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Synthesis, Molecular Weight Characterization and
Structure-Property Relationships of Ammonium lonenes

Erika M. Borgerding
ABSTRACT

Ammonium ionenes are macromolecules with quatetnimgogen groups in the main
chain. lonenes are commonly referred to as x,gnen where x and y represent the number of
methylene groups between quaternized nitrogensith8gis of aliphatic ammonium ionenes has
been studied since the early twentieth centunpwever, absolute molecular weight
characterization has only been performed using nekte light scattering and viscosity
experiments. Performing agueous size exclusioansatography (SEC) on ammonium ionenes
provides absolute molecular weight determinatiortgleveliminating the need for separate
viscosity and light scattering experiments. We alleped a mobile phase composition that
provides reliable separation of aliphatic ammoniemenes using aqueous SEC. For the first
time, we report absolute molecular weights of aiphammonium ionenes using this technique.

We investigated the influence of charge density stnactural symmetry on thermal and
mechanical properties of ammonium 6,6-, 12,6- aBd Z-ionenes. Thermal properties were
measured using differential scanning calorimetryS@) and thermal gravimetric analysis
(TGA), and mechanical properties were measuredgudymamic mechanical analysis (DMA)
and an Instron.

Incorporating low molecular weight polymer segmants the main chain of the ionene
allows tailoring of polymer characteristics. Pdlgtramethylene oxide) segments decrease
hydrophilicity and increase elastomeric charactdinear PTMO based ionenes have been

synthesized previously, and we were interested aw Fbranching affected thermal and



mechanical properties. We synthesized bis(dimathylo) poly(tetramethylene oxide)
segments, and subsequently, synthesized linearbeartthed ionenes to study the effects of
topology on thermal and mechanical properties. yfets were analyzed using DMA, DSC,

TGA, SAXS, and an Instron.
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Chapter 1
POLYELECTROLYTES IN EMERGING TECHNOLOGIES

1.1 Introduction to Polyelectrolytes

Polyelectrolytes are macromolecules with ionic @®in the repeating uit. lonenes;®
ionic liquid based polymerszwitterionic polymers, ionomers, and branched polymers with
ionic groups at pendant sites are common typeshafged polymers. The charged nature of
polyelectrolytes allows for electrostatic interaas with other molecules or polymers (synthetic
or natural) leading to applications as gene tranisfe agent$;” antimicrobial agent®,and
polyelectrolyte multilayer films (PEMS)}*** which have widespread uses in the biomedical
field. Several comprehensive reviews have beetiemrbn charged polymet$*?

Polyelectrolytes have unique solubility propertiasaqueous solutions. Polymer chains
adopt an extended conformation rather than a ranowlad conformation in pure water due to
charge repulsion between ionic sites, a phenomémarnvn as the common polyelectrolyte
effect. However, conformational changes occursnavbat is added, and chains collapse into
random coils due to charge screening of countes.iomhe valence of these counterions
influences solubility. Four stages of solubilityeattributed to polyelectrolyte conformations in
multivalent salt solution§**> In the first stage, polyelectrolytes dissolvedpimre water will
adopt an extended conformation due to the commdyeleatrolyte effect. In the second stage,
divalent counterions cause a phenomenon known @$ridging, where counter ions form
electrostatic interactions with two ionic sites thre chain, and the polyelectrolyte remains

soluble. In the third stage, the concentrationsalt is increased, and polyelectrolytes will



precipitate from solution because of a high voluwheharge screening. Finally, when the salt
concentration is increased further, polyelectradytall re-dissolve in the solution because of a
large amount of charge screening.

Counterion condensation and phase separation @istétibility in aqueous monovalent salt
solutions, and these processes are highly depemdeoharge densit{f. A certain amount of
counterion condensation will occur depending onatm®unt of salt added, and polyelectrolytes
with lower charge densities will precipitate at Emsalt concentrations than those with higher
charge densities. Phase separation occurs at kalteconcentrations for lower charge density
materials because these materials are more hydoapltban materials with higher charge
densities.

Solubility properties and electrostatic interactiosre two important characteristics of
polyelectrolytes because of the numerous applicatibese properties allow. In this chapter, we
will review applications of polyelectrolytes in theomedical field. Preparation and applications
of PEM films will be discussed since a broad numiiebiomedical applications rely on these
complexes. Polyelectrolytes used in non-viral gdebvery processes will also be discussed
because several types of charged polymers aretaldeliver DNA to cells. Finally, we will
focus on one specific type of polyelectrolytes, yomienes, since we were interested in

synthesizing and characterizing novel ionenes.



1.2 Polyelectrolyte Multilayer Films (PEMSs)
1.2.1 Preparation and Applications of PEMs

Polyelectrolytes can form electrostatic bonds tpasgitely charged polymers or small
molecules’ This electrostatic binding is essential for savepplications, including DNA
delivery and preparation of PEM films. Polyelettte multilayer films, also known as layer-
by-layer films or ionic self-assembled monolayelSAMS), have extensive applications in
antimicrobial coatings for biomaterials. The sw#is of polyelectrolyte multilayer films
involves submerging a substrate in one polyelegieadolution for 20 min, rinsing with DI water
and blow drying with nitrogen, then submerging thbstrate into the counter polyelectrolyte
solution for 20 minutes, and repeating until theid=l thickness is achieved (Figure %’
Substrates can vary from fused silica slides to/(etthylene terphthalate) (PET) films. The
average thickness for PEMs is typically less thamml®® Polyelectrolytes used for biomedical
devices must be biocompatible and nontoxic, sucthéesan and heparin, which are naturally
occurring, biocompatible and biodegradable polymitt$** Other common polymers used for
PEMs are poly(acrylic acid) and poly(allylamine hychloride) because of commercial

availability.



Repeat x2
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Figure 1.1: Scheme for producing a PEM film. A a@ddepresent a polycation layer and a
polyanion layer.

