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Abstract

Ammonium ionenes are polycations that have quaternary nitrogens rinmigiomolecular
backbone and are synthesized via step-growth polymerization techmlgeye offer interesting
coulombic properties, and the synthetic design provides control overechergsity. Non-
covalent interactions including nucleobase hydrogen bonding and eleatsostate studied in
ammonium ionenes. The non-covalent interactions are expected tosendtea effective
molecular weight of polymeric precursors and induce microphaserasiepa due to
intermolecular associations. The influence of non-covalent intersctbn structure-property
relationships of ammonium ionenes were studied regarding mechaaitsgilg, DMA), thermal

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

Hydrogen bonding interaction (10-40 kJ/mol) was introduced using DNA nuskeqirs
such as adenine and thymine. Novel adenine and thymine functionséigetented and non-
segmented ammonium ionenes were successfully synthesized ushrgeMaddition chemistry.
In non-segmented systems, we investigated the influence of dpagdr on homoassociation
and heteroassociation of complementary nucleobase-containing ionenesl @as®SC
analyses, complementary non-segmented ionenes made miscible blead3;sTof ionene

blends with shorter spacer length (4 bonds between the nucleobasea@mthsg amine in the



polymer backbone) followed the Fox equation, which indicated no intermaleiotéractions.
The longer alkyl spacer (9 bonds between nucleobase and secondaryirartisepolymer
backbone) provided efficient flexibility for the self-assembly psscto occur. Thus, increasing
the spacer length from 4-bonds to 9-bonds, tfgedf the blends deviated from both Fox and

Gordon-Taylor equations and demonstrated the presence of hydrogen bondingonteracti

In segmented systems, we investigated the association betwesdeobase-containing
ionenes and their complementary guest molecules. Job’s methodeteaehll stoichiometry for
the hydrogen-bonded complexes. These association constants for twmplexes, based on
the Benesi-Hildebrand model were 94 and 13b féspectively, which were in agreement with
literature values for adenine and thymine nucleobase pairs (10-1)0D®C thermograms
confirmed no macrophase separation for 1:1 [ionene-A/T]:[guest me]emuhplexes based on
the disappearance of the melting peak of the guest molecule. Mormlablegidies including
atomic force microscopy (AFM) demonstrated a reduced degm&noiphase separation for the

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

Poly(dimethyl siloxane)-based ammonium ionenes having various legrdest contents
were synthesized. The charge density or hard segment contentumexs for appropriate
application using low molecular weight monomer. The change in hard segoment had a
profound effect on thermal, mechanical, rheological, and gas permealdlicrophase
separation was confirmed using DSC and DMA in these systems. $iidied that the rubbery
plateau modulus extended to higher temperatures with increasmhgdgment content. Tensile
analysis demonstrated systematic increase in modulus of PDM&®néth increasing hard
segment content. Oxygen transmission rates decreased liresartge wt% hard segment

increased.
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Chapter 1. Introduction

1.1.Dissertation Overview

The effect of non-covalent interactions, electrostatics and hgdrdpnding on structure-
property relationships of ammonium ionenes was studied in this digsertBollowing this
chapter, the role of hydrogen bonding interactions and supramolesséamialy on the design of
adhesives was reviewed. The third chapter describes the syrghdstharacterization of non-
segmented adenine- and thymine-containing ionenes having varioushaidespacer lengths.
The spacer length is the distance between ionene backbone and nudedbasade chain. In
the beginning, the synthesis of novel ditertiary amine monomersimogtainyl side groups,
their subsequent polymerization with an alkyl dihalide, followedth® post-polymerization
functionalization with nucleobases is discussed. Following the fumdization, the effect of
spacer length on the complementary hydrogen bonding interaction inblémels was
investigated. This investigation was mainly on studying the tiregthss transition temperatures

of blends containing various molar ratios of complementary ionene components.

The fourth chapter illustrates the synthesis and charadtenzaf segmented poly(ethylene
glycol)-based ammonium ionenes functionalized with adenine and thymiteobases. In the
beginning of this chapter the synthesis of PEG-based ionene follontae post-polymerization
functionalization with nucleobases is explained. Due to enhanced dgluilihe segmented
systems (compared to non-segmented) in nonpolar solvents such afocipan extensivéH

NMR titration studies were performed in CRCIUsing *H NMR titatrion results, the
stoichiometry of 1:1 complexes between nucleobase-containing ionedesoaplementary

guest molecules was measured by Job’s method. In addition, assoaatistants were



calculated for 1:1 complexes and compared with current literadluesy for adenine-thymine

association.

The fifth chapter focuses on the synthesis and structure-propktipmehips of poly(dimethyl
siloxane)-based ionene copolymers. The thermomechanical propertieselasas gas
permeability were evaluated as a function of hard segment comtestproject was based on
collaboration between Virginia CommonWealth University and Astroal€orp. One of the
project objectives was to synthesRBMS-based ionenes for self-healing inflatable modules as
an alternative to Surlyh This project was funded through NASA STTR program administered
by Johnson Space Center under the Contract No. NNX11CI22P for the pribgelct'Self-
healing Inflatable Extraterrestrial shieLD (SHIELD)"

The sixth chapter summarizes the dissertation accomplishmentghandeventh chapter

describes potential future work.



Chapter 2. Role of Intermolecular Interactions in Adhesive Degn
Mana Tamami and Timothy E. Long

Macromolecules and Interfaces Institute, Department of ChemistrynMirGech, Blacksburg,
VA 24061, USA

"E-mail address: telong@vt.edu

2.1. Abstract

Adhesion involves molecular interactions at the interface betweesurfaces. The focus of this
review article is on physical adhesion that involves the use otowalent interactions. These
interactions include van der Waals, electrostatics, hydrogen bondimd) supramolecular

associations. Herein, we briefly discuss the gecko feet inspigiédaldihesive superhydrophobic
surface properties. We then mainly summarize the recent wohieinge of polymers having
supramolecular interactions and hydrogen bonding interactions for adtsslications. In the

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

2.2.Definition of adhesion

Adhesion involves the tendency of dissimilar atoms or moleculesdb tgtieach other and

cohesion relates to like materials sticking together. Thedaradhesion focuses on formation of
adhesion or cohesion, characterization of the adhesive or cohesivecededastruction of the

interfaces, and the failure analysis of interfdte8ased on the type of bonding (physical,
chemical, mechanical) across the interface, the adhesion oraolesategorized. The physical
adhesion is the weakest interfacial force and is due to van dals\itaces, electrostatic

interactions, supramolecular interactions, and hydrogen bonding. Chemicaloadhweolves

covalent, metallic, and chelation bonding. Mechanical adhesion is thregest among all, is



very common, and involves the adhesive penetrating into the adherent an@ lbeecianically
interlocked, for example, dental cements that fill in the coasseaokthe castings and help to

retain thenf? 3

2.3.Physical adhesion

2.3.1.Adhesion using van der Waals interactions

Geckos are lizards that possess unique adhesive characteristic knoature. Geckos along
with many other small insects use seta or fibrillar strestn their feet to adhere to different
surfaces (Figure2.1)* ®! Setal adhesion has unique properties compared to other common
adhesives like pressure sensitive adhesives (PSAs). These poputtiide; adhesion surfaces
remaining clean and reusable, adhesion being directional, and adhagiog tontrolled “lift-

off mechanism™ " Many experiments have been performed to investigate the possible
mechanism behind setal adhesion. The hypotheses were secretion ghife,a suction,
electrostatics, and intermolecular forces. However, enough evidigmoenstrates that setal
adhesion mainly uses van der Waals interactions which are aslakthe size and shape of
tips and the adhesion is not governed by surface cheffllsttige van der Waals forces are
strong enough to allow the gecko to climb vertical walls. This tyjpadhesion has inspired
many researchers to develop synthetic materials that show unopertps similar to setal or

fibrillar adhesives.



Adhesive
Lamellae

w

Figure 2.1.Fibrillar structure on the bottom of gecko’s foA). Ventral view of tokay gecko

while climbing on the glass B) Ventral view of getkfoot with adhesive lamellae C) Single

lamellae with an array of individual setaes D)Sengtta with branched structure at the end E)
Spatular tips at the ends of séta.

Inspired by the high adhesive ability of gecko'stfeChoi et al'” prepared hairy hard

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

nanoporous anodic aluminum oxide membranes as &esplThey coated the glass surface with
nanostructured hairy PDMS and showed that the whtglets can adhere strongly to the glass
surface. The adhesive properties was due to theetlepacked nanopillars by generating large

van der Waals forces between the large surface amdawater molecules that are in close

contact.



2.3.2.Adhesion using supramolecular interactions

Hydrogen bonding in contrast to nondirectional interactions sucheesadtatics, demonstrate
lower enthalpies (10-40 kj/mol) with greater specificity whinduces molecular recognition.
The strength of hydrogen bonding interactions is highly dependent dantperature, solvent,
humidity, and pH. Therefore, these interactions enable us to synthesekarchitectures that
are responsive to environmental parameters. Hydrogen bond containing pohauersnany
advantages such as enhanced rheological properties due to decreakeviscosity, increase in
modulus, tensile strength, polarity, and adhesion.

Recently hydrogen bonding interactions have been used to design suptdanaigactures®
121 supramolecular chemistry in polymers involves the synthesis axframolecules using
secondary interactions between small molecules (monomers) toopleymlymer-like
structures!®*® These secondary interactions can be hydrogen boftfiingz interactions!”
metal coordinatioft®! electrostatics, and van der Waals interactions. Many researcheradeal/
supramolecular hydrogen bonded polyrftéré! for various applications; including formation of
large vesicle§? attach functional small molecules on polyméPsand reversibly adhere
polymers on to surfacé¥!

In this section, we will mainly focus on supramolecular polymers$ tiaae application in
adhesion. Surprisingly, they are few reports on the use of sup@i@lechemistry for
application in adhesion. One area of adhesives that supramolecuastchemn be applied is
pressure sensitive adhesives (PSAs). PSAs are usually noaddidhtly crosslinked polymer
networks with a low glass transition temperaturg),{T** *and bond to many substrates upon

applying very low pressufé’



Courtois et al*® investigated the influence of supramolecular extéions on adhesive properties
of functionalized polyisobutene on steel and siiesurfaces. They prepared polyisobutene with
a bis-urea moiety in the middle of the chain (PIBUFigure 2.2a). The hydrogen bonding
between bis-urea moieties induced supramoleculsenalsly leading to ordered pattern. They
showed that supramolecular polymers modified theoldgical properties of low ¢TI
polyisobutene and have promising adhesive apphicatiPIBUT polymers can dissipate energy
upon adhesive debonding and make stronger interectivith substrates such as silicone

compared to acrylic-based PSAS.

b)
hydrogen
= bondmg

Figure 2.2.a) Structure of polyisobutylene (PIBUT) containimig-urea moiety. b)
Supramolecular structure of PIBUT in soluti§h

a)

Supramolecular interactions are also present itesys containing complementary hydrogen
bonding moieties. One category of bio-inspired clamgntary units include DNA nucleobases
such as adenine, thymine, cytosine, and guanineg keo al®® synthesized acrylic nucleobase-
containing copolymers using radical polymerizatiprgure 2.3). They synthesized novel acrylic
adenine and thymine monomers using aza-Michaetiaddind then copolymerized withbutyl
acrylate. Adenine-containing polyacrylates dematstt unique morphologies due to adenine-

adeninen-n interactions. The adenine and thymine polymer dlshowed the presence of



complementary hydrogen bonding leading to supramolecular structures. dincongeasure peel
and shear strengths, a strip of PET film was coated withyithe@en-bonded polymer (adenine
or thymine) and adhered to the same or complementary polyme&rdcoa stainless steel
substrate. The hydrogen-bonded supramolecular polymers showed enhaelceshdoshear

strengths (3-4 times) compared to acrylic acid- and 4-vinylpyridinedgaslymer analogues.

ot o0 @ o YR L
¢ § %wmmﬁ\\\
é ? 505

NH,

Figure 2.3.Synthesis of adenine- and thymine-containing pebyftyl acrylate) copolymef¥!

In addition, a limited number of studies referred to supramoleautactions on surfaces using
nucleobase paifé? Long et al*® were first to report the modification of silicone surfacewit
adenine-containing triethoxysilane (ADPTES). They demonstratedpeeific and reversible
adhesion of ADPTES silicon surface with complementary thyminetfonalized polystyrene
(PS-thymine). The reversibility of adhesion was examined ubydyogen bond disruptive
solvent (DMSO). The hydrogen bonding interactions were disrupted whdmg the surface
with aprotic DMSO and were reformed following the removal of M&nd addition of
chloroform (Figure2.4). This behavior demonstrated the reversibility nature of the adamihe
thymine association. These polymers that show reversible interaatith solid surfaces have

potential application in releasable coatings and smart adhesives.
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Figure 2.4.Molecular recognition between adenine-functionalizgicone surface and thymine-
containing polystyrenf&’

2.3.3.Adhesion using hydrogen bonding interactions

Hydrogen bonding association provides strategi@ésd®@ase the apparent molecular weight after
application. These interactions are used to deadjmesives and prevent creep and cohesive
failure. Poly(acrylic acids) (PAAs) contain hydrogbonding functionalities and are applied in
PSA formulations. However, one limitation in PAAs that they can undergo thermal
crosslinking above 150 °C and form intermolecutemairides*Y In hot melt pressure sensitive
adhesives (HMPSASs), crosslinking during processmgproblematic, therefore PAAs have
limited utility. Long et af*? synthesized low d acrylic copolymers that were functionalized
with hydrogen bonding (urethane) groups and pheémtive (cinnamate) functionalities for
HMPSAs application (Figure 2.5). The synergy ofstangroups resulted in higher peel values. In
addition the isothermal rheological studies shoted at 150 °C the copolymer was stable with

no crosslinking and therefore has potential in HMR®plication.



