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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
>90 °C
5 o}
b RO RO OR
hv>300 nm O ‘
o I hv<290 nm o L1 4
o} o} o}
c heat ',?
o N
R-NH, + a
H H H<2 N N
P R™ > "R
d Oxidant R
2 R-SH \s—s\
Reductant R

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.
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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

15



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.
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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

22



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.
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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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