There are three main ways that PEM films are ino@ied into biomedical devices. In
the first method, both layers have antimicrobialpmses. The negatively charged layer prevents
cell adhesion to biomedical devices (often madd’BET), while the positively charged layer
causes leakage of cellular insidésin the second method, after the PEM film is ipowated
onto a medical device and implanted in the bodg,pblycation will degrade or dissolve and the
polyanion will be released in the cell and can qenf various function§> In the third method,
the polyelectrolyte complex will serve as a scaffyr another small molecule, often a drug,
which will be incorporated into the PEM film andtda be eluted into the surrounding

tlssue24 ,26,27

1.2.2 Applications of PEMs in Biomedical Devices
1.2.2.1 Stents Coated with PEM Films
PEM films have been studied for applications aatiogs for coronary stents, which

would help prevent in-stent restend$isCoronary stents are biomedical devices that seel to



support the opening of blocked arteries and veifibese devices are used after transluminal
coronary revascularization to prevent a secondkilge due to the natural healing processes of
the body (restenosis). Stents can cause a sedockhge because cells adhere to the surface of
biomaterials. This process is referred to as émistrestenosis (ISRJ. The molecular
mechanisms of ISR have been reviewed, which ddtalsaccepted model of bodily response to
arterial injury®® This response involves a release of growth faafter the injury causing a
series of events and ultimately a neointima (a lagwer of cells). Vascular smooth muscle cells
form a biofilm on the stent, which causes an odolusf blood flow®® Fewer occurrences of
ISR arise when the stent is coated with a PEM filior to implantatior!? Coating a stent with

a PEM film prevents cell adhesion after arterigliiy, and, furthermore, incorporating a drug

into that film has been shown to be more effective.

1.2.2.2 PEM Films That Reduce Friction Between Matg Macromolecules

PEM films have also been shown to decrease the afatwear behavior in mating
macromolecular materiaf. Pavoor was interested in reducing friction in hgplacement
prostheses without affecting the mechanical prigeedf the polymer implant materi3l. In this
investigation, tests were performed on PEM coatederrals while mimicking physiological
stress levels of the hip. The authors found tiatréplacement prostheses coated with the PEM
films had slower wear rates due to decreaseddndbetween the polymers. The PEM film used
in this study was made from poly(acrylic acid) (PA@nd poly(allylamine hydrochloride)

(PAH), two commercially available polymers via atestatic self-assembly (Figure 1.2).
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Figure 1.2 Poly(acrylic acid) (left) and poly(allylamine hyxthloride) were used to make PEM
coatings for hip replacement prostheses.

Polymer brushes made of polyelectrolytes have laésm shown to have low coefficient
of friction values, which means these materialslwanised as effective lubricarifs These types
of lubricants could potentially be used to coatingatnacromolecular materials, such as the hip
replacement prostheses mentioned above. Polynushdés are polymers that are attached to
surfaces, but also stick out into the surroundingirenment®’>®> They can also be used to
prevent biofilm formation. Steric effects betwebe brush and the cells prevent the cells from

adhering to the surface of a biomedical device.

1.3 Polyelectrolytes Used for Gene Delivery

Polyelectrolytes have been widely explored as gdxlarery agents to help introduce
DNA into cells. Negatively charged DNA is unable tross the cell membrane due to
electrostatic repulsions with a negatively chargbdspholipid bilayer. However, polycations
can bind DNA and cause charge inversidmyhich allows DNA to condense, cross the cell
membrane and enter the cell. ~Many reviews haven begitten on gene delivery

§,7,37,38,39
H

system and many authors have shown transfection efficiebeyween specific

polycations and DNA*142:43



Polyplex degradation inside the cell is an impdrtparameter in gene delivery, and
molecular weight has been shown to influence thiegss:* While higher molecular weight
polymers condense DNA more efficiently, releasingt tDNA from the complex inside the cell
is more difficult. However, lower molecular weighdlymers are not as efficient at condensing
DNA, thus, a balance of polymer properties musadig@eved in order to most effectively deliver
DNA into cells. Other parameters that have beadistl in developing efficient gene delivery
systems include the influence of charge derSigglution pH?® and the degree of branching on

DNA binding affinity*"®

1.4 Introduction to Polyionenes
1.4.1 Synthesis and Applications of Ammonium loness

Polyionenes, or ionenes, are polyelectrolytes wgtiaternized nitrogen atoms in the
backbone of the chain as opposed to pendent sild®e common nomenclature for these
macromolecules is x,y-ionene, where x refers torthmber of methylene spacer units in the
dihaloalkane monomer, and y refers to the numbemethylene spacer units between the
nitrogen atoms in the di-tertiary amine monomemgiké 1.3). The ability to easily control
charge density through monomer selection providesomerstone for studying aliphatic

ammonium ionenes.

AN / / Bro|  Brg
Br4<CH2>;Br + /N—<CH2>7N\ \CHZ>X—|‘\|—<CHZ>y—
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I‘\l__

Figure 1.3 Synthetic scheme for ammonium x,y-ionene.



lonenes have applications in biomedical technobgis gene transfection agefits,
polymeric cancer drug¥, and antimicrobiald™>* Although ionenes are not ideal for DNA
delivery, Langer showed that ionenes with highergh densities positively affected the degree
of transfection, where ammonium 2,10-ionene hatidrigransfection efficacy than 2,4- and 2,8-
ionenes? Furthermore, Rembaum demonstrated certain ionselestively prevent growth of
cancerous cells while normal cell growth was urcéd??