Figure 2.5.Synthesis of photo-curable acrylic copolymer containing hydrogen bonding
functionality*?

Another hot topic in adhesive research is the development of revesasibsives. In some
applications we require debonding of adhesive from adherent when the adsesbmnequired
at the timd*® These applications can be removable labels, surface protectias Blasily
placeable and removable notepaper. Researchers used manyestr&tedevelop reversible
adhesives such as using fibrillar structure of a geckdfamd shape memory effect to induce
microscopic or macroscopic change for “self-pé&*”! Another strategy is to use
theromosensitive polymer to achieve reversible adhesion propertiest &%k synthesized
poly(vinyl alcohol)g-N-isopropylacrylamide  PVArNIPAM as a novel thermosensitive
copolymer membrane with thermally induced adhesion around the lovtEalcsolution
temperature (LCST) of 31 °C. At temperatures below LCST, the ymeol becomes more
hydrophilic and enhances the adhesion effect and at temperaturesL&#®lethe copolymer
became hydrophobic with decreased adhesion. The adhesive strengtih-giNRPAM was
measured for the T-type peel adhesion toward the paper. The adhlesityeof the copolymer

was mainly due to the hydrogen bonding interaction between the PVA and celluloseaye¢he
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Figure 2.6Chemical structure of PVA-NIPAM“®!

Another reversible adhesive system was designeXidet al'*® where they prepared hydrogen
bonding-based epoxy thermosets (Figure 2.7). Ieramhave good adhesion at a solid interface,
interfacial contact and good molecular interactiars required. Xie et al. demonstrated that the
epoxy thermosets are ideal candidates for reversbdhesion. Firstly, the modulus of epoxy
thermosets would drop two orders of magnitude uglass transition temperature, which would
lead to an effective interfacial contact with sodidrfacé*”! Secondly, the hydrogen bonding
moieties will provide the reversibility for adhesiorhe adhesion between two identical polymer

surfaces was through interfacial hydrogen bondmtgraction between the free hydroxyl groups

(H-bond doner) and oxygen atoms (H-bond acceptai)e epoxy.

} '
| ' . OH OH OH OH
R R B SV SEo 06 SIS FE S &
== X=—Y—X—Y—X—Y--

: OH OH
I I I \‘/\/OO\/Y or ‘\/\/O\></O\/g
Ny /N s ,
/ \\_ X X\ Y: \N nN/ n=25

Figure 2.7.Representation of crosslinked epoxy network. Sotiel represents covalent bonds
and dotted lines represent continuation of covatents'”’

x

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

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

11



dihydroxyphenyl-L-alanine which contains catechol grdtfhs! Although the adhesion
mechanism is still not completely understood, but it is hypotheslzdadhesion is due to
hydrogen bonding interactions between catechol groups and OH-containihgtssb¥aneko

et all®

synthesized Mussel-mimetic adhesive resin from copolymerizabbn 3,4-
dihydroxycinnamic acid (DHCA) and 4-hydroxycinnamic acid (4HCa#nd confirmed it's
adhesive properties. The chain-ends of the hyperbranched polyniercoegain catechol
moieties which are hydrogen bond donors and can strongly adhere nacbngaganic surfaces.

Since this novel adhesive resin is made from biomass monomisrgniironmentally friendly

and non-toxic.

2.4. Adhesive polymers in bio-related fields

2.4.1.Polymers used as substrates for cell adhesion

One of the requirements in the design of many medical devitedhave patterned adhesion of
human or animal cells on artificial substrates. There apertwtes to perform this process; one
way is to attach photoactive proteins or peptides to the substratbeanther way is to either
chemically modify the substrate or deposit thiols or silanes onsthiestrate to adhere
biomolecules. Both routes would lead to structured substrates tleet adhesion sites and cells
will attach to them via ligand/receptor interactions. Polymeve li@come unique substrates due
to the simplicity of cell adhesion process on to them and also have lower cost.

Welle and Gottwald® used commercially available polycarbonate, poly(methyl mettze)y
(PMMA), and polystyrene as substrates for cell adhesion. They ekplusgolymeric surfaces
to UV light and modified their physical behavior and chemical comipasithis led to strong

adhesion of hepatocyte and fibroblast cells.

12



Most implant materials such as polymers, carbon fibers, and naegafgntoxic, biocompatible,
and do not degrade in the organism. However, their lifetime can bedsleoto the improper
mechanical contact between implant surface and the regeneratsglberefore it is necessary
to coat implant surfaces with cell-adhesive molecules or madeaoies to obtain strong
mechanical contact between cells and the surface. KesslEr®%showed that functionalization
of PMMA surface coated with integrin-selected peptides e¥elstibind to osteoblast murine
and human cells compared to uncoated PMMAs. Ohashi and Daliékarddied the debonding
behavior of prosthetic-PMMA interface. They demonstrated that ategothe surface of the
implant with PMMA at higher temperatures would drastically esbkahe adhesion and fatigue
resistance in both air and physiological conditions.

In order for the biomaterial to be used clinically, not only itdseé have excellent bulk
properties, but also surface properties play a major role as Tl initial response of body
organisms depends on biomaterial’s surface property. Poor adhesion bistevbematerial and
the tissue causes numerous complications including infection. However,polgsiers need
surface modification to be used as biomaterials. One of thetoalgssurface modification is by
grafting. Grafting can either be through coupling reaction betweactive polymers and
functionalized substrate polymer surface or it can be through grgfhpakation of monomers.
lkadd>® reviewed surface modification of polymers using differenttijig techniques to obtain

lubricous, blood compatible or physiologically bioactive polymer surfaces (F2g8)e

13



M : monomer

reaction graft

Coupling Free radical
polymerization

Figure 2.8.Representation of coupling reaction and graft pezatiort™

Surface modification is also applied to the aregeasie delivery. DNA is usually condensed into
nanoparticle-sized complexes and is introducedhéoctlture media (liquid gene transfection or
LGT method). However, studies have shown that Ipedl gene delivery to the targeted cells
using LGT method is not favorabdf&: ®® Another strategy is to use substrate-mediatedetgj
where DNA is attached to the surface of substrateszlective adhesion between the substrate-
supported DNA and adherent cells would od®ur®® Liu et al®® designed high-strength
hydrogels with both hydrogen bonding and thermasasjve characteristics. The hydrogels
were synthesized from copolymerization of N-isogtaprylamide (NIPAM) and 2-vinyl-4,6-
diamino-1,3,5-triazine (VDT) and crosslinked witbly(ethylene glycol) diacrylate. The VDT
functionalities contributed to the formation of colementary hydrogen bonding interactions
between the substrate and nucleobase B&f8.The NIPAM components of the hydrogels
contributed to the thermoresponsiveness behavidraiowed the adhesion and detachment of

cells by temperature chan(jé @
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2.4.2.Polymers used for mucosal adhesion

When polymeric materials adhere to mucosal tissues is calledadhesion. The mucoadhesive
polymers have been used to deliver drugs in a controlled-releaseedosag and enhance the
bioavailability of the drug for various mucosal tissues such ad, rgesstrointestinal, vaginal,
rectal, and oculdf® ! Mucoadhesive polymers need to have certain structural properties as
listed here; hydrogen bonding groups (hydroxyl, carboxyl, amino, delphanically charged,

high molecular weight, chain flexibility, higher surface enetgyspread on mucos. From
mucoadhesive polymers, we can name poly(acrylic acid), poly(mglicaacid), chitosan,
cellulose ethers, and sodium alginate. Park Ef'dllustrated that poly(acrylic acid) hydrogel
interacts with mucin glycoproteins using hydrogen bonding intierexc At lower pHs the
carboxylic groups are protonated and show strong mucoadhesion, howewgheatpHs the

mucoadhesion decreases due to deprotonation of carboxylic groups.

2.5.Conclusions

In this review, we discussed the recent developments in the use amslgcular chemisty and
hydrogen bonding interactions for application in adhesion. Although therenaeneany reports
on the use of supramolecular chemistry for application in adhesion, egview examples were
reported on the use of complementary hydrogen bonding moieties tatgenerersible and
smart adhesives. Several studies demonstrated the use of hydmyding interactions for
adhesion on the surface. We also reviewed reports that studied poyitieunique properties
to adhere to cells. These adhesive polymers played a major rake idesign of implant

materials.
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3.1. Abstract
Adenine and thymine functionalized ammonium ionenes having shorbem@s) and longer (9-
bonds) side chain spacer lengths were successfully synthessird Michael addition
chemistry. Herein, we investigated the influence of spaasgtileon homoassociation and
heteroassociation of complementary nucleobase-containing ionenesfilfise of ionene
homopolymers and blends having various side chain spacer lengths shosiedle glass
transition temperature. Higher glass transition temperatuees @bserved for the shorter spacer
films of ionene homopolymers and the blends. The hydrogen bonding inteiiadii@nblends of
adenine-containing ionene (ionene-A) and thymine-containing ionenaenéidnehaving shorter
spacer length as well as the blends of ionene-A with ionene-T hknggr spacer length was
studied using differential scanning calorimetry (DSC), fourangform infrared (FT-IR)
spectroscopy and atomic force microscopy (AFM). DSC analygesesl no hydrogen bonding
interactions in the ionene blends with shorter spacer lengthloRger spacer length ionene
blends showed the presence of hydrogen bonding interaction and demonstratékde tha
homoassociation is stronger than heteroassociation. FT-IR confirmdbgey bonding

interactions for the longer spacer ionene blends.

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

lonenes are polyelectrolytes that have regularly placed qaayemnitrogen atoms in their
macromolecular backbone. Gibbs et™aivere first to synthesize this type of polycations from
dimethylaminon-alkyl halides. lonenes are usually synthesized from aiogaof a ditertiary
amine and a dihalide calledenschutkin reactiol! The ionene is named from the number of
methylene spacers, which correspond to the diamine and dihalide m@naespectively (i.e.

X,y-ionene).

The introduction of non-covalent interactions such as hydrogen bondingdesmslyeeceived
increasing attention due to the construction and design of supramolgmijamers® *
Hydrogen bonding provides thermoreversible characteristics émramolecules through non-
covalent intermolecular interactioRfsHerein, we introduced hydrogen bonding interactions into
ionenes through complementary hetereocyclic DNA nucleobasesasuatienine and thymine.
The association strength for DNA base pairs is in the ord2®’df1™* magnitudé® " However,
structural design of hydrogen-bonded polymers influences the strengtiongileznentary

hydrogen bonding interactions.

There are many reports on the effect of the placement of hydtmgeling motifs on either the
chain ends of polyméfsY! or polymer side chaid¥'¥ Chang et at® utilized the Michael
addition reaction to functionalize poty€aprolactone) chain ends with adenine and uracil
heteronucleobases. They studied the self-assembly behavior ofunicgorialized pok-
caprolactone) on solution and solid state properties. Long'®t also synthesized four-arm,
star-shaped poly(D,L-lactide) (PDLLA) functionalized with coempkntary adenine (A) and

thymine (T) nucleobase pairs to obtain PDLLA-A and PDLLA-T. yildemonstrated a 1:1
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stoichiometry and an association constan) (€ 84 M* for the A-T complexes. Rowan et'}.
reported the supramolecular polymerization of adenine and -cytesmeated
poly(tetrahydrofuran) macromonomers. These macromonomers self-assgmitéke solid-state
and vyielded film and fiber-forming materials. Long et'al.synthesized and characterized
nucleobase-functionalized triblock copolymers having styrene outer blocksnamaty acrylate
center block. These copolymers had nucleobase functionalitiesleagrsiups on the styrene

outer blocks.

