbonate (CPDT,
97%), and 2,4li-tert-butyl-4-methylphenol (BHT, 99%) were purchaseohfr Aldrich and

used without further purification. Hexane (HPLC grade), chloroform (GHEPLC),

tetrahydrofuran (THF, HPLC grade), dimethylsulfoxide (DMSO, HPLC grade)NaNd
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dimethylformamide (DMF, HPLC grade, anhydrous) were purchased from Fisher

Sciertific and used as received.

Analytical Methods. *H NMR spectra were collected in CR@r DMSO-ds 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/minfkegading 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. DM&#s wonducted oa TA

Instruments Q800 in tension mode at a frequency of 1 Hz, an oscillatory amplitude of 8

em, and a static force of 0.01 N. The temper

temperature(J) was determined at the peak maxi mum
SAXS experiments were performed using a Rigakda& 3000 3 pinhole SAXS

system, equipped with a rotating anode emittingaX with a wavelength of 0.154 nm (Cu

KU) . T h ¢o-dedeaton plistance was 1600 mm, anchgge was calibrated using a

silver belenate standard. Twdimensional SAXS patterns were obtained using a fully

integrated 2D multiwire, proportional counting, gdked detector, with an exposure time

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

obtain ralically integrated SAXS intensity versus scattering vector q, where q =

@7 )sin(d), d is one halidtheavavelegngireofa at t eri ng a
Ultrathin sections oPTBA copolymer filmsvere prepared using a ©R

Cryosectioning System (RMC Boeckeler). Ethanol was used as a solvent fer cryo

microtome with the dmond knife (Micro Star) temperature set-8°C and cutting

thickness controlled at ~100nm. Sample sections were collected d&EMgrids and

117



stained with iodine (99%) overnight. PTBA copolymer filmsre imaged using a

transmission electron microscoff€El Titan 300) operated at 300 kV.

conditions followedorevious literaturg@rocedures:

ABC and ABA block copolymer synthesis, solutioast process, and annealing

Table S51. PTBA triblock copolymer compositions, thymuaelenine (TA) ratios,

nucleobase block weight percent, and morphologies, determined using AFM and SAXS.

Poly(ThA) DP  PolynBA)  DP  Poly(AdA) DP  T-A M, NB .
(kDa)  (ThA) (kDa) (nBA) (kba)  (AdA) ratio total Wi% phology
9.4 28.9 43 333.6 10.1 303 10 238 82  Noorder
9.4 28.9 200  156.3 7.8 233 12 372 4  Disordered

Lamellae
9.4 28.9 193 1508 6.8 20 14 355 4p  Disordered
Lamellae
9.4 28.9 20.0 156.3 3.4 102 28 328 39 Ordered
Lamellae
9.4 28.9 26.0 203.1 10.0 209 10 454 43  Disordered
Lamellae
9.4 28.9 272 2125 5.3 16 18 419 35 Ordered
Lamellae
9.4 28.9 338 2641 107 321 09 539 37  Disordered
biphasic
9.4 28.9 338 2641 6.6 198 15 498 32  Disordered
Lamellae
9.4 28.9 315 2461 46 14 21 455 31 Ordered
Lamellae
9.4 28.9 393  307.0 116 347 08 603 35  Disordered
Lamellae
9.4 28.9 393  307.0 6.8 204 14 555 29  Disordered
Lamellae
5.8 17.9 236  184.4 1.8 555 32 312 24 Orcered
Lamellae
5.8 17.9 115 89.8 105 31.6 06 278 59  Cylinders
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Figure S5.1. Representative TGA thermograms of PTBA copolymers.
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Figure S5.2. Representative DSC traces of PTBA copolymers.

Table $5.2. Compositions and thermal properties gpresentative PTBA copolymers.

PTBA 9 -246- '« 9 .-240-. 9 .-240-. 9 .-3:4A3- 9 .-#A9- .
Composi 10.0 3.4 7.8 10. 7 11. 6
(kDa)
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32.8 37.2 53.9 60. 3
20% 25% 19% 17%
46 % 37 % 35%

Tot al ( 45 . 4
NB mol ¢ 23%

NB wt ' 43% 39%
DP 22030 2955029583 22682 2B0I5

Ta, swiC) 283 289 280 281 282
Tq(AC) 45, 45, -4 6, -4 4, 45,

s GN H o)
AIBN, Ar
J\ﬁ\/\rﬁ J\/\Fs s S o
s s SN 1’\?* + )
i b ! 10 0o DMF, 65 °C

)SL CN H oy \
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ms Sm \/\/\/\EW \Isr \,(/31\0 . Yo ad b0
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AIBN, Ar ‘M'\ j\ /m/)/ CN : o CN s S\%\)\
- e s7g WM \/\/\/\NW e
DMF, 65 °C 10 y y X ! X y y 10
(Ho OH)O o))o o] o} H o OHj o o OH\S
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Scheme S.1. RAFT polymerization of poly((ThAco-AdA)-b-nBA-b-(ThA-co-AdA))

ABA triblock copolymers.
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Figure S5.3. TEM image ofPTBA (9.431.54.6) film.
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