Antimicrobial properties of ionenes are dependentloarge density. Narita showed that
ionenes with higher charge densities have increasating affinities to yeast protoplast cells,
but ionenes with lower charge densities are motetayic to cells due to the ability of the
longer hydrophobic segments to disrupt the cellol@mbranes® Antimicrobial coatings on
biomedical devices and implants are important feventing infections since bacteria can easily
invade the are¥ Bacteria from the patient’s skin or surgical instents can enter the implant
site at the time of surgery, and circulating baatean spontaneously become pathogenic at any
time and adhere to an implant. Furthermore, thigical area is prone to bacterial colonization
because of the body’s response to blunt traumasd bacteria can form layers on the implanted
devices called biofilm2®> The sequence of events leading to biofilm forovais reviewed by
Roosjer® Several US Patents detail methods for coatingnbitical devices with cationic
antimicrobial layers, such as stents, cathetedscantact lense¥:*®>°

The influence of molecular weight and chain rigidiin antimicrobial activity has also
been investigate®. It was found that higher molecular weight polymeiith stiffer chains had
greater antimicrobial properties than lower molaculveight polymers with flexible chains

(Figure 1.4).
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Figure 1.4: The properties of molecular weight and chain rigidire tested for the
effect on antimicrobial strength. The compoundtbe left had great antimicrobial
strength because of a stiffer chain and higher cutde weight than the compound
the right.

Early synthetic efforts of aliphatic ammonium ioeerinvolved the homopolymerization
of w-halo-alkyl dialkylamine§!®%%3%* However, a more conventional synthetic methodglog
developed by Rembaum, is the copolymerization df-@rtiary amine and a dihaloalkafre®

Furthermore, synthesis of non-aliphatic ionenesehalso been investigated. lonenes with

68,69 V1
) )

poly(tetramethylene oxide) (PTME& units or poly(ethylene glycol) (PEB)Y* segments
have been synthesized. The advantages of incdmgptaese segments into the ionene structure
include adding elastomeric character, controllinglulsility properties, and increasing
biocompatibility. Thus, the structure-propertyfpemance relationship of ionenes is highly

dependent on monomer selection.

1.4.2 Synthesis of PTMO based Ammonium lonenes

lonene properties can be tailored through monorakcson, and the incorporation of
PTMO is one way to alter ionene characteristicshe Tiving cationic polymerization of
tetrahydrofuran was first reported by Smith and idui-igure 1.5) and has been utilized in
several novel ionene polymerizatioffs Kohjiya chain extended living PTMO oligomers gin

4,4'-bipyridine (Figure 1.63% and other authors developed similar synthetic odtogies using



different dihaloalkanes and studied the reactidesrand mechanical properties of the resulting

ionenes (Figure 1.7f:">7°

cr=3seo3 casode
(R0 ECB)_<CHZCHZCHZCHZCHZO>7 CHyCHCHCHy—
bulk, 0°C

Figure 1.5 Synthesis of PTMO via a living cationic polymexiion.
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Figure 1.6 Synthetic strategy for PTMO-based ionenes.
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Figure 1.7: Synthesis of a PTMO-based ionene.

Ikeda developed a one-pot synthesis for high mtdesuveight PTMO based ammonium
ionenes (Figure 1.8). Reaction kinetics were crucial in this polymetiga. The reaction
between the N,N-dimethylaminotrimethylsilane (DMAT&d the oxonium endgroup is much
slower than the reaction between a tertiary aminécapped THF and a second oxonium
compound. The authors added six equivalents of DBl&ompared to 1 equivalent of initiator
and allowed the reaction to proceed. Moleculargiveiwas controlled using time; longer

reaction times yielded higher molecular weights.
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Figure 1.8 One-pot synthesis of high molecular weight PTM&3dd ionene.

The elastomeric properties of PTMO-based ionenesdae to the characteristic hard-
soft-hard segments familiar in common elastomersh ss polyurethane or polyurédslonenes
with low molecular weight PTMO segments have bdews to have an ordered morphology as
demonstrated with small angle x-ray scattering (SAX Microphase-separated structures have
also been confirmed using transmission electronras@py (TEM) indicating an ordered
spacing between ionic aggregates or domdirRegular spacing of ionic domains contributed to
impressive tensile properties, where PTMO ionend letongations of almost 1000%.
Furthermore, incorporating PTMO into ionenes desesavater solubility, a characteristic often

associated with charged polymers, and could beetk&r some applications.

1.4.3 Synthesis of PEG Based lonenes
PEG segments have been incorporated into ionenésctease water solubility and
biocompatibility. PEG is an attractive compound Bbomedical applications because of its

hydrophilicity, ability to deter interactions withther proteins, and low cytotoxicity levéfs®
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PEG is non-irritating when applied to the skin enbath the skift? its hydrophilicity is thought
to be the main reason why cells cannot adsorls tsuitface.”** Several novel ionenes have been
synthesized with PEG segments incorporated intd#o&bone.

PEG-based water-soluble ionenes were synthesizéag usnionic polymerization
techniques. Dimitrov performed the anionic polyin&tion of ethylene oxide initiated with N-
methyldiethanolamine, followed by endcapping witlidtoxyl groups, which were chain
extended with dichloromethane and, subsequentlgieguized to yield a PEG based ionene

(Figure 1.9

(|:H3 Q CHy
© SIS)
KO—— CHyCHy— N—— CHCH,— OK — HOH2CHZC—€ oo—|2c1—|2)—r;\1—( CHZCHZO>n— CH,CH,OH
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CHCl,
oo %Hchzc—é OCH,CHo 1} CHCHO CH20HZOCH20H24;

CsOH.HO

CHs
quaternization %Hzcwc—éocw%}—d:\u@—(%mz = CH20HZOCH2(:H204—
- m
R

R

CH;

Cehi7
(CHYSGr
CHCH=CH,

Figure 1.9 Synthetic strategy for PEG-based water-solubiernes.

Another incorporation of PEG into ionenes involv&ghthesizing a dihalide monomer where
PEG was functionalized with chloroacetate end gspwghich were reacted with a di-tertiary
amine (Figure 1.10%°
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Figure 1.10: Synthesis of a PEG-based ionene @sdigalide containing a PEG segment.