Recently Meijer et df®' prepared polyt-butyl acrylate) (RBA) functionalized with ureido-
pyrimidinone (UPy) units using ATRP. They investigated thecei®é side chain spacer length
on the homoassociation and heteroassociation of UPy-containBy. FFhe homoassociation
and hetereassociation of UPy-containingBR decreased for the shorter spaceg)(Que to
competitive non-covalent intramolecular interactions and no chantie iassociation strength

was observed for the longer aliphatic spacej.(C

Herein, we synthesized non-segmented ionenes and functionalized tlchasite with adenine
and thymine units using Michael addition. We investigated theteffespacer length (4-bond
spacer versus 9-bond spacer) on the association of complementang icm&ns. In these
systems, the spacer is the length of aliphatic unit betweeniotene backbone and the
nucleobase. The influence of complementary hydrogen bond interactiothe flanene blends
having 9-bond spacer was clearly observed on thermal and morphologipalties. Infrared
spectroscopy monitored the thermoreversibility of ionene blends usirapleatemperature (30

°C to 170 °C).
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3.3.Experimental

3.3.1.Materials

Adenine (A, 99%), thymine (T, 99%), potassium tert-butoxide (99.99%), sodiwembbitate
(99.7%), magnesium sulfate (99.5%),butyrolactone (+99%) and diisobutylalumium hydride
1.0 M solution in toluene were purchased from Sigma-Aldrich andd wsgithout further
purification.  3,3-Iminobis(N,N-dimethylpropylamine) (97%), acryloythloride (97%),
triethylamine (TEA, 99%) were purchased from Aldrich and vacuumstilldd. 1,12-
Dibromododecane (98%) was purchased from Sigma-Aldrich and sublipedore use.
Dichloromethane (DCM, HPLC grade), tetrahydrofuran (THF, HPL@deg), dimethyl
formamide (DMF, HPLC grade) were passed through columns packid aimina and
molecular sieves before use. Chloroform (CHEIPLC grade) and ethyl acetate (EtOAc, HPLC

grade) were purchased from Fischer Scientific and were used agteceiv

3.3.2.Instrumentation

'H NMR spectra was collected in CRCbr CD;OD using a Varian Advance 500 MHz
spectrometer to confirm the monomer and polymer composition at antereperature. Fast
Atom Bombardment Mass Spectrometry (FAB-MS) was conducted iniy@o#i mode on a
JEOL HX110 dual focusing mass spectrometer. FT-IR experinvearts carried out using a
Varian 670-IR spectrometer (DTGS detector) equipped with PikehAologies variable
temperature GladiATRTM attachment (Diamond crysfBl)e spectra were collected at 4tm
resolution and as an average of 32 scéhe.samples were subjected to a temperature ramp of 1
°C/min, starting from 30 °C to 170 °C and FT-IR spectra was cetleatt every 10 °C beginning
from 30 °C. Differential scanning calorimetry (DSC) was perfmnon a TA Instrument Q100

under nitrogen with a flow rate of 50 mL/min and a heating rate ofClfhin. The glass
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transition temperatures were measured as the midpoint of thé@iorams the second heating
scan. Thermogravimetric analysis (TGA) was conducted on aa3®uments Hi-Res TGA 2950
under nitrogen at a heating rate of 10 °C/min. Atomic forceanapy (AFM) was performed
using a Veeco MultiMode AFM equipped with nanosensor silicon tips havapgiag constant
of 42 N/m. SAXS was performed using a Rigaku S-Max 3000 3 pinhole SAXi8Sm, equipped
with a rotating anode emitting X-ray with a wavelength of 0.154@mKao). Scattering from a
Silver behenate standard was used to calibrate the sample-ttdelistance. For SAXS, the
sample-to-detector distance was 1603 mm. Two-dimensional SAXS patternsbisened using
a fully integrated 2D multiwire, proportional counting, gas-filteetector, with an exposure time
of 1 hour. All SAXD data were analyzed using the SAXSGUI sa#twaackage to obtain
radically integrated SAXS intensity versus the scatteringgoveq (SAXS), where gq=@/

A)sin@®), 6 is one half of the scattering angle ahid the wavelength of X-ray profiles.

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

The acrylic monomer was synthesized via two steps. In thestepta flame-dried, 2000 mL,
three-neck, round-bottomed flask was attached to a 250 mL addition faimhed condenser.
Round-bottomed flask was charged with 50 mL (1.00 eq) of 3,3-iminobis(N,N-
dimethylpropylamine) and 700 mL tetrahydrofuran (THF), and nitvagas purging through the
glassware. 225 mL (1.00 eq) of diisobutylalumium hydride 1.0 M solutiooluene was added
to the addition funnel and subsequently added to the reaction flask ap-avide fashion. The
reaction was allowed 7 h at 0 °C. After 7 hours, the reactiesk flgas warmed to room
temperature and 17 mL (1.00 eq)efbutyrolactone was added to the reaction mixture and
refluxed for 12 h. Water (10 mL) was added slowly to a cooledtien flask and THF was

evaporated under reduced pressure. 100 mL solution of 15% sodium hydrozideldeal and
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stirred for an hour. The reaction mixture was poured into a sepafatorel and organic layer
was separated from aqueous layer and extracted 3x (100 riLgmoroform. The solvent was
evaporated and the product was purified using Kugel-rohr distillatiorpdeaton of the total
eluent gave a yellow oil with an overall yield of 7084.NMR (500 MHz, CDCJ): 1.71 (m, 4H,
Hc), 1.90 (m, 2H, k), 2.21 (d, 12H, B, 2.26 (t, 4H, H), 2.52 (t, 2H, H), 3.35 (m, 4H, H), 3.67

(t, 2H, Hy), 3.45 (s, 1H, B. HRMS (ES+): m/z calcd for [M+H+] 273.24 g/mol, found 274.17
g/mol. (Figure S3.1). In the second step, a flame-dried, 100 mL, round-bottomed flask was
connected to a 50-mL addition funnel and was charged with dichlorometh@h4) @nd 1.00
eq of hydroxyl-containing ditertiary amine monomer that was sgizbe from the first step.
The flask was cooled to 0 °C and acryloyl chloride (1.20 eq) wasladdihe addition funnel
containing DCM and the solution was drop-wise added to the reactidén Tlas reaction was
allowed to proceed for 12 h. Upon reaction completion, DCM was evapaatethe salt was
dissolved in a mixture of saturated NaHC(@q) and saturated B20O; (aq). The aqueous
solution was introduced to a separatory funnel and extracted 6x Witd. 5olvent was
evaporated and the product was purified using column chromatography. &w@pof the total
eluent gave a yellow oil with an overall yield of 308.NMR (500 MHz, CDC}): 1.68 (m, 4H,
Ho), 2.02 (m, 2H, k), 2.19 (d, 12H, B, 2.24 (t, 4H, H), 2.42 (t, 2H, H), 3.31 (m, 4H, H), 4.20

(t, 2H, Hy), 5.78-5.83 (dd, 1H, k), 6.05-6.14 (m, 1H, k), 6.35-6.42 (dd, 1H, k) (Figure S

3.2).

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

A flame-dried, 100 mL, round-bottomed flask was charged with 20 mL 3,3-im{iNgbis
dimethylpropylamine), 14 mL of anhydrous triethylamine (TEA) (&d4) and 150 mL of

dichloromethane (DCM). The system was then purged with nitrogen aretidod °C. 8 mL of

24



acryloyl chloride (1.1 eq) was diluted with 80 mL of DCM and coote tC. Acryloyl chloride
solution was then added to the flask through a cannula in a drop-wisenfasfer 2 h at 0 °C.
The reaction was then warmed up to room temperature and dorré&dh. A short alumina
column was used to remove the TEA salt and DCM in the filtrae thven evaporated under
reduced pressure. Diethyl ether was used to dissolve anynieghaplid and evaporated after
filtered through alumina column and a yellow oil was obtained. Prodastpurified by Kugel-
rohr distillation with 30% vyield'H NMR (500 MHz, CDGC)): 1.74 (m, 4H, H), 2.21 (d, 12H,
Ha), 2.26 (m, 4H, B, 3.41(m, 4H, H), 5.64-5.68 (dd, 1H, k), 6.31-6.38 (dd, 1H, {), 6.60-

6.69 (m, 1H, K (Figure S3.6).

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

A 1:1 ratio of acrylate- or acrylamide- containing ditertiargine and 1,12-dibromododecane
monomers were polymerized in DMF for 24 h at 80 °C in the presencataifjtic amount of
BHT. The polymer was stored in DMF solution until the post-polynaéiom functionalization.
'H NMR (400 MHz, CROD) for acrylate-ionene: 1.27-1.47 (m, 16H, }1.71-1.86 (m, 4H,
Ho), 1.97-2.17 (m, 6H, k.9, 2.57 (t, 2H, H), 3.08-3.20 (d, 12H, B, 3.32-3.56 (M+t, 12H,18),
4.24 (t, 2H, H), 5.87-5.93 (dd, 1H, b), 6.12-6.23 (m, 1H, B, 6.36-6.42 (dd, 1H, i (Figure S
3.3).'H NMR (400 MHz, CROD) for acrylamide-ionene: 1.37 (m, 16HxH1.79 (m, 4H,
Ho+w), 2.11 (M, 4H, k), 3.12 (d, 12H, kh), 3.32-3.51 (m, 8H, H.), 3.52-3.68 (m, 4H,

Her), 5.78-5.84 (dd, 1H, k), 6.26-6.35 (dd, 1H, k), 6.80-6.93 (m, 1H, B (Figure S3.7).

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

Upon reaction completion acrylate-cotaining ionene solution in DMFclvagged with 1.01 eq
of adenine or thymine and 0.15 eq of tBuOK for 24 h. The nucleobase-cngt@inene product
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was precipitated in ethyl acetate and dried in vacuo (0.1 mmH@x\far lonene homopolymers
were synthesized in high yields (97%H NMR (400 MHz, CROD) for adenine-containing
ionene: 1.17-1.47 (m, 16H,,H, 1.68-1.83 (m, 4H, k), 1.90 (t, 2H, H), 1.96-2.14 (m, 4H,
Hese), 2.44 (t, 2H, H), 3.00 (t, 2H, ), 3.06-3.16 (d, 12H, B, 3.32-3.55 (M, 12H, kl.¢), 4.14
(t, 2H, H), 4.52 (t, 2H, H), 8.17 (s, 1H, H), 8.21 (s, 1H, H) (Figure S3.4).'H NMR (400
MHz, CD;OD) for thymine-containing ionene: 1.22-1.49 (m, 16H),H.72-1.88 (m+s, 7H,
Heem), 1.95 (t, 2H, H), 2.00-2.19 (m, 4H, ¥, 2.54 (t, 2H, K, 2.78 (t, 2H, k), 3.05-3.24 (d,
12H, Hy), 3.32-3.58 (m, 12H, K.e), 4.00 (t, 2H, K, 4.17 (t, 2H, H), 7.55 (s, 1H, FJ (Figure S

3.5).

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

Upon completion of polymerization, acrylamide-based ionene solution in DMF was @hdtige
1.5 eq of adenine and 0.5 eq of tBuOK for 10 d. Solution was decanted aiuitqmé was
washed with DMF and then driad vacuo (0.1 mmHg) overnight. Product was then dialyzed
against water for 3 d and filtered to remove excess adenine. Pveakicried by lyophilization
over 3 d with 50% yield'H NMR (500 MHz, CROD): 1.26 (m, 16H, B, 1.69 (m, 4H, H.p),
1.99 (M, 4H, H:), 3.03 (d, 12H, khe), 3.23-3.45 (m, 12H, H.9, 3.92 (t, 2H, H), 7.47 (d, 2H,
Hg+g) (Figure S3.8). For thymine-containing ionene, acrylic ionene solution in DMF was
charged with 1.5 eq of thymine and 0.2 eq of tBuOK for 5 d. DMF was euegouader
reduced pressure followed by dialysis against water for 3 d. Pretipiées removed by filtration
and product was dried in lyophilizer for 3 d and the yield was 9B%NMR (500 MHz,
CD3OD): 1.37 (m, 16H, B, 1.78 (m, 4H, ), 1.84 (s, 3H, 1, 2.04 (m, 4H, K.c), 2.56 (t,
2H, H,), 3.12 (d, 12H, kh4), 3.34-3.53 (M, 12H, H.¢, 3.57 (t, 2H, W), 7.45 (s, 1H, i (Figure

S3.9).
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3.3.8.Preparation of ionene blends

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

methanol were mixed and stirred for an hour. Films were casT efton molds and the solvent
was slowly evaporated over 2 days. The films were then annaialigld °C-130 °C in vacuum
for 24 h and stored on drying agents (drierite) and kept inside thecalesi until prior to any

characterization.

3.4.Results and Discussion

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

Scheme 1 represents the synthesis of acrylate- and acrylaeamtiening ditertiary amine
monomers. The acrylate-containing monomer synthesis involved two(Sepme3.1a). In the
first step, ring opening of-butyrolactone occurred in the presence of DIBAL to produce OH-
containing ditertiary amine monomer in high yields. In the second ategpcid-chloride reaction
between the OH-containing amine and acryloyl chloride yieldedadercontaining ditertiary
amine monomer. The acrylamide-containing monomer synthesis involved stepnecid-

chloride reaction (Schen&1b).
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Scheme3.1 Synthesis of acrylate-containing ditertiary amine monomer (a) ayiciadde-
containing ditertiary amine monomer (b)

Upon the synthesis of ditertiary amine monomers in high purity, wthesgized two kinds of
ionene homopolymers, one having longer spacer length (9-bond spacer) draviogeshorter
spacer length (4-bond spacer). Sche®i2 and Schem@.3 illustrate the polymerization of
acrylamide-containing amine monomer and acrylate-containingheammonomer with 1,12-
dibormododecane to yield 4-bond spacer and 9-bond spacer ionenes respeciiely. B
polymerizations occurred in polar DMF solvent and completed in 24 h. Inadwrefeport[,lgl

we monitored the reaction progress for the synthesis of non-segm&a@ 12-ammonium
ionenes, using the C*N\stretch at905 cm* and confirmed the reaction completion within 24 h.
Herein, we followed the reaction progress usthigNMR spectroscopy with monitoring the
growth of methyl protons connected to quaternized nitrogena. & 10 ppm and subsequently
confirmed the structures of ionene homopolymers upon completion of the paiynoer

(Figure S3.3 & Figure S3.7). Upon the synthesis of the ionene precursors, base-catalyzed
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Michael addition occurred in the same reaction flask and yieldetbahase-functionalized
ionenes. It should be mentioned that based'brNMR spectrum, there were no chemical
degradation observed for ionenes in the presence of the base c@Bily@) at 80 C.
Regioselective base-catalyzed Michael addition promotes sulastitotiadenine and thymine

units atN9 andN1 respectively?”

\T/\/\N/\/\Iil/ + BFW\N\/\/BF

DMF
80 °C
24h
Cat. BHT
S
I Br I Br
I |
o '
NH, 0

BOEASWE"
-Bul
N N/) ”/&01 SgZC

N
Nﬁ/\IEN/> * I\VJ\
NH, 5

Scheme3.2 Synthesis of nucleobase-containing ionenes having 4-bond spacer

Scheme3.2 and Schema8.3 respectively illustrate the post-polymerization functionalization
nucleobase-containing ionenes having shorter spacer length (4-bond spacéonger spacer
length (9-bond spacer). For the longer spacer ionene synthesis, the raelsttizael addition

started heterogeneously and as the reaction preceded the reagtime tmécame homogenous.