Hassook has synthesized water soluble ioneneg WHG-based monomers with low
molecular weight PEG segments, such as trans-%(2-biyridyl)ethylene and di- and

tri(ethylene glycol)di-p-tosylate (Figure 1.1%).
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Figure 1.11 Synthesis of PEG-based water-soluble ionenes.
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1.5 RESEARCH OBJECTIVES
1.5.1 Aliphatic Ammonium lonenes

We were interested in developing polyionenes vgipiecific solubility properties for
applications in personal hygiene items such astttidsue or facial tissue. It was necessary for
the polymer to remain insoluble in aqueous monatasalt solutions above 3 wt% and dissolve
in salt solutions less than 3 wt% in order to bthintain the integrity of the tissue during use
and allow for degradation after use. Charge dgnsifluences solubility properties of
polyelectrolytes in aqueous monovalent salt sohgtias previously discussed, thus, aliphatic
ammonium 6,6-, 12,6- and 12,12-ionenes were sy#egsfrom a Menschutkin reaction
between a dihaloalkane and a di-tertiary amine iamdstigated for their solubility properties.
All monomers were commercially available except MNINN’-tetramethyldiaminododecane,
which was synthesized from a modified literaturegedure.

A major limitation in the study of aliphatic ammam ionenes was the difficulty in
performing absolute molecular weight characterarati Thermal and mechanical properties of
macromolecules are highly dependent on moleculaghtiewhich is often determined using size
exclusion chromatography. The only method previoasatline in the literature for determining
absolute molecular weight characterization of aighammonium ionenes involved using the
Mark-Houwink and Debeye equations based on data é&xitensive viscosity and light scattering
studies, respectiveR?. More recently, relative molecular weights of anmison ionenes were
calculated using aqueous size exclusion chromgtbgrdhowever, measurements were based on
standard-equivalent molecular weigfts® We were interested in developing a suitable agsieo
SEC mobile phase composition for reliable sepamati@and absolute molecular weight

determination of aliphatic ammonium ionenes. Waligld the effects of ionenes in various

15



water/methanol/glacial acetic acid mixtures witlrytag amounts of sodium acetate (NaOAc)
and pH levels to arrive at the optimal mobile phas@position.

Once a suitable mobile phase composition for albseholecular weight characterization
was determined, we were interested in comparingtileemal and mechanical properties of
ionenes using charge density and structural synynastia metric for comparison while keeping
molecular weight constant. Ammonium 6,6-, 12,6d d2,12-ionenes were selected for the
study using number average molecular weights dd®bg/mol and 30,000 g/mol and weight
average molecular weights of 20,000 g/mol and 4D@Mnol. Dynamic mechanical analysis
(DMA), tensile testing, differential scanning caloetry (DSC), and thermal gravimetric
analysis (TGA) were performed on each of the polgmi® determine the role structural

symmetry and charge density had on ionene perfaenand thermal stability.

1.5.2 PTMO-Based lonenes

Linear PTMO-based ammonium ionenes have been esintd and characterized using
DMA, tensile testing, SAXS, and TEM for a variety BTMO molecular weights and chain
extenders as mentioned above. These ionenes ghgessive tensile properties, which
suggests ionenes are good elastomers. We werestdd in using topology as the metric for
comparing the thermal and mechanical propertiePT¥O ionenes. We thought branching
would disrupt the regular ordering previously foumdlinear ionenes, thus decreasing their
mechanical performance. Furthermore, we wereasted in the morphological characteristics
associated with varying both PTMO soft segment tlengand ionic character.
Bis(dimethylamino) poly(tetramethylene oxide) segisewere synthesized from the living

cationic polymerization of tetrahydrofuran, follove by endcapping with methyl-
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3(dimethylamino)proprionate. The product was igma and in a reverse Michael addition
reaction, sodium hydroxide cleaved methyl acryfaben the end groups yielding a di-tertiary
amine endcapped PTMO segment (Figure 1.12). The rdaolecular weight bis-amino
poly(tetramethylene oxide) polymers will be reacteith linear chain extenders such as 1,4-
bis(bromomethyl)benzene to form the linear ionemre2,4,6-tris(boromomethyl)-mesitylene to
form the highly branched ionene (both compoundscaremercially available) (Figure 1.13),
and the thermal and mechanical properties of thene films will be studied. Characterization

will include DMA, TGA, DSC, tensile testing, and 35.
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Chapter 2

Aqueous Size Exclusion Chromatography of Aliphatic
Ammonium lonenes for Absolute Molecular Weight
Characterization

Erika M. Borgerding, John M. Layman, William H. HeaSharlene R. Williams, and
Timothy E. Long

Department of Chemistry, Macromolecules and Intex$anstitute, Virginia Polytechnic
Institute and State University, Blacksburg, Virgird4061

2.1 ABSTRACT An aqueous-based SEC-MALLS mobile phase composivas
determined for absolute molecular weight analydisaliphatic ammonium ionenes,
specifically 12,12- and 12,6-ionenes. The optimsmivent composition comprised a
ternary mixture of 54/23/23 water/methanol/gla@eétic acid, 0.5M NaOAc, at a pH
of 4.0. Thedn/dc was determined to be 0.168 mL/g for ammonium 1:Bh2ne in this
solvent mixture, and 0.154 mL/g for ammonium 126ene. Number average molecular
weights for ammonium 12,12-ionene ranged from 3,5080,700 g/mol, and weight
average molecular weights ranged from 4,300 — 89¢gdhol. Ammonium 12,6-ionenes
had number average molecular weights ranging fréf@QD g/mol to 30,500 g/mol, and
weight average molecular weights ranging from 2@,2043,300 g/mol. The molecular
weight distribution ranged from 1.31 — 1.42 for aomum 12,6-ionene and 1.26 — 1.33

for ammonium 12,12-ionene.
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2.2 INTRODUCTION

Ammonium ionenes are ion-containing macromolecuestaining quaternary
nitrogens in the main chain. The typical nomenckafor aliphatic ammonium ionenes is
X,y-ionene, where x represents the number of metieylspacer units derived from the
dihaloalkane monomer, and y represents the methysgpacer units in the di-tertiary
amine monomer (Figure 2.1). Early efforts for shmthesis of ammonium ionenes
involved the homopolymerization ab-halo-alkyl dialkylamineg;>** however, more
conventional synthetic methodologies for ammoniumnenes involves the
copolymerization of dihaloalkanes and di-tertiamies, which was first reported by
Rembaum et at? The ability to easily control charge density @odinter anion through
monomer selection makes ammonium ionenes an idedihm the study of well-defined
cationic polyelectrolytes. Due to their unique lomabic properties, ammonium ionenes
were recently explored for several biomedical tetbgies including antimicrobials®
gene transfection ageritsand polymeric cancer drud$. Cell binding and viability
studies performed using yeast protoplast revediatl dmmonium ionenes with lower
charge density disrupted cell membranes to a greatent than structures with higher
charge density despite less cell bindthgFurthermore, Rembaum reported ionenes as
anti-tumor agents that exhibited selective inhdmitiof malignant cell growth without
affecting normal cell® These examples demonstrate the potential apiplisatof
ammonium ionenes, as well as, the importance oéraoening their chemo-physical

characteristics for conclusive structure-propeetationships.
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Figure 2.1: Synthesis of aliphatic ammonium 12,y-ionenes

Determination of molecular weight and molecular giridistribution is critical
when establishing structure-property-performantaicsships. In earlier investigations,
a comparison of the amount of non-ionic brominarnnionene solution to the amount of
total bromide in the same solution yielded “averagparent molecular weight In
Rembaum’s earlier work, extensive viscosity anditligcattering studies were performed
on ammonium 3,4- and 6,6-ionenes to determine mtdecweights via the Mark-
Houwink and Debye relationships, respectiv€ly.Absolute molecular weights were
determined; however, tedious sample preparationemgthy experiments were required
to complete these calculations. Size exclusionroatography (SEC), also referred to as
gel permeation chromatography (GPC), coupled withitiangle laser light scattering
(MALLS) is a well-established method for determppimolecular weights. When
MALLS detection is coupled with a concentration eddr such as a differential
refractometer (dRI), SEC provides a rapid methaddetermining absolute molecular
weights with facile sample preparation. In adaitioMALLS provides structural
information, such as radius of gyration. Seveeaks and comprehensive reviews that
describe SEC in detail are availablé>'® Despite the appreciated value of SEC-
MALLS and concurrent synthetic investigations oihenes, SEC analysis for the
determination of absolute molecular weights of amimm ionenes has not been reported

earlier.  This is partly attributed to the challeegassociated with SEC of
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polyelectrolytes. Difficulties arise from ionic g@ggatiort’ and non-size exclusion
eventst’ such as ion interaction, ion exclusion, and hyHotjic interactions in the
stationary phase of the chromatographic column.C S cationic polyelectrolytes is
especially problematic due to the negative charg®@nson on most stationary-phase
packing materials that encourages unwanted el¢atimsnteractions® To the best of
our knowledge, earlier SEC analyses of ammoniuneries were limited to relative
calculation methods, which provide only standardremlent molecular weights.
Furthermore, SEC-MALLS determination of absolutelenalar weights of ammonium
12,12-ionene compositions was not reported earliGopecka et al. performed SEC on
ammonium 5,2- and 10,2-ionenes and determinedivielatolecular weights based on
polyacrylamide standardS. Similarly, Reisinger et al. performed SEC on amium
ionenes using quaternized poly(vinylpyridinium) retards® Although these
calculations provided molecular weight trends, &ldsomolecular weight data is critical
for the understanding of fundamental structure-prtyp relationships. Moreover,
meaningful molecular weight characterization ofnwfzed topologies is difficult when
using relative calculation methods. Furthermone; aqueous SEC-MALLS data of
ammonium ionenes using two mobile phase compositthat Kopeckd and Reisinger
reported earliérdid not reveal any signals in the chromatograms.

Our research group has performed a number of iestudn charge
polymers*?423 Herein, we report aqueous-based SEC-MALLS of 126d 12,12-
ammonium ionenes. This manuscript reports the reogable aqueous SEC mobile-

phase composition for obtaining reliable separatioh aliphatic ammonium ionenes

10.020M NaAc in water with AcOH to adjust the pH to 5.2oftecka) and 20/80 acetonitrile/V6
sodium sulfate, 0.M AcOH in water (Reisinger)
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through elimination of polymer-column interactioasd reduction of polymer-polymer
aggregation. In addition to absolute molecularghtidetermination, we also report
dilute solution rheology of ammonium ionenes usangonline, capillary-based viscosity
detector. This complementary detector functionthvdRI and MALLS detectors to

determine the intrinsic viscosity of the sampleoasrthe molecular weight distribution.

2.3 EXERIMENTAL
2.3.1 General Methods and Materials

HPLC grade methanol was obtained from Fischerrfifie and distilled from
calcium hydride (reagent grade, 95%), which wasiaktd from Sigma-Aldrich and used
as received. 1,12-Dibromododecane (98%) was dddaifrom Sigma-Aldrich,
recrystallized from ethanol (AAPER Alcohol and Cheah Co.) and dried under reduced
pressure. N,N,N’,N’-tetramethyl-1,6-hexanediam{®8%) was obtained from Sigma-
Aldrich and distilled from calcium hydride. Dimgthmine (60% in water, ~11.M)
was obtained from Fluka and used as received. H§hGe tetrahydrofuran (THF),
HPLC-grade water, and diethyl ether were obtainethfFischer Scientific and used as
received. Sodium acetate (NaOACc) (99.0%), sodimilea(99%), and ACS grade glacial
acetic acid (99.7%) were purchased from Alfa Aesat used as received.

'H and®C NMR spectra were recorded on a Varian Inova 4®zNnd Varian
Inova 100 MHz instrument, respectively. Chemicaftshare reported in ppm downfield
from TMS using the residual protonated solventramgernal standard (GOD, *H 4.87
ppm and**C 77.0 ppm) (3O, *H 4.79 ppm). FAB-MS was obtained on a JOEL HX110

dual focusing mass spectrometer, and FTIR data neesrded on a Perkin Elmer
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Spectrum One FT-IR Spectrometer with a 1 mW He-ad$ed operating at a wavelength

of 633 nm using a Spectrum v5.0.1 software package.