We precipitated the adenine- and thymine-containing ionenes ih atatate to remove both
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DMF and the slight excess of adenine or thymine. For theeshgphcer ionene synthesis, the
adenine-containing ionene precipitated upon production due to lower solubiliMF.
However, the thymine-containing ionene remained soluble in DMF througiuéaction time
due to better solubility of thymine unit compared to adenine in golaents. Both adenine- and
thymine-containing ionenes having 4-bond spacer were dialyzed agaitestto remove DMF
and excess adenine or thymine. Obtaining absolute molecular wedmghtthe charged
ammonium ionenes was challenging due to polymer-polymer and postaiemary phase

interactions.

Br\/\/\/\/\/\/\Br

/
/N\/\/N\O/\/N\ +
?z 80 °C

DMF

o]
24
O h

Br
[ \/\/N\/\/ \*\ﬂ’
DMF

t-BuOK
| /> or \L)L 80 5C
24 h

NH,
|®Br ©Br |@Br @Br
N\/\/f\/\/N N\/\/f\/\/N

0. N

f;@ 2SN

NH;

Scheme3.3. Synthesis of nucleobase-containing ionenes having 9-bond spacer
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3.4.2.Infrared Spectroscopy

One method to detect the intermolecular interaction between twenpdyis to use FT-IR
spectrometry. FT-IR monitors the thermoreversibility of hydrogen boridtegactions?" 2 we
performed variable temperature FT-IR on the ionene blends havingrshaa longer spacer
length. Figure3.1 represents the FT-IR spectrum (155050 cni) of both ionenes having a
ratio of [A]:[T] = 1:1 at various temperatures (30 °C to 170 °C). paak centered around 1590
cm* corresponded to the M bending/scissoring vibration of adenine. In the longer spacer
ionene blend the band at 1590 tehifted to lower wavenumbers upon heating from 30 °C to
170 °C which indicated the dissociation of hydrogen bonds. However, for therskpacer
ionene blend, we did not observe any significant shift for thid Nending/scissoring vibration
of adenine indicating little or no hydrogen bonding association preséneen chains. Another
band at 1670 cth attributed to the €0 stretching vibration of thymine unit. Upon heating, the
C=0 stretching vibration of thymine in the longer spacer ionenadbkhifted to higher
wavenumbers and did not change for the shorter spacer blend illusthdti@mgor no
complementary hydrogen bonding interaction. Therefore variable tatape FT-IR showed
that the spacer length influences the complementary hydrogen Issodiadion within the
nucleobase pairs. The longer spacer is necessary to intheadestance between nucleobase
units and the charged backbone to eliminate charge-charge repulsicgremetamplementary
chains and removes the steric hindrance between the nucleobaaaduthe ionene backbone

providing more flexibility for the complementary units to find each other and bind.
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Figure 3.1 Variable temperature FT-IR spectra in the 155861¢m’ region for the longer
spacer ionene blend (top) and shorter spacer idolend (bottom)

3.4.3.Thermal Transitions

In order to understand the effect of spacer lemgththe association of nucleobase-containing
ionenes, we studied the thermal properties of ierfemopolymers as well as their blends. DSC
analysis of all ionene homopolymers and blends wifferent spacer lengths showed a single
glass transition temperature. The fact that thexddeshowed only a single glass transition
temperature indicated that they are fully miscdohel form a homogenous amorphous phase. The
4-bond spacer ionenes showed highgs Tompared to the 9-bond spacer ionenes due to the
sterically hindered ionene backbone and lower [fidiky (Table 3.1). It is common to use Fox
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equation to estimate the, Tor miscible polymer blends and copolym&f§ The Fox equation
assumes the blend is completely miscible and no intermolecutaadtion is present. Therefore
we prepared various [A]:[T] blends of ionenes having different spl@ogths and measured
their Ty's. We observed a linear increase gfwith an increase of adenine mole fraction for
blends with the shorter spacer. ThgsTwere well fitting within the Fox equation indicating that
there are no intermolecular on intramolecular hydrogen bonding intergecesent in the ionene

blends having 4-bond spacer (FigGt2).
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Figure 3.2 Ty versus composition curve of experimental data and Fox fitting equation for
shorter spacer ionene blends

However, many polymer blends fail description by the Fox equationtaluetermolecular
interactions such as hydrogen bondfig?® Therefore researchers have developed equations to
expand the Fox equation fory Tomposition dependence of miscible polymer blends such as

Gordon-Taylof?® Couchmar?’ 28 Kwei, ¥ and Karas?” In our system, the J& measured
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for the 9-bond spacer ionene blends showed a significant negative aevi@m the Fox
equation. This deviation is attributed to the hydrogen bonding intemactidhe most suitable
equation for this system is the Kwei equation shown below. Previdisang et af'=*
showed various systems having hydrogen bonding interactions angstioé¢ fhie blends either
had positive or negative deviation from Fox equation and were well fit by the Knagi@gu

Wi Ty, + KW,

= W, W.
g W, KW, + VWV,

Where W, and W, are weight fractions of the compositions afg and Ty represent the
corresponding glass transition temperatures, kaadd g are fitting constants. This equation is
applied to miscible polymer blends with specific interaction. Thiarpaterg corresponds to the
strength of hydrogen bonding in the blend reflecting a balance betitheebreaking of self-
association and forming inter-association hydrogen bonding. In mosnsysif the inter-
association equilibrium constant is greater than the self-aisacequilibrium constant, the
value will be positive, whereas if the self-association equilibrconstant is greater than the
inter-association, theg is negative. Figure3.3 demonstrates the plots of thg daf the blend
versus its composition for cases where the experimental dataodifit well with either the
Gordon-Taylor or Fox equations. However, the Kwei equation correlated wigl the
experimental data and based on the non-linear least squaresit®bdst=f 1 andqg = -316. A
negative q value of “-316” indicates that the intermolecular hyardgonding is weaker than

intramolecular ones.
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Table 3.1 Glass transition temperatures of ionenes with 4-bond spacer and 9-bond spacer
Sample Tg (°C) - shorter spacer Tg (°C) - longer spacer

lonene-precursor 80 61
A-ionene 124 99

T-ionene 104 88
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Figure 3.3. T4 versus composition curves from experimental data and diffeteng fequations
for longer spacer ionene blends
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3.4.4.Morphology

After annealing films of the ionene homopolymersl dalends, AFM phase images of the free

surface allowed us to study the surface textur®méne structures (Figure 3.4). According to

SAXS data, all of these systems are not micropkaparated, however, what we are seeing is
the contrast between hard and soft domains of themer backbone. The nucleobases and ions
contributed to the brighter regions of the imagel #me methylene spacers in the backbone
contributed to the darker regions of the image. Tdpeimages in Figure 3.4 show the phase
images of ionenes with longer spacer length andotiiteom images represent the ionenes with
shorter spacer length. The longer spacer lengthnies lose their surface morphological texture
upon 1:1 blending due to efficient formation of hyglen bonds. Shorter spacer length ionenes

keep their morphological texture upon 1:1 blendimgich indicates no hydrogen bonds.

— A-ionene. ¥ = __ A-T Blend ¢ -‘— WIS '_T-ionen'c'.’ P
100 M- 5 100 nm 100 ¥ oo d e S0

]
-— A-ionene A-T Blend = T-ionene
10028 100 nin i

Figure 3.4 AFM phase images of ionene homopolymers and Bldral/ing shorter spacer
(bottom image) and longer spacer (top image)



3.5.Conclusions

Using post-polymerization functionalization, we synthesized novel nuedeetontaining ionene
homopolymers having two different spacer lengths and studied thé @fffggacer length on the
hydrogen bonding interactions in the blends. The shorter spacer ionene hgmeypoand
blends showed higher glass transition temperatures than longer spaeees due to the
closeness of the bulky nucleobase units to the backbone which hindesedthental motion of
the ionene backbone. We observed a single glass transition teum@doa all ionenes having
various spacer lengths. Each ionene blend showing a sipglenTirmed the miscibility of both
blends. The glass transition temperatures of ionene blends witlkerstpaicer followed the Fox
equation indicating no intermolecular interactions and with incredalegpacer length from 4-
bonds to 9-bonds the,d of the blends deviated from both the Fox and Gordon-Taylor equations
demonstrating a presence of hydrogen bonding interactions. The équeition accurately
predicted the Js from the experimental results. We did not calculate theassteiation and
inter-association equilibrium constants for these ionenes, howeved s the negative
deviation from Fox equation and a negatiygalue we were able to confirm that the average
strength of inter-hydrogen bonding was weaker than the intra-hydrageinly in the adenine
or thymine ionene homopolymers. The variable-temperature FT-IRrmoeaf the hydrogen
bonding interactions for the longer spacer ionenes with BéiHding vibration shifting to lower
wave numbers and C=0 stretching vibration shifting to higher wave mambth increasing
temperature. AFM phase image of longer spacer ionene blend shbevetisappearance of

surface texture compared to the shorter spacer ionene blend.
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Supplemental*H NMR Figures:
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Figure S3.1'H NMR of N,N-bis(3-(dimethylamino)propyl)-4-hydroxybutanamide monomer
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Figure S3.3 'H NMR of acrylate-containing ionene (9-bond spacer)
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Chapter 4. Nucleobase Self-Assembly in Segmented Poly(ethylegigcol)-Based
Ammonium lonenes

Mana Tamami, Sean Hemp, Keren Zhang, Minggiang Zhang, Robert B. Moore naottiyf E.
Long

Macromolecules and Interfaces Institute, Department of ChemistrynMirgech, BlacksburgyA
24061, USA

"E-mail address: telong@vt.edu

4.1. Abstract

Novel adenine-functionalized ionene (ionene-A) and thymine-functiodlaliaeene (ionene-T)
were synthesized using aza-Michael addition chemistry. Complekethese ionenes with
nucleobase-containing guest moleculeb\tyl thymine,nBT) and @-butyl adeninenBA) showed
well-defined complementary hydrogen bonding interactions. Job’s @nalgsealed a 1:1
stoichiometry for the hydrogen-bonded complexes of [ionena¥B]], [ionene-T]:nBA], and
[NBA]:[nBT]. Fitting the chemical shifts to the Benesi-Hildebrand huodi the calculated
association constants were 94*M130 M*, and 137 M for complexes of [ionene-AhBT],
[lonene-T]:nBA], and [nBA]:[nBT], respectively. Furthermore, the DSC thermograms of 1:1
[ilonene-A/T]:[guest molecule] complexes showed the disappearahdbeoguest molecule’s
melting peak confirming no macrophase separation of the nucleobadefrgnesthe polymer
matrix. Morphological studies including atomic force microscopyMARNd small-angle X-ray
scattering (SAXS) revealed a microphase-seperated morphd&wgthe nucleobase-containing
ionenes and demonstrated a reduced degree of microphase separation for the 1:1 complexes.

Keywords: segmentedionenes, nucleobase$H NMR titration, guest molecule, microphase
separation
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4 .2.Introduction

Current advances in polymer science involve the use of non-covalerdcti@rs, such as
hydrogen bonding, electrostatiesy interactions, metal coordination, and van der waals forces to
develop supramolecular polymers for various applications. DNA wikkbenplementary hydrogen
bonding through nucleobases to generate complex structures and mamerpohemists have
drawn inspiration from DNA to synthesize nucleobase-containing polythersEnvironmental
parameters including temperature, solvent polarity, humidity, coratiemt, and pH readily control

the strength of these interactions, thus leading to stimuli-responsive pol§imers.

lonenes are ion-containing polymers that contain quaternized nitrogetigir molecular
backboné®! The step-growth polymerization of a ditertiary amine and a dihatid@omer
synthesizes ionenes. The synthetic design of this reaction providesl awetr charge density and
thus makes ionenes ideal models to investigate the structuretgroglationships of well-defined
cationic polymers. Due to the positive charge of the ammonium iondregsdemonstrate many
potential biomedical applications as gene transfection alfeftscomponents of cosmetis,

antimicrobial agent¥! and flocculants for water treatmefts.

Two general types of ionenes are segmented and non-segmented. offegss ican have
various topologies (linear, branched, etc). Segm&htietienes have oligomeric, low, Tspacers
between their charged sites and demonstrate enhanced mecipaopEaties compared to non-
segmenteéd” ionenes, which contain shorter distances between charges egfdrtnbigher charge
density along the backbone. Previous literature describes a wigyvaf synthetic polymers
functionalized with complementary adenine and thymine nucleoB448sHowever, few reports
detail the incorporation of complementary hydrogen bonding alongievith interactions. Rotello

et al™” used orthogonal self-assembly of polymers and nanoparticles topatiern surfaces.
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However, the hydrogen bonding recognition units and charged spesidsd on separate polymer
backbones. Weck et &f first synthesized ammonium and 2,6-diamonopyridine (DAP)-
functionalized norbornene diblock copolymers containing both electroatadi®yydrogen bonding
interactions. Based o NMR titrations, they concluded that both non-covalent interactions wer
orthogonal with electrostatics causing no disruption of hydrogen bgpndtecently, Long et &
copolymerized 9-vinylbenzyladenine (VBA) and 2-(dimethylamino)ethyhethacrylate
(DMAEMA) with subsequent protonation to provide adenine-containing palyelgte.
Copolymers having 11, 22, and 35 mol% of VBA showed polyelectrolyte behawioe dilute and
semidilute regimes. Due to the hydrogen bonding association dretagenine units, they did not
observe polyelectrolyte behavior in the concentrated regime. In addthe electrospinning
behavior showed a strong dependence on the VBA incorporation. Anotherplexahat
demonstrated the interplay between hydrogen bonding and electrastatactions in both solid
state and solution state was the synthesis of poly(9-vinylbatenilzeb-n-butylacrylateb-9-
vinylbenzyladenine) triblock copolymer and the selective assogiafi uracil-containing salt with

adenine units in the hard phad<e.