2.3.2 Synthesis of N,N,N’,N’-tetramethyl-1,12-dodmnediamine
1,12-Dibromododecane (6.00 g, 18.3 mmol) was tissoin THF (150 mL) and
the solution was cooled to -78 °C. Dimethylami6@% in water, 327 mL, 3.6 mol) was
added to the flask, and the solution was magnétisared for 30 min. The solution
was allowed to warm to room temperature and stirafo additional 24 h. The reaction
solvent was removed with reduced pressure, andstiisequent white residue was
dissolved in a 2.0M NaOH aqueous solution (150 mL). Diethyl etherQ(3BL) was
added to the flask and the mixture was magneticltyed for 2 h. The organic layer
was collected and concentrated, and a yellow od wlatained. The crude product was
purified via vacuum distillation (100°C and 150 nmijofrom Cah to provide a clear
colorless product (yield 2.3 g, 47 %) NMR (400 MHz, CROD): § 2.26 (t, 4 H), 2.19
(s, 12 H), 1.45 (q, 4 H), 1.28 (s, 16 H)*C NMR (100 MHz, CROD): §=123.8, 59.7,
44.3, 29.6, 29.5, 27.5, 27.2. FAB-MS (m/z caleedht 256.48, found = 257.29); FTIR

(oil) v = 2925.1, 2853.2, 2812.8, 2761.1, 1459.2, 104h4 ¢

2.3.3 Preparation of Ammonium 12,6-lonene
1,12-Dibromododecane (1.02 g, 3.1 mmol) was trarefieinto a two-necked 50-
mL round-bottomed flask, which was equipped witlieflux condenser and septum.

Methanol (2.25 g, 70.3 mmol) was added into thekflaith a cannula under nitrogen,
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and the solution was heated to 80 °C. N,N,N’,Ntamethyl-1,6-hexanediamine (0.53 g,
3.1 mmol) was transferred into the flask, and ao# purging with nitrogen was
performed. The reaction was magnetically stirred 24 h. Upon completion, the
methanol was quantitatively removed under reducestsure at 25 °C to yield the
polymer product.'H NMR (400 MHz, BO): § 3.31 (m, 8 H), 3.05 (s, 12 H), 1.75 (m, 8
H), 1.31 (m, 20 H). M 14,000 — 41,500 g/mol, 119,000 — 49,900 g/mol, PDI 1.31-

1.36.

2.3.4 Preparation of Ammonium 12,12-lonene
The 12,12-ionene was prepared as described adbvBIMR (400 MHz, DO): §
3.31 (m, 8 H), 3.05 (s, 12 H), 1.75 (m, 8 H), 1(81 32 H). M, 8,000 — 30,700 g/mol,

M,, 11,000 — 40,000 g/mol, PDI 1.26 to 1.42.

2.3.5 Aqueous SEC of Ammonium lonenes

Aqueous-based SEC-MALLS was used to determinelatesmolecular weights
in acetate buffer solutions. The mobile phesasisted of 0.548 sodium acetate in a
ternary mixture of 54/23/23 water/methanol/gla@eétic acid v/iv/v %. The pH of the
resulting solution was 4.0, which was measuredguaiithermo Orion 3 Star portable pH
meter with a Thermo Orion Triode pH electrode. iBodazide was added at 200 ppm to
the solution as a precaution to prevent bactenaivth in the SEC system. Other
compositions that employed different molaritiessaft and varying mixtures of water,
methanol and acetic acid, are noted in this papEne mobile phase solutions were

vacuum filtered through NALGENE® MF75™ Series Me@ius Filter Units with a
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minimum pore size of 0.20Qm. Samples were analyzed at 0.8 mL/min through 2x
Waters Ultrahydrogel linear columns and 1x Wateltsablydrogel 250 column, with all
columns measuring 7.8 x 300 mm and equilibrate®@dC. SEC instrumentation
consisted of a Waters 1515 isocratic HPLC pump,evgat 17plus Autosampler, Wyatt
miniDAWN multiangle laser light scattering (MALLS)etector operating a He-Ne laser
at a wavelength of 690 nm, Viscotek 270 capillalscosity detector, and a Waters 2414
differential refractive index detector operatingpatavelength of 880 nm and 35. The
only calibration constant, the Wyatt Astra V AUXd/ias calculated using a series of
agueous sodium chloride solutions. The accurady reproducibility was confirmed
with poly(ethylene oxide) and poly(methacrylic gcgbdium salt standards (Polymer
Laboratories/Varian Inc.) ranging in molecular weigrom 5,000 to 1,000,000 g/mol.
Samples were processed using the Wyatt Astra Wvaodt package. Weight average
molecular weights were determined from light scatte data using the following

relationship:

Kfc: 1,
R(O) M, P(©)

2A.C (1)

whereM,, is the weight average molecular weiglatis the concentration of the polymer,
R(6) is the measured excess Rayleigh rd@@) is the particle scattering functioA; is
the second virial coefficient of the polymer-solvesystem, andK* is an optical

scattering constant, following

K = 47r°n? (dn/dc)?
AN,

(@)
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wheredn/dc is the specific refractive index incremeng,is the refractive index of the
solvent, A, is the wavelength of the incident laser in a vacuandNa is Avogadro’s

number.

2.3.6 Determination of Specific Refractive Indexricrements ¢n/dc)

A Wyatt OptiRex differential/absolute refractivedex detector operating at a
wavelength of 690 nm and 3C was used for all specific refractive index incesmn
measurements. Polymer samples (0.076 — 1.512 n)gimite allowed to dissolve in the
appropriate solvent overnight. Samples were meétat®.8 mL/min into the RI detector
at 30 °C using &Scientific syringe pump and a syringe affixed witt0.45um PTFE
syringe filter. Thedn/dc values were determined using the Wyatt Astra \fvake

package.