In this article, we discuss the synthesis of segmented 1000 patygethylene glycol) (PEG)-
based ionenes that contain adenine or thymine units. The PEG segmhentced the polymer
solubility in organic solvents and increased chain mobility comparéd tmn-segmented ionene
counterpart, leading to improved complementary hydrogen bonding intera¢tmmthe first time,
we report the synthesis and characterization of water-solubl@jinad€A) and thymine (T)
functionalized (Kr ca 100 M' in CDCk) segmented PEG-based ammonium ionenes with
supramolecular characteristics similar to the DNA molecSlepramolecular assembly studies
between the adenine and thymine nucleobases probed the influence twésildcs on

complementary hydrogen bonding. In the solution state, we perfdimiMR titration studies to
47



determine the stoichiometry as well as the association condtgnbetween adenine- and thymine-
containing PEG-ionenes with complementary guest molecules. Ilrolidessate, we investigated
the effect of self-complementary hydrogen bonds and complemédmntdrggen bonds on thermal
and morphological properties of adenine- and thymine-ionene homopolyseseliaas their

complexes with guest molecules.

4.3. Experimental

4.3.1.Materials

3,3-Iminobis(N,N-dimethylpropylamine) (DMPA, 97%), acryloyl chlorid@®@7% ), 6-
bromohexanoyl chloride (97%), and triethylamine (TEA, 99%) werehased from Aldrich and
vacuum distilled prior to use. Potassium tert-butoxide (99.99%), adenin@9¢A), thymine (T,
99%), poly(ethylene glycol) (PEG) with M 1000 g/mol, sodium bicarbonate (99.7%), magnesium
sulfate (99.5%), 1l-bromobutane (99%), and potassium carbonate (>99%)oktameed from
Sigma-Aldrich and used without further purificationy-butyrolactone (+99%) and
diisobutylalumium hydride 1.0 M solution in toluene were purchased fréoinicA and used as
received. Dichloromethane (DCM, HPLC grade), tetrahydrofuranF(THPLC grade), and
dimethyl formamide (DMF, HPLC grade) were passed through @wmiah and molecular sieve
column before use. Chloroform (CHCHPLC grade) and ethyl acetate (EtOAc, HPLC grade) were

purchased from Fischer Scientific and were used as received.

4.3.2.Instrumentation

'H NMR spectroscopic analyses were performed on a Varian AéV&0@ MHz spectrometer to
confirm the monomer and polymer composition at ambient temperat@P @k or CD;OD. Fast
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Atom Bombardment Mass Spectrometry (FAB-MS) was conducted in iaivpo®n mode on a
JEOL HX110 dual focusing mass spectrometer. Differential scgnoatorimetry (DSC) was
conducted on a TA Instruments Q100 under a nitrogen purge of 50 mL/min airgghrate of 10
°C/min. The glass transition temperatures were measured asidpeint of the transition in the
second heating scan. Thermogravimetric analysis (TGA) was caadanta TA Instruments Hi-
Res TGA 2950 under nitrogen at a heating rate of 10 °C/min. Atomie foiroscopy (AFM) was
performed using a Veeco MultiMode AFM equipped with (Veeco Instnisndlainview, NYA).
Samples were imaged at a set-point ratio of 0.70 with a maafioficof 1 umx1 um. Veeco’s
Nanosensor silicon tips having a spring constant of 42 N/m wereedtilar imaging. SAXS was
performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped wathtimg anode
emitting X-ray with a wavelength of 0.154 nm (Ca)KScattering from a Silver behenate standard
was used to calibrate the sample-to-detector distance. For SAXSample-to-detector distance
was 1603 mm. Two-dimensional SAXS patterns were obtained using aifiidigrated 2D
multiwire, proportional counting, gas-filled detector, with an exposiare of 1 hour. All SAXD
data were analyzed using the SAXSGUI software package tonotatdically integrated SAXS
intensity versus the scattering vector g (SAXS), where m&¥sin®), 6 is one half of the

scattering angle antlis the wavelength of X-ray profiles.

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

The acrylic monomer was synthesized using two steps. In thestigst a flame-dried, 2000-mL,
three-neck, round-bottomed flask was attached to a 250-mL addition famshel condenser. The
round-bottomed flask was charged with 50 mL (1.00 mol) of 3,3-iminobis(N,N-
dimethylpropylamine) and 700 mL tetrahydrofuran (THF). The rountbivatd flask was purged

with nitrogen. Diisobutylalumium hydride (1.0 M solution in toluene, 225 Q) mol) was added
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to the addition funnel and subsequently added to the reaction flask opavide fashion. The
solution was stirred for 7 h at 0 °C. Subsequently, the reaction flask warmed to room
temperature and 17 mL (1.00 mol) wbutyrolactone was added to the reaction mixture and the
solution was refluxed for 12 h. Water (10 mL) was added slowly tadléd reaction flask and
THF was evaporated under reduced pressure. A 15% sodium hydroxidens@@®0 mL) was
added and stirred for an hour. The aqueous layer was extracts tthres with 100 mL
dichloromethane and the organic fractions were combined. The solvesba@mtratedn vacuo

and the product was purified using Kugel-rohr distillation and yetddwvas obtained. An overall
yield of 70% was obtainedH NMR (500 MHz, CDCJ): 1.71 (m, 4H, &), 1.90 (m, 2H, k), 2.21

(d, 12H, H), 2.26 (t, 4H, H), 2.52 (t, 2H, H), 3.35 (m, 4H, H), 3.67 (t, 2H, ), 3.45 (s, 1H, k).

HRMS (ES+): m/z calcd for [M+H+] 273.24 g/mol, found 274.17 g/mol. (Figu4els

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

In the second step, a flame-dried, 100-mL, round-bottomed flask was a@hrieca 50-mL
addition funnel and was charged with dichloromethane (DCM) and 1.00 eqlmmixlylscontaining
ditertiary amine monomer that was synthesized from the fept $he flask was cooled to 0 °C and
acryloyl chloride (1.20 eq) was added to the addition funnel containing Bx@Mhe solution was
added drop-wise added to the reaction flask. The reaction was allovpedceed for 12 h. Upon
reaction completion, DCM was evaporated and the salt was dissolhaednixture of saturated
NaHCG; (aq) and saturated MaOs; (ag). The aqueous solution was extracted six times with DCM.
The solution was concentratedvacuoand the product was purified using Kugel-rohr distillation.
A yellow oil with an overall yield of 30% was obtainéti NMR (500 MHz, CDCJ): 1.68 (m, 4H,

Ho), 2.02 (m, 2H, k), 2.19 (d, 12H, B, 2.24 (t, 4H, H), 2.42 (t, 2H, H), 3.31 (m, 4H, H), 4.20 (t,

2H, Hy), 5.78-5.83 (M, 1H, k), 6.05-6.14 (m, 1H, B, 6.35-6.42 (M, 1H, k) (Figure $4.2).
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4.3.5.Synthesis of Bromine End-Capped PEG (Br-PEG-Br)

The commercially available 1000 g/mol poly(ethylene glycol) GPE10 g, 1.00 mol) was
introduced to a 250-mL, two-neck, round-bottomed flask equipped with a magtietibar,
addition funnel, and nitrogen inlet. Anhydrous dichloromethane (100 mL) was tultiesl round-
bottomed flask and 50 mL was added to the addition funnel. The flaskowksido 0 °C and 6-
bromohexanoyl chloride (2.20 eq) was added to the addition funnel witingesand subsequently
added to the reaction flask in a drop wise fashion. The reactiomllwased to proceed for 24.
Upon reaction completion, the reaction mixture was washed twitesaitirated NaHC{Jaq) and
twice with distilled water. The DCM layer was separated @meld over magnesium sulfate. The
solution was concentratéd vacuoand dried under vacuum at 100 °C for 12 h (97% yield). Fhe
NMR number-average molecular weight was 1300 g/mibe 'H NMR (400 MHz, CDC))
spectroscopy for the bromine end-capped 1K PEG is as foltowst.47 ppm (m, 4H, per chain,
Hc), 1.65 ppm (m, 4H, J, 1.87 ppm (m, 4H, k), 2.35 ppm (t, 4H, ), 3.40 ppm (t, 4H, §}, 3.64

ppm (m, 76H, H), 3.69 ppm (m, 4H, §}, 4.22 ppm (m, 4H, Yl (Figure $4.3).

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

Thymine (10.05 g, 80.0 mmol), potassium carbonate (11.06 g, 80.0 mmol), 1-bromobutane (3.67 g,
26.8 mmol), and DMSO (200 mL) were added to a 500-mL round-bottomed flasksolthi®n

was heated to 50 °C for 8 h and then cooled. The resulting prexipitet removed through
filtration and the DMSO solution was added to 600 mL water. The agussdution was extracted

four times with 100 mL DCM and then the organic layer was washed four times with 3@@ter.

The organic layer was dried over magnesium sulfate and theertamedin vacuoto obtain a

solid. The solid product was recrystallized from chloroform:hextmebtain a white solid with a

yield of 51%."H NMR (400 MHz, CDCJ): 0.95 ppm (t, 3H, &, 1.36 ppm (m, 2H, ), 1.66 ppm
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(p, 2H, H), 1.92 ppm (s, 3H, &, 3.69 ppm (t, 2H, ), 6.97 ppm (s, 1H, H1 8.65 ppm (s, 1H, §

(Figure $4.4).

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

Adenine (6.05 g, 44.8 mmol), 1-bromobutane (6.16 g, 45.0 mmol), potassium carbonate (8.33 g,
60.3 mmol), and DMSO (60 mL) were added to a 250-mL round-bottomed flas&.resulting
solution was stirred for 48 h at 23 °C and then poured into 600 mL waker.aqueous solution

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

with 100 mL water. The organic layer was dried over magnesiuts@hd concentratéa vacuo

to obtain a solid. The product was obtained as a white solid afteystalization from
chloroform:hexanes'H NMR (400 MHz, CDCJ): 0.96 ppm (t, 3H, &, 1.37 ppm (m, 2H, K,

1.88 ppm (p, 2H, ¥, 4.20 ppm (t, 2H, K, 5.67 ppm (s, 2H, B, 7.79 ppm (s, 1H, H 8.37 ppm

(s, 1H, H) (Figure $4.5).

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

Upon the synthesis of acrylic ditertiary amine monomer and broemdecapped PEG, a 1:1 ratio
of monomers were polymerized in DMF for 24 h at 80 °C in the pres#greeatalytic amount of
BHT. The polymer was stored in the DMF solution until the next syiotiséep.'H NMR (400
MHz, CD;0D):1.42 (m, 4H, K), 1.72 (m, 4H, H), 1.81 (m, 4H, k, 2.05 (m, 6H, K), 2.40 (m,
4H, Hy), 2.55 (t, 2H, H), 3.11 (d, 12H, B, 3.33-3.47 (m, 8H, K., 3.50 (t, 4H, H), 3.63 (s, 75H,
Hii+k2), 3.69 (t, 4H, k), 4.18-4.27 (m, 6H, H, 5.88-5.93 (dd, 1H, H), 6.13-6.22 (m, 1H, K}, 6.36-

6.42 (dd, 1H, K) (Figure $4.6).
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4.3.9.Synthesis of Nucleobase-Containing PEG-Based lonene using Post-Polymerization
Functionalization

After polymerization, the acrylic ionene solution in DMF was chdrgith 1.20 mol of adenine or
thymine and 0.30 mol of tBuOK for 4 d. The nucleobase-containing ioneo@ugir was
precipitated in ethyl acetate and dried in vacuo (0.1 mmHg) fdr 8D% yield)."H NMR (400
MHz, CD;OD) for adenine-containing ionene:1.42 (m, 4H)HL..70 (m, 4H, H), 1.81 (m, 4H, k),
1.91 (p, 2H, K), 2.06 (M, 4H, H), 2.30 (t, 2H, H), 2.40 (m, 4H, H), 3.01 (t, 2H, H), 3.12 (d,
12H, Hy), 3.33-3.59 (m, 8H, Fc+g), 3.63 (s, 70H, K.k2), 3.69 (t, 4H, ), 4.15 (t, 2H, H), 4.20 (m,
4H, H), 4.52 (m, 2H, B, 8.16 (s, 1H, B, 8.22 (s, 1H, H.*H NMR (400 MHz, CROD) for
thymine-containing ionene: 1.44 (m, 4H,H1.71(m, 4H, H), 1.81 (m, 4H, b, 1.86 (s, 3H, B,
1.95 (p, 2H, i), 2.08 (M, 4H, K), 2.32(t, 2H, H), 2.40 (t, 4H, H), 2.77 (t, 2H, H), 3.13 (d, 12H,
Ha), 3.34-3.59 (m, 8H, K+, 3.63 (S, 70H, KHk2), 3.69 (t, 4H, ), 4.00 (t, 2H, H), 4.17 (t, 2H,

H;), 4.20 (t, 4H, B, 7.49 (s, 1H, . (Figure $4.7)

4.3.10.Preparation of lonene Blend with Guest Molecules

The segmented adenine-containing ionene and thymine-containing ionemensalutchloroform
were mixed withnBT andnBA chloroform solutions in a 1:1 molar ratio respectively. Thedde
were stirred for an hour, and cast in Teflamolds. The chloroform slowly evaporated at room
temperature for 48 h and the films were then annealed at 100 °C for Ztimacuo Upon
drying, the films were stored on drying agents (Drierite) ampit knside desiccator until further

characterizations.
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4 .4.Results and Discussion

4.4.1.Synthesis of Nucleobase Functionalized PEG-Based lonene Homopolymers

Synthesis of nucleobase functional PEG-based ionenes involved the isyrahemn acrylic
ditertiary amine monomer and an oligomeric bromine-terminatéd §acer. In the first synthetic
step of the acrylic monomer synthesis, the secondary amm@pened thg-butyrolactone in the
presence of DIBAL, an efficient amidating agent for the conerrsf lactones to amidé&s! Thus

the reaction produced an OH-containing ditertiary amine monomeigimelds. In the second
step, an acid chloride reaction between the primary alcoholawid chloride yielded an acrylic
ditertiary amine monomer (Schemela). We also used an acid chloride reaction to synthesize the
difunctional bromine-terminated PEG (Sche#gb). In our earlier work, we used similar reaction
conditions to synthesize bromine end-capped poly(propylene glycol) olig@nd confirmed their

difunctionalities with MALDI-TOF mass spectroscopy and titration asisly/
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m CH,Cl, m
N(CH,CH;), ©

Scheme4.1 Synthesis of acrylic ditertiary amine monomer (a), bromine epged 1000 g/mol
PEG (b)
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As shown in Schemd.2, the pure, difunctional tertiary amine and bromide monomers reacted
under Menshutkin reaction conditions to provide acrylate-containing PE€itbhanene. In the
same reaction flask, the post-polymerization functionalization ubage-catalyzed Michael
addition to the acrylate ionene precursor in DMF proceeded to yielddenine-containing ionene
(ionene-A) and thymine-containing ionene (ionene-T). The Michael iaddreaction solution
initially began heterogeneous and became homogeneous as it pebahesl to the enhanced
solubility of the final nucleobase ionene product. The thermodynamiatiyrolled base-catalyzed
Michael addition promoted a regioselective substitution of adenine gmdnid at theN9 andN1
positions, respective? Herein, we optimized the reaction conditions such as solvent,
temperature, and base to obtain the regioselective nucleobase-contaimimgs.'H NMR
spectroscopy confirmed successful incorporation of the heterotyadie pairs. The disappearance
of the olefinic protons at 5.8-6.6 ppm confirmed the quantitative Michaelti@udof the

nucleobases to the acrylate ionene.
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Scheme4.2. Post-polymerization functionalization of PEG-based ionene

4.4.2.*H NMR Titrations

When adenine and thymine nucleobases form complementary hydrogen bhencsgrnical shift

for the NH (thymine) and Nj(adenine) protons shift downfield compared to their original peak
position. We prepared a 1:1 molar ratio blend of [ionene-A]:[ionend-&]4amM nucleobase in
chloroform to investigate the formation of complementary multigigrégen bonds. HowevetH
NMR resonances of NH and Nigrotons for the [ionene-A]:[ionene-T] blend had no significant
change in their chemical shifts compared to the ionene homopolylmesder for the side-group
nucleobases to interact, PEG-based ionene chains must be iraffioge. However, due to the
charged nature of the ionene backbone and steric hindrance betwedsulkyonucleobase-

containing PEG chains, the formation of hydrogen bond between the comtdeyneucleobases
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was restricted. In order to examine the effect of charge anduhéness of complementary
nucleobase carriers, we introduced uracil octyl phosphonium salt'jliGR complementary small
charged guest molecule to the [ionene-A]. For each repeat unth#lrge ratio of [ionene-A] to
[UOP'] was two to one. Therefore not only we reduced the charge densitggaat unit but also
we reduced the bulkiness of the complementary nucleobase cartsinigya low molecular weight
guest molecule compared to the entangled PEG chains. SolutioosesfdiA]:[UOP] complexes
were prepared where the [ionene-A] concentration remained cordtdnmM and the [UOR
concentration systematically increased. The position of the fdslbnance of ionene-A in the
complex shifted down field (from 6.27 to 6.64 ppm) with the increasg®@P[] concentration. The
association constant §Kbased on Benesi-Hildebrand plot (Figdrd) was 19 M which was in
acceptable range (10-100 % but compared to the neutral guest molecules, studied in the
following, was quite low. While charge-charge repulsion still redubedstrength of association
between complementary bases, the less sterically hindered moéstule promoted hydrogen
bonding interaction. Thus, we synthesized neutral adenine and thymingxcantsmall guest
molecules to examine the supramolecular assembly of the swiaktute nucleobase guests and the
nucleobase ionenes. These guest molecules are smat @0 g/mol ), have no charge, and are
highly soluble in chloroform, which makes them ideal candidates nteraict with the

complementary ionene homopolymers.

57



o
]

y =-9.7465x - 0.1896
R2 =0.9968

1 1
AN
! !

1/AS (ppnt)
o &
.

e
N O
1 I

-14 T T T T
000 020 040 060 080 100 120  1.40
1/[UOP*] (mM-Y)

Figure 4.1 Benesi-Hildebrand plot of ionene-A and UQfiest molecule association in CRCI

We first determined the stoichiometry of the host-guest compléwghwis necessary before
calculating their association constant,XK®! Job’s method, a continuous variation method,
elucidates the host-guest stoichiometry u¢tdMR spectroscop¥* > Solutions containing host
nucleobase ionenes and small molecule nucleobase guest weregr@panloroform. The total
solution concentration maintained constant, while the molar ratios divtheomponents varied.
We monitored the adenine Nidhemical shift at different mole fractions of [ionene-iBA], and
[NBT]:[nBA] complexes and thymine NH chemical shift at different mioéetions of [ionene-
A]:[nBT]. Figure 4.2 demonstrates Job’s plots for [ionene-ABT], [ionene-T]:hBA], and
[NBT]:[NBA]. The x-axis value of the parabolic maximum of the Job’s pyresents the
stoichiometry of the complex. The fitting of the parabolic hAd/&tue ofca. 0.9998 confirming a
negligible error in Job’s plots. All plots are symmetric and reweaximum at a 0.5 mole fraction,
which means that the base pairing occurs in a 1:1 fashion. Treeréfee majority of the

concentration in these complexes with various fractions contains atdr matios of host and
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'H NMR titration experiments in chloroform, which favored hydrogendinyg interactions due to
the relatively low dielectric constant, determined the assoniatnstants (§ between the adenine
and thymine nucleobases. Solutions of [ionenenB[l]] complexes were prepared where the
[NBT] concentration remained constant at 4 mM and the [ionene-A] coatientisystematically
increased from 4 mM to 16 mM. The position of the NH resonano8®fin the complex shifted
down field (from 8.11 to 8.35 ppm) with the increase in [ionene-A] condeira he curvature of
chemical shift data with increasing adenine concentrationinesh@onsistent with typicdH NMR
titration curved?”! The change in chemical shift with complexation results fronsteifaxchange

between the associated and dissociated A-T complex on the NMR tim&%é&le.

Figure4.3 demonstrates a typical non-linear NMR titration curve of indubechical shift versus
solution concentration. The Benesi-Hildebrande model is a mathehragtiaod to determine the
association constant {Kfrom NMR titration experiments. This model fits the nonlindagroical
shift data for a dimeric hydrogen bond association assuming thabthglex is formed in a 1:1
stoichiometry?> 2% Fitting of this data to the Benesi-Hildebrande method produtiesar double
reciprocal plot based on the association of A-T complex, which furtoafirms the 1:1
stoichiometry (Figurel.3). We calculated the association constag} fiom the Benesi-Hildebrand
analysis using the equation: Ab/ = 1/(KsAdmadionene-A])+ 1Admax The AdmaxisS the maximum
change of the chemical shift of the thymine NH proton. The stéplke double reciprocal plot is
1/KaAdmaxand the intercept is Abmax The K, for the supramolecular assemblyn®T and ionene-
A was 94 M', which was consistent with earlier reports on adenine-thyminepaiseecognition

(10-100 M*in CDCl).[26:30- 31
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Figure 4.3. (a) Nonlinear relationship between induce change for thymine NHiichkeshift and
ionene-A concentration, (b) Benesi-Hildebrand plot of ionene-A aBd guest molecule

association in CDGI

We conducted similatHNMR titration experiments for the [ionene-TBA] complex. The
concentration ofjBA] was 4 mM and we systematically increased the [ioneneefnftentration
from 4 mM to 16 mM. The position of the NiHesonance afBA in the complex shifted down field
(from 5.61 to 5.68 ppm) with the increase in [ionene-T] concentration.ifidwr [fit to the Benesi-

Hildebrand model also confirmed a 1:1 stoichiometry. Figudedepicts the double reciprocal plot
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of Benesi-Hildebrand for the association of [ionene-T] af8A]. The K, calculated from the slope

of this plot is 130 M.
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o
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1/[ionene-T] (mM?)
Figure 4.4 (a) Nonlinear relationship between induce change for adeninechiéical shift and

ionene-T concentration, (b) Benesi-Hildebrand plot of ionene-T BaBA guest molecule
association in CDGI

In order to have a control experiment, we also perforthieMMR titrations with thexBA andnBT
guest molecules. The association constanb&sed on the slope of the plot represented in Figure
4.5 was 137 M. Although the K values calculated for the three complexes are quite comparable

and within acceptable range for adenine-thymine interaction, howbgesimilarity of the K
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values of 130 Nt for [ionene-T]:hBA] and [nBA]:[ nBT] with K, of 137 M* can be due to better
solubility of ionene-T compared to ionene-A in CRCThis can lead to efficient accessibility of

nucleobases and stronger association between nucleobase pairs in on.soluti
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Figure 4.5.(a) Nonlinear relationship between induce change for adeninechical shift and

nBT concentration, (b) Benesi-Hildebrand plot T and nBA guest molecule association in
CDCl;
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4.4.3. Thermal Transitions

Upon discovering the complementary behavior of nucleobase-containingesongith guest
molecules in solution, we investigated the solid state propertieslomalar ratios of ionene
complexes with small guest molecules. To understand the agsooitnucleobase pairs, we
studied the thermal properties of ionene-A, ionene-T and tbeiplexes. All films were solution
cast from chloroform and annealed at 100 °C for 24 h in vacuum. DSC dartbe nucleobase-
functionalized ionene homopolymers and complexes showed a singlerglesssan temperature at
roughly -40 °C. This transition corresponded to theoT the PEG soft segment (SS) (1000 g/mol)
and confirmed a microphase separation of PEG SS from the iomicsegment (HS). Since the
nucleobases were incorporated into the hard phase, the hydrogen-bondiagtiomte did not
significantly influence the J of the SS. In the solution-cast 1:1 blend of [ionenenS]] and
[lonene-T]:nBA] from chloroform, the crystallization and melting peak idT and nBA were
absent from the DSC thermograms (Figdr@) and the films were optically clear. Previously Long
et al® also showed that the addition of uracil-containing phosphonium salt tedgéeine-
containing triblock copolymers resulted in the disappearance of the phosprsatiwanystallization
peak in the DSC thermograms. Thus, the absence of melting andliegtsta peaks of the guest
molecules indicates a well-defined hydrogen bonding interactiorebatthe polymer and the guest

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

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

Sample T, (°C) DSC T 4o, (°C) TGA
lonene-A -36 246
lonene-T -40 248

[lonene-A]:[nBT] -31 243
[lonene-T]:nBA] -48 222

65



4.4.4.Morphology

We conducted atomic force microscopy (AFM) and X-ray scageon the films of ionene
homopolymers and ionene complexes. Figlifé represents the AFM phase images of ionene-A
and ionene-T as well as their complexes. AFM images of ionene homupslyrevealed
microphase-seperated morphology. The darker regions correspondedP®eGheS (78 wt%) and
the brighter regions corresponded to the harder ionic domains and hdteraagteobases (22
wt%). Comparing the ionene homopolymers with the blends demonstratedr@ased phase
contrast. This suggested the disruption of the adenine-adenine oin¢htyrymine hard phase
through incorporation of complementary small molecules. FiguBellustrates the corresponding
SAXS data. Due to the difference in electron density of thediive to the SS, a single peak was
observed in the SAXS profile of ionene homopolymers. The Bragg spacengjstance between
the ionic aggregates, of 5.75 nm for ionene-A was in agreement wittreious report on the 1k
PPG-based ammonium ionenes having a Bragg spacing of 6% Time. SAXS data revealed that
the addition of th&BT guest molecule resulted in a disruption of original morphology eshdol a

broad peak at shorter Bragg spacing of 4.62 nm.
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Figure 4.8 SAXS data for nucleobase-containing ionene homapetg and blends
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4 .5.Conclusions

We synthesized and characterized nucleobase-containing ammonium siongng post-
polymerization functionalization. The blends of the ionene homopolymebs aeitnplementary
nucleobase-containing guest molecules resulted in efficient hyddogeding interactions. Job’s
plots and Benesi-Hildebrand analyses revealed 1:1 complexation hewveme homopolymers
and guest molecules. The #r [ionene-A]:[nBT], [ionene-T]:[nBA], and [nBT]:[nBA] complexes
were 94, 130, and 137 fMespectively. lonene homopolymers and complexes showed a siygfle T
-40 °C that corresponded to thgdf PEG soft segment due to the microphase separation. The AFM

and SAXS further confirmed a microphase-separated morphology for ionene homopolymer
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Chapter 5. Synthesis and Characterization of Silicone-Based Amonium

lonenes as Candidates for Self-Healing Polymers
Mana Tamami and Timothy E. Long

Macromolecules and Interfaces Institute, Department of ChemistrynMirGech, Blacksburg,
VA 24061, USA

"E-mail address: telong@vt.edu

5.1. Abstract

We used Menshutkin reaction to synthesize PDMS-based ionenes hanogs Veard segment
contents. The effect of hard segment content on thermal, mechahiealpgical, and gas
permeability was investigated. DSC showed one transition at -120rf€sponding to theglof
PDMS and upon 30 wt% HS a melting transition appeared for PDMS-ionkreehanical
properties of PDMS-ionenes were dependent on the amount of hardnsegment. DMA
confirmed microphase separation and showed that the rubbery plateau mextelhded to
higher temperatures (from 87 °C to 164 °C) with increase in $egthent content (from 5 wt%
to 15 wt%). Tensile analysis demonstrated systematic increas@dulus for PDMS-ionenes
with increasing hard segment content. The melt viscosity of 5M&FDMS-based ionene was
more temperature dependent compared to 15 wt% HS ionene. The OTRfealuegn PDMS-

ionenes decreased linearly from 60000 to 15000%d4y as the wt% hard segment increased.