2.3.7 Dynamic Light Scattering

Dynamic light scattering measurements were perdrion a Malvern Zeta Sizer
Nano Series Nano-ZS instrument using Dispersiori@ogy Software (DTS) version
4.20 at a wavelength of 633 nm using a 4.0 mWdsstiaite He-Ne laser at a scattering
angle of 173°. The experiments were performed tnaperature of 25 °C. Polymer
samples were prepared at 1 mg/mL and allowed teohlie in the appropriate solvent
overnight. Samples were syringed through QuAb PTFE syringe filters directly into
clean cuvettes. Data was observed for the presen@dsence of aggregation peaks

based on particle diameter size.
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2.4 RESULTS AND DISCUSSION

The synthesis of 12,6-ionenes were performed wilmrmercially available
monomers. N,N,N’,N’-tetramethyl-1,12-dodecanediaenwas synthesized according to
a modified literature procedure from dimethyl amared o,0-dibromododecan®&. The
synthesis of aliphatic ammonium ionenes was perdrmia the Menshutken reaction
between the appropriate dihalide and di-tertiaryn@mn a methanolic solution under
reflux for 24 h. Reaction progress was analyzedinisitu FTIR spectroscopy and
growth of the C-N stretch at 920 cthwas observed. The polymerization was complete
after 20 h, based on the lack of further increasthé C-N stretch (data not showf?).
Our research group has shoursitu FTIR spectroscopy is a useful technigque to monitor
reaction progress and determine reaction kinétits. Upon removal of methanol, the
resulting polymers formed colorless, transparemd, @ductile films.

The structures of ammonium 12,6- and 12,12-ioneme=e confirmed via'H
NMR spectroscopy. Both ionene structures exhibgiedilar chemical shifts, differing
only in their relative peak integrations. A sirtght 63.05 ppm corresponded to the
methyl groups bonded to quaternized nitrogen at¢@td:-N"). A broad resonance
centered ab3.31 ppm corresponded to the methylene directlydbdnto quaternized
nitrogen atoms (-CHN"). The methylene units beta to the quaternizemgin atoms
had a broad resonance centeredlaf5 ppm (-CHCH,N"). A broad resonance centered
at61.31 ppm corresponded to the methylene spacer tlmée or more units away from
the quaternized nitrogen atoms (-£EH,-).

Successful size exclusion chromatography of pebteblytes requires the

elimination of polymer-polymer and polymer-stationphase interactions. It is widely
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recognized that electrostatic interactions betwasymer chains or between the polymer
and the stationary phase are effectively eliminatétd an increase in ionic strength of
the mobile phas& Thus, sodium acetate was used in these studiesver, as the ionic
strength of the solvent increased, it was presuthadhydrophobic interactions become
more prevalent; thus, in order to overcome botlymper-polymer and polymer-stationary
phase hydrophobic interactions, methanol was addethe mobile phase and glacial
acetic acid was also determined to improve SECra@pas. The acetic acid likely
functions as both an organic modifier to eliminayelrophobic interactions, as well as, a
proton donor to increase ionic strength of the ey An increase in the ionic strength of
the solvent is known to shield electrostatic intéoms, which reduces the Debye
screening lengtf® As this occurs, the persistence length of theymel decreases
resulting in random coil conformation of the polymegain, similar to neutral polyme?s.
Random coils are the preferred conformation forabdé¢ SEC since chain-extended
confirmations fail to sample the available pore woé resulting in non-Gaussian
distributions'”  Decreasing the Debye screening length also hépseliminate
electrostatic interaction between the polyelecteognd the stationary phase, which can
delay the elution of polyelectrolytes leading tdling in chromatogram&’ Charge
screening also functions to eliminate ion-exclusfiects, which prevent polyelectrolyte
chains from sampling smaller pore sizes leadingrémature sample elution. The ionic
strength that is necessary for reducing these teffdepends on the chemo-physical
properties of a given polymer/solvent/column system

lonic aggregation is generally considered detrit@eto successful SEC since

larger aggregates may impede instrumentation flelute prematurely, and/or skew
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measurements of the molecular weight distributfon order to determine if the ionenes
were aggregating in solution, dynamic light scatgmwas first performed in a variety of
potential mobile phase compositions. Ammonium 2Aghene samples that were
dissolved in the mobile phase (54/23/23 viviv %enatethanol/glacial acetic acid, 0.54
M NaOAc, pH 4.0) showed insignificant aggregatiorndaor (Figure 2.2), and this
observation suggested that the polymer-solvent ositipn fulfiled one of the
requirements necessary for reliable SEC. Furthegmehen plotted in volume (%)
versus diameter size, DLS data indicates the aevedagmeter size was determined to be
12 nm, which is typical for polyelectrolytes in apus mobile phases (Figure 2.3). Other
solvent compositions consisting of lower amount@fanic co-solvent, lower sodium
acetate concentrations, and/or higher pH exhibitethble aggregation; thus, these
compositions were eliminated as mobile phases Her EC of aliphatic ammonium
ionenes. As shown in Figure 2.4, a decrease inatheunt of methanol and glacial
acetic, from 23 to 17 vol. %, resulted in bimodalD curves. Also, completely
eliminating glacial acetic acid from the mobile paacomposition promoted polymer
aggregation (Figure 2.5). These mobile phase csitips were not pursued as possible

mobile phases for the SEC of ammonium ionenes sheeencouraged aggregation.
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Figure 2.2: DLS analysis of ammonium 12,12-ioné&emple6) in 54/23/23 (viviv%)
water/methanol/glacial acetic acid, 01/94NaOAc, pH 4.0.
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Figure 2.3: DLS analysis of ammonium 12,12-ionene (san@len 54/23/23 (viviv%)
water/methanol/glacial acetic acid, 0.54 M NaOAld,40. Same scan as Figure 2.2, but
volume (%) is shown instead of intensity (%6).
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Figure 2.4: DLS analysis of ammonium 12,12-ionene (sample in 66/17/17
water/methanol/glacial acetic acid (v/viv %), OM2NaOAc, pH 4.0.
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Figure 2.5: DLS plot of ammonium 12,12-ionene (samplein 80/20 water/methanol
(viviv %), 0.50M NaOAc, pH 8.49.

The specific refractive index incremenh{dc) corresponds to the dependence of
the solution’s refractive index on solute concetitra** Thedn/dc of a polymer depends
on the chemical composition of solute, solvent ugedissolve the solute, temperature,
and wavelength of the incident lasérThus, maintaining constant laser wavelength and
temperature enables the calculatiomific for each combination of polymer and solvent
before successful SEC-MALLS for accurate molecularght determination. Then/dc

of a polymer is usually considered as a constana igiven solvent; however, the
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contribution of end-groups becomes significantaatdr molecular weights leading to
dissimilar chemical compositiori$. In the SEC-MALLS analysis of neutral polymers,
dn/dc values are readily calculated online using 100%smacovery methods. However,
counter-ion dissociation and non-quantitative sa&mplecovery prevent online
determination for SEC analysis of polyelectrolyte¥herefore, individual offline batch-
mode measurements must be performed to determim@atedn/dc values. In this
study, an off-line determination was performed lo& ammonium ionenes to obtain/dc
values. Various polymer concentrations were pegpaanging from 0.076 mg/mL to
1.512 mg/mL. Differential refractive index data reeobtained for each solution and
plotted versus concentration using the Wyatt Astisoftware package. The slope of the
linear fit is thedn/dc of the polymer for this particular solvent. A tyal dn/dc plot for

an ammonium 12,12-ionene (sample 5) in the mobiasp, 54/23/23 (v/viv%)
water/methanol/glacial acetic acid, 0.84NaOAc, pH 4.0, is shown in Figure 2.6. The
dn/dc values for ammonium 12,12- and 12,6-ionenes is thobile phase are shown in

Table 2.1.

39



2.0x107%

1.5x10

1.0x10%

differential refractive index

5.0x10°5]

0.0

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
concentration (g/mL)

Figure 2.6: Determiningdn/dc of ammonium 12,12-ionene in 54/23/23 (viIviv %)
water/methanol/glacial acetic acid, 0/94NaOAc, pH 4.0. Then/dc was determined
to be 0.168 mL/g in this example.

Table 2.1: Thedn/dc values for aliphatic ammonium ionenes.

dn/dc (mL/g)
Ammonium 12,12-ionene 0.168
Ammonium 12,6-ionene 0.154

#Eachdn/dc was measured using 11 concentrations varying @@¥6 — 1.55 mg/mL in
the mobile phase, 54/23/23 (vIviv%) water/methatatial acetic acid, 0.5¥1 NaOAc,
pH 4.0.

Absolute moments of the molecular weight distridnitwere determined for
ammonium 12,6- and 12,12-ionenes using 54/23/28/\84) water/methanol/glacial
acetic acid, 0.5 NaOAc, pH 4.0 and are summarized in Table 2.2.mamum 12,12-
ionene prepared from various dihalide:diamine mogrostoichiometries had number

average molecular weights between 3,500 and 30g/atbl and weight average

molecular weights between 4,300 and 39,600 g/mohmonium 12,6-ionene prepared
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from various dihalide:diamine molar ratios had nemlaverage molecular weights
between 17,000 and 30,500 g/mol and weight avaraglecular weights between 22,200
and 43,300 g/mol. As expected for a step-growtlgrperization, molecular weights for
ammonium ionenes increased as the molar ratiosoapped 1:1. Molecular weight

distributions for all ammonium ionene polymers rathdrom 1.27 to 1.42.

Table 2.2: Molecular weight characterization for aliphatic anmum ionenes.

Ammonium Monomer M
Sample w v-lonene Stoichiometry M, (g/mol) ( /mvcv)l) MM,
Y (diamine:dihalide) 9
1 12,12 1:1.10 3,500 4,300 1.26
2 12,12 1:1.07 9,700 12,300 1.27
3 12,12 1:1.05 11,600 14,600 1.26
4 12,12 1:1.03 14,000 17,800 1.27
5 12,12 11 18,700 24,900 1.33
6 12,12 11 20,600 26,000 1.26
7 12,12 11 30,700 39,600 1.29
8 12,6 11 17,000 22,200 1.31
9 12,6 1:1 30,500 43,300 1.42

®Molecular weights determined via SEC-MALLS in 54123 (v/vIv%)
water/methanol/glacial acetic acid, 0194NaOAc, pH 4.0.

The SEC chromatogram for a typical ammonium 12dtizmne in the mobile
phase (54/23/23 (viviv %) water/methanol/glaciatacacid, 0.54M NaOAc, pH 4.0)
including the RI trace, MALLS trace, and moleculaeight as a function of the
molecular weight distribution is shown in Figur&’.2. The mono-modal, symmetrical
peak in the MALLS and RI chromatograms demonstragidble sample separation and
provided additional support for the absence of p@y aggregation in solution. Thus, in
addition to fulfilling the non-aggregating requirent, this mobile phase successfully
reduced polymer-stationary phase interactions, kvimdicated that the ionic strength of

the tested mobile phase was sufficient to discauragy electrostatic interactions that
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would otherwise lead to ion interaction or ion ewsbn effects. When the organic
content of the solvent was decreased, poor SEGaepawas observed. In the case of
the 12,12-ionene, decreasing the relative amountethanol and glacial acetic acid, both
from 23 to 17 vol. %, resulted in bimodality andlitg in the SEC chromatograms
(Figure 2.8). Similar to the 12,12-ionene, SEC-MALof the ammonium 12,6-ionene in
the same mobile phase also showed mono-modal geakse 2.9). However, unlike
the 12,12-ionene, the asymmetric 12,6-ionene dsoved reliable separations in the
mobile phase, 66/17/17 (viviv%) water/MeOH/AcOH42DM NaOAc, pH 4.0 solvent
composition (Figure 2.10). Although this mobileagk works well for the ammonium
12,6-ionene, the mobile phas&/23/23 (viviv %) water/methanol/glacial acetigdac

0