Keywords: poly(dimethyl siloxane)-ionene, oxygen transmission rate, melt viscosity, sel
healing, microphase separation
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5.2.Introduction

Self-healing polymers have the ability to recover theirngfite and properties after damage.
Since self-healing materials will not require replacemest alamage or wear, this characteristic
is very attractive especially for conservation purposes. Over ¢ages)y many self-healing
materials have been inventédBased on the self-healing process, the self-healing matesial
be divided into two categories: self-healing based on covalenaatitenrs which require carbon-
carbon bond formation and self-healing driven by non-covalent attena which require heat
or light to stimulate the responsive polymer. Non-covalent interzesuch as electrostaffcd
and hydrogen bondiff$y not only improve thermal and mechanical properties of polymers, but
also impart stimuli responsiveness that leads to self-healing.

lonomers or ion-containing polymers are macromolecules that cdetsnthan 15 mol% of
ionic groups® ® The incompatibility of ionic groups and the organic polymer mateMses
ionic aggregation. Eisenberg et"al” ® proposed a model to describe the structure of ionic
aggregates. They defined a multiplet as “an aggregate cogsadtiseveral ion pairs with a
diameter of 5-10A”. Multiplets act as physical crosslinks and restrict the nitgbibf
surrounding polymer chains. Upon increasing the ionic content, more rtdtipkm close to
each other. Increase in charge density restricts the mohilitpusrding each multiplet and
causes it to overlap into continuous phase known as clusters. It isetepothe literature that
ionic aggregates have drastic effect on mechdhit®hand thermal propertiés!

Recently the application of ionomers in self-healing materiads been explored. The
copolymers of ethylene and methacrylic acid (EMAA) neutrdlie a certain extent to form
their salt form have shown self-healing behavior. Among these copalyn®&urlyr?

manufactured by DuPont is a semicrystalline copolymer oleikyand methacrylic acid. It has
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been shown that Surl§rheals through a viscoelastic healing pro¢ess. is proposed that upon
puncture, heat that is generated melts the ethylene citgstatlithe damaged area. The clusters
disorder and reaggregate to provide molten polymer with sufficiengetetbounce back. The
polymer chains interdiffuse together and heal the hole. The neiggbpolymer chains that
remained at room temperature acted as an anchor for the mobile chains toipsil aga

lonenes are ion-containing polymers that have quaternized nitroges atong the polymer
backbone and are synthesized using step-growth polymerization oftaditamine monomer
with an alkyl dihalide monomé¥! This polymerization is straight forward and there are no
byproducts generated. The synthetic design of this reaction praodé®l over charge density
and we can explore novel topologies using various monomer architecturegyr@ip has
extensively synthesized ionenes having different chemical stescand investigated the effect
of charge density on thermal, mechanical, rheological, and mogibal propertie§:**"! we
demonstrated that electrostatic interactions significantly infled the ionene properties
compared to their non-ionic counterparts. However, ionenes compared to isnoave not
been investigated for their self-healing properties. #nscipated that the melt-elastic behavior
of ionenes above their ionic dissociation temperature will assgtlf-healing. The morphology
of ionenes, unlike Surlyh can be more easily tailored for a targeted ionic dissociation
temperature and tuned to have a programmed heal temperature as demandegplmatiora
Herein, we report the synthesis of poly(dimethyl siloxane)basamonium ionenes adapted
from our earlier research in collaboration with Wilkes ét%hive synthesized a series of PDMS-
based ionenes in order to investigate the effect of HS content ordiesaxiation temperature,

thermal, mechanical, and gas permeation properties.
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5.3.Experimental.

5.3.1.Materials

a,0-Amino propyl-polydimethylsiloxane (PDMS) oligomer with number+age molecular
weight of 2500 g/mol was purchased from Gelest and digdcuo(0.1 mm Hg) for 24 h prior

to use. 1,12-Dibromododecane (Aldrich, 98%) and 1,4-diazabicyclo[2.2.2]octanBCOA
98%) were sublimed before use. 6-bromohexanoyl chloride (97%) was prddnas Aldrich

and used as received. Triethylamine (TEA, Aldrich, 99%) was lddstprior to use. Sodium
bicarbonate (NaHC¥£) (99.7%) and magnesium sulfate (99.5%) were obtained from Sigma-
Aldrich and used without further purification. Methanol (MeOH, FisherLEIRyrade) was
passed through alumina and molecular sieves columns. Chloroform 3CH€Her, Optima

grade) was distilled from calcium hydride.

5.3.2.Instrumentation

'H NMR was utilized to determine monomer and polymer compositiorDi6lCor CD;OD at
23 °C with a 400 MHz Inova spectrometer. Thermogravimetric asaly&A) was conducted
on a TA Instruments Hi-Res TGA 2950 with a temperature rampOofC/min in a nitrogen
atmosphere. Differential scanning calorimetry (DSC) wa$opeaed using a TA Instruments
Q100 differential scanning calorimeter under a nitrogen flow of 50 mL/min.

Dynamic mechanical analysis (DMA) was conducted on a TArdnents Q800 dynamic
mechanical analyzer in tension mode at a frequency of 1 Hz andregmyperamp of 3 °C/min.
Tensile tests were performed on a 5500R Instron universal tesstngment with a cross-head
speed of 50 mm/min using manual grips at ambient temperatuteridelogy experiment was

conducted on a TA Instruments G2 Rheometer in parallel-plate ggowidira diameter of 8
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mm and a gap distance of 1mm. Strain amplitude was 1%. Oxygen isaigmrate was

measured using lllinois Instruments Model 8001 Oxygen Permeation Analyzer at 23 °C

5.3.3.Synthesis of bromine end-capped poly(dimethyl siloxane) (Br-PDMS-Br)

A literature procedure was used to synthesize Br-PDME%BThe commercially available

amine-terminated PDMS (20.00 g, 1 eq) was added to a two-neck, round-botf@sied
equipped with a magnetic stir bar, addition funnel, nitrogen inlet, and 25@ichloromethane
(DCM). Distilled triethylamine (2.2 eq) was added to the flasth a syringe. The flask was
cooled to 0 °C. 6-Bromohexanoyl! chloride (2.2 eq) was added to the addiioel tontaining
50 mL DCM and subsequently added to the reaction flask in a drodasisen. The reaction
was allowed to proceed for 24 h. Triethylamine salt was dittehrough a fritted funnel. The
product in DCM was introduced into a separatory funnel and washed tith saturated
NaHCG;(aq) and twice with distilled water. The DCM layer was safgal and dried over
magnesium sulfate, filtered, and evaporated. The product wasrfdried under vacuum and
the yield was 97%. Th&#H NMR number average molecular weight for Br-PDMS-Br was 3052
g/mol.*H NMR (400 MHz, CDCJ): = 0.00 (m, 230H, b, 0.46 (m, 4H, g, 1.43 (m, 8H, b,
1.60 (p, 4H, H), 1.81 (p, 4H, K, 2.10 (t, 4H,K), 3.17 (q, 4H, B, 3.33 (t, 4H, ), 5.37 (s, 2H,

H;) (Figure5.1).
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Figure 5.1 *H NMR spectrum of bromine-terminated PDMS

5.3.4.Synthesis of poly(dimethyl siloxane)-based ionene homopolymer

Upon the synthesis of difunctional Br-PDMS-Br, the commerciallgilable cyclic ditertiary
amine monomer (DABCO) was sublimed for further purification arythess. Then a 1:1 molar
ratio of Br-PDMS-Br (5.6 g, 2.6 mmol) with DABCO (0.29 g, 2.6 mnwére introduced to a
flame-dried round-bottom flask equipped with a condenser. The driedfdrior (15 mL) was
added to the flask and the reaction was refluxed for 24 h at 65 °C.rgaction completion no
further purification was needed. The excess solvent was removedhanast of reaction
solution was cast in Teflon mold. The films were slowly airdirfer 48 h and were then
annealed at 100 °C for 24 h. The ionene films were then stored on dgangs (drierite) and
inside the desiccator until analyzésl. NMR (400 MHz, CROD): § = 0.00 (m, 304H, }), 0.48
(m, 4H, H,), 1.24-1.87 (m, 16H, ¥, 2.16 (m, 4H, K), 3.07 (m, 4H, B, 3.52 (m, 4H, ), 3.93

(s, 12H, H) (Figure5.2).
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Figure 5.2.’"H NMR spectrum of PDMS-based ionene homopolymer

5.3.5.Synthesis of poly(dimethyl siloxane)-based ionene random copolymer

The copolymer containing 15 wt % hard segment is used as an exdmopleyer, all
copolymers were prepared in a similar fashion. 1,12-dibromododecaneg(B@8 mmol), Br-
PDMS-Br (10.00 g, 3.28 mmol), and DABCO (0.74 g, 6.55 mmol) were addedwto-aetk,
round-bottomed flask equipped with a stir bar, condenser, and nitrdgérDry chloroform (20
wt % solids) was added to the flask via syringe. The reawatamallowed to proceed for 24 h at
65 °C and upon completion, the polymer was cast into a film. The films were sloviyeal for
48 h and were then annealed at 100 °C for 24 h. The ionene films werstdihed on drying
agents (drierite) and inside the desiccator until analy2¢d\MR confirmed the structures of

PDMS-based ionene random copolymers.
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5.4.Results and Discussion

5.4.1.Synthesis of PDMS-based ionenes

We synthesizedsoft segment precursor, bromine-terminated PDMS, using quantitative
derivatization of 2.5k g/mol aminopropyl-terminated PDMS with 6-brorraheyl chloride to
yield an oligomeric dibromide (Schemé&.1). Previously we reported the bromine
functionalization of poly(propylene glycol) and poly(tetramethylengde) using the same
proceduré®® 1 *H NMR confirmed the structure of this oligomer (Figuid). The number
average molecular weight based'shNMR was 3052 g/mol. Schen®2 shows the synthesis of
PDMS-based ionenes. We varied the amount of soft segment (SSJrdrekyment (HS), while
maintaining the 1:1 molar ratio of DABCO:dibromide. In order to obtagh molecular weight
step-growth polymer, a 1:1 molar ratio of monomers is critidahs shown in Tablé.1, five
compositions were synthesized aftd NMR spectroscopy confirmed their structures. The
resonance at 2.8 ppm in tfd NMR spectrum due to protons from DABCO ring shifted to 3.9
ppm after polymerization, confirming the quaternization of tertaryne nitrogens within the
ring. The total amount of 1,12-dibromododecane and DABCO correspondedH& tbentent;
the HS content varied from 5-60 wt%. lonenes containing 5-60 wt% H&doamform solvent-
cast films, however, due to the increase in HS content, thediid@ and 60 wt% HS were very

tacky and brittle
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Schemeb. 1 Synthesis of bromine terminated PDMS

Table 5.1 Segmented copolymer compositions based on molar equivalents of monomer and
HS/SS content

Br-PDMS-Br  1,12-dibromododecane = DABCO HS SS
(mole eq.) (mole eq.) (mole eq.) (W1%) (W1%)
1.00 0.00 1.00 5 95
0.50 0.50 1.00 15 85
0.24 0.76 1.00 30 70
0.12 0.88 1.00 50 50
0.08 0.92 1.00 60 40

5.4.2. Thermal Transitions

The effect of hard segment content on thermal transitions wagigated using TGA and DSC.
We usedTGA to measure the thermal stability of all ionenes. TGA migid that the ionic
content within the polymer backbone dictates the thermal degradatiowidrefghe thermal

degradation temperature at 5% weight losg) (decreased from 273 °C to 170 °C with
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increasing ionic content. The actual mechanism of thermal degmadatomplex. Chen et gp!

and Jerome et & proposed dequaternization of nitrogens according to the Hoffman
elimination pathway. The Hoffman elimination reaction depends obabieity of the anioff?

At higher temperatures, the bromine counterion acts as agshase and can dequaternize
nitrogens, leaving tertiary amine and alkene chain ends. Hereihe asnic content increases,
the number of quaternized nitrogens increase along the backbone and ¢hirefdegradation
occurs earlier at lower temperatures. All ionenes revealass glansition temperaturesgf of -

123 °C, which corresponded to thg df the PDMS soft segment. Upon 30 wt% hard segment
content the melting temperaturejTappeared which demonstrated an ordered crystalline phase
within the soft PDMS amorphous phase. The data in Tal#lestrongly suggest that these

PDMS-based ionenes were microphase separated.

Scheme5.2 Synthesis of PDMS-based segmented ionene copolymers
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Table 5.2. TGA and DSC results of segmented PDMS-based ionenes

HS (Wt%) SS (Wt%) 5% (°C) Ty (°C) Tm (°C)
5 95 273 -123 NA
15 85 242 -123 NA
30 70 209 -123 -48
50 50 190 -123 -50
60 40 170 -123 -46

5.4.3.Dynamic Mechanical Analysis (DMA)

PDMS-based ionenes having 5 and 15 wt% HS formed homogenous and eladsfibmeetitat
were ideal candidates to measure their temperature-dependeni omdgl DMA. The films
were stored in desiccator after annealing and were quiekhpved from desiccator and loaded
on to the DMA clamps to prevent absorption of moisture. Fi§uBeshows the DMA analysis
for 5 wt% HS-ionene as an example. DMA confirmed microphase aépain these systems.
lonene showed high moduli (>30IPa) in glassy state and a drastic drop in modulus occurred at
-120 °C due to the glass transition temperature of PDMS soft segiftee rubbery plateau
modulus for 15 wt% HS-ionene was higher than 5 wt% HS and it alemded to higher
temperatures compared to 5 wt% HS-ionene (from 87 °C and 164 °C).shbigs the
dependency of rubbery plateau modulus on the charge density and draghseontent. As the
charge density increased along the ionene backbone, stronger pbgssstihks occurred which

led to an extension of rubbery plateau modulus. Therefore controllinfgatdesegment content
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can tune the ionic dissociation temperature and moduli. Similasyreported the effect of
charge density and soft segment molecular weight on poly(propglgoel)-based ionené¥’

As shown in Figure5.3, both ionenes showed three transitions; first transition at -120 °C
corresponded to theyTof 2.5k PDMS, the second transitioncat 20 °C corresponded to the
melting of PDMS crystallites, and the third transition which omiat 87 °C for 5 wt% HS-
ionene and at 164 °C for 15 wt% HS-ionene attributed to the ionic diisociemperature
followed by the flow. The upward storage modulus for 15 wt% HS-ionenegebat50 °C and

150 °C is not real and is due to an extreme softness of the sample at those high tesaperatur
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Figure 5.3.DMA of PDMS-based ionene having 5 wt% HS

5.4.4. Tensile test

We performed tensile analysis at ambient conditions for PDMSyembaving 5 and 15 wt%
HS content (Figur&.4). The 15 wt% HS ionene showed an ultimate tensile strength of 0.52 MPa
and elongation at break of 151%. Due to increased wit% HS andestrolmysical crosslinks, the

15 wt% HS-ionene showed higher modulus, tensile strength, and etomgaihpared to 5 wt%
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HS-ionene (Tablé.3). It should be mentioned that the tensile moduli of both ionenes were
comparable with moduli observed at ambient condition using DMA.
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Figure 5.4. Tensile analysis of PDMS-based ionene having 5 wt%danat% HS

Table 5.3. Tensile data for PDMS-ionene films as a function of S0

PDMS- Tensile Stress at Tensile Strain at Young's
ionenes Break Break Modulus
(MPa) (%) (MPa)
5 wt% HS 0.13+0.01 85.76 £ 7.17 0.70 £ 0.30
15 wt% HS 0.52 £0.04 150.66 + 5.64 1.65+0.11

5.4.5.Rheology

It is important to understand the effect of hard segment contentaosiis In the healing event
the material must flow to reach intimate contact. In ordetHerhealing to occur, the viscosity
of the polymer must be reduced by increasing the heat. Thissallevpolymer to reach a low
enough viscosity to flow and then heal. Therefore upon film prepam@tiB®DMS-based ionenes
(5 and 15 wt% HS), we investigated the viscosity of the polymer a®la function of

temperature. It is illustrated in FiguBe5 that melt viscosity of 5 wt% HS PDMS-ionene is
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decreasing with temperature and in comparison the 15 wt% HS R@xdBe is independent of
temperature. In addition, master curve of the storage and lossusogkrsus frequency was
generated for 5 wt% HS PDMS-ionene to estimate the chamgesdulus over decades in time.
Master curve of storage modulus versus frequency was referen8@d’C. As shown in Figure

5.6, time-temperature superposition was satisfied for the PDMS-ionene haviéig 33wt
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Figure 5.5.Melt viscosity of PDMS-based ionenes having 5 wt% and 15 wt% HS
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Figure 5.6.Master curve of PDMS-based ionene with 5wt% HS

5.4.6.0xygen Transmission Rate

One technique to determine the efficiency of healing procdssneasure and compare oxygen
transmission rate (OTR) of virgin and healed samples. If th@lsamas healed successfully, the
OTR values for the virgin sample and healed sample must be quite redaepd herefore we
measured the OTR values for virgin PDMS-based ionenes adiagpoint. Although PDMS is
well-known for its high oxygen permeation, however, the syntheticegiyaand its modular
nature will allow facile extension to other soft segments, inctudinigh oxygen barrier
segments. Figurd.7 demonstrates OTR values for virgin PDMS-ionenes with 5, 15, and 30 wt%
hard segment content. The OTR values decreased linearly from 8008000 cc/rfiday as the

wt% hard segment increased. This indicates that the compositioine ofointinuous phase
influenced permeation, and higher ionic concentrations impeded effgasritansport. The next

step is to damage the samples and perform healing above the gsucialion temperature of
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each sample (The healing studies will be performed in collaboraith Virginia Common

Wealth University). Upon healing the OTR values will be deteech and compared with virgin

samples to study the healing efficiency.
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Figure 5.7.0TR values of PDMS-based ionenes with various HS contents

5.5.Conclusions

PDMS-based ionenes having various hard segment content were sytthesiry Menshutkin
reaction. The thermal analysis of PDMS-ionenes using DSC showed thaatlgegrte transition

at -120 °C corresponding to thg af PDMS, further confirming microphase separation. Upon 30
wt% HS a melting transition appeared for PDMS-ionenes, corresgphdicrystalline phase
within the soft PDMS amorphous phase. DMA confirmed microphase sSepasaid showed
that the breadth of rubbery plateau moduli and their final softéamgeratures change with the
nature and content of hard segment. As the hard segment contensedchieen 5 wt% to 15

wt%, the rubbery plateau modulus extended from 87 °C to 164 °C due to pigyscal
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crosslinking. Tensile analysis demonstrated systematic irecieasiodulus of PDMS-ionenes
with increasing hard segment content. The viscosity of polymer melt as afuottemperature
showed that the viscosity of 5wt% HS PDMS-based ionene is mongetatare dependent
compared to 15 wt% HS PDMS-based ionene. OTR analysis rethatedTR values for virgin
PDMS-ionenes decreased linearly from 60000 to 15000%tt#sn as the wt% hard segment

increased, indicating the influence of hard segment continuous phase on gas permeati
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Chapter 6. Overall Conclusions

The synthesis and characterization of novel architectures obiaining polymers named
ionenes were described. The synergistic effect of non-covalenhations including nucleobase
hydrogen bonding and electrostatics were investigated on the propérsegmented and non-
segmented ammonium ionenes.

With regard to non-segmented ionene systems, novel adenine and tHynahenalized
ionene homopolymers having two different side chain spacer lengttes syethesized using
Menshutkin reaction and subsequent post-polymerization functionalizatiorcomadsicted via
Michael addition chemistry. The effect of spacer length on hydrbgeding interactions in 1:1
blends was studied. The shorter spacer ionene homopolymers and dilem@sl higher glass
transition temperatures than longer spacer ionenes due to closettesbulky nucleobase units
to the backbone and hindering the segmental motion in the ionene backbomgleAgéss
transition temperature confirmed the miscibility of ionene blenflse glass transition
temperatures of ionene blends with shorter spacer followed the Foxoequadicating no
hydrogen bonding interactions. The glass transition temperaturése dblends with longer
spacer lengths deviated from both Fox and Gordon-Taylor equations, deatiogsa presence
of hydrogen bonding interactions. The variable-temperature FT-IRG36 170 °C) confirmed
the hydrogen bonding interactions for the longer spacer ionenes witbéiding vibration
shifting to lower wave numbers and C=0 stretching vibrationisbito higher wave numbers
with increasing temperature.

Regarding segmented nucleobase-containing ionene systemsr Sumst-polymerization

functionalization was applied to synthesize poly(ethylene glyadet adenine and thymine
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containing ionenes. The blends of the ionene homopolymers with compleyneatdéeobase-
containing guest molecules resulted in efficient hydrogen bondiegactions. Job’s plots and
Benesi-Hildebrand analyses revealed 1:1 complexation between ioneapdigmmers and guest
molecules. The association constants for nucleobase-containing ionghesomplementary
guest molecules were in the order of 100 Which was in agreement with literature values.
lonene homopolymers and complexes showed a single glass trangiiperaeure at -40 °C
which corresponded to thg, &f PEG soft segment and confirmed the microphase separation.
The synthesis of silicone containing ionene copolymers was adhteveugh the use of
PDMS dibromide oligomers, 1,12-dibromododecane, and DABCO. Hard segment €ontent
ranged from 5-60 wt%, and structure-property relationships werbliseed as a function of
hard segment content. Thermal properties were measured via TGRSDdFilm formation
characteristics varied as a function of hard segment content,emnsdténding elastic films were
obtained for 5 and 15 wt% hard segment content. DMA confirmed microgkaseation and
showed that the breadth of rubbery plateau moduli and their final softemmgeratures change
with the nature and content of hard segment. As the hard segment cocieased from 5 wt%
to 15 wt%, the rubbery plateau modulus extended from 87 °C to 164 °C due toghghkieal
crosslinking. The viscosity of polymer melt as a function of perature showed that the
viscosity of 5 wt% HS PDMS-based ionene is more temperatpendent compared to 15 wt%
HS ionene. Oxygen transmission rates for PDMS-ionenes decreasadylifrom 60000 to
15000 cc/riiday as the wt% hard segment increased, indicating thesirféuof hard segment

continuous phase on gas permeation.
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Chapter 7. Suggested Future Work

7.1.Synthesis and characterization of PEG-based cytosine and guanine-contaigi
ammonium ionenes

Deoxyribose nucleic acid (DNA) structure includes four nucleahapgrimidines
(thymine and cytosine) and purines (adenine and guanine). DNAtwkipramolecular
characteristics has inspired us along with many other résarto utilize these features
and develop polymers that can exhibit similar supramolecular prepe@hapter three
and four of this thesis were focused on the synthesis and chaaberiof non-
segmented and segmented adenine and thymine-containing ammonium .ioNenes
studied the synergistic effect of complementary hydrogen boratidgelectrostatics on
various properties of ammonium ionenes. Future efforts should focus @yritieesis
and characterization of cytosine and guanine-containing ammonium ior@ytesine
and guanine base pair interact via three hydrogen bonds with strdegeze of
interaction (kg ca 10-10° M™in CDCL) compared to adenine and thymine base pair
with two hydrogen bonds (# ca 16 M in CDCL). Therefore synthesizing polymers
that contain cytosine-guanine hydrogen bonding motifs are afaicti their enhanced
supramolecular characteristics. However, the synthesis of pgodgmers can be more
challenging due to reduced solubility of these nucleobases commar@denine and
thymine. Figurer.1 represents the proposed synthesis of cytosine and guanine-containing

PEG-based ionene.
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Figure 7.1.Synthesis of cytosine and guanine-containing poly(ethylene glycaibas

ammonium ionenes

7.2.Synthesis and characterization of ionenes with potential applicatiomiadhesives

As mentioned in chapter two, non-covalent interactions such as vanadés,\Wydrogen
bonding and electrostatics can provide physical adhesion. Hydrogen bonygleeéngscire
specially used to prepare pressure sensitive adhesives (P&Asugh, there have been
extensive studies on the application of hydrogen bonded polymers in adhesive det
not enough literature is present on the application of polymers thaircdath hydrogen
bonding and electrostatics in adhesives. Therefore, one of the future directiondlithe
of ionenes is to design novel architectures that have hydrogen bondipg gramoieties
and measure their adhesive properties. These architectures tiaedoe star-shaped,
hyper-branched, and comb ionenes. For example, the synthesis of |E@&abaBed
ionene containing hydroxyl side groups is demonstrated in Fig@reThis polymer has

shown potential in adhesive application.

95



\N N N/ o} o) )ol\/\/\/Br
P N2 0 \ + Br/\/\/\“/ \/\o’{'\/ k/\o

o o}

DMF
HG 80 °C
24 h

e e
)Ol\/\/\/ | ©Br Ze|
O\/\O/{'\/Q]r\n/\o T\/\/jﬁ\/\/ ’i‘
O O

OH

Figure 7.2.Synthesis of OH-containing PEG-based ammonium ionene

7.3.Synthesis and characterization of self-healing ammonium ionenes

Self-healing is a behavior in which a material detestsl#mage and heals itself either
spontaneously (autonomic) or with the aid of a stimulus (non-autonomic)sedies of
non-autonomic materials are ionomers. Recently the application of @soim self-
healing materials has been explored. The copolymers of ethylenmethdcrylic acid
(EMAA) such as Surlyfi manufactured by DuPont have shown promising self-healing
behavior. In chapter five, the synthesis and structure-propertyorelaips of silicone-
based ammonium ionenes as an alternative candidate to Swane discussed. The
future direction in this field is to design ionene systems tbatan multiple hydrogen
bonding motifs throughout the ionene backbone and investigate the effect of

electrostatics and supramolecular association on self-healing behavior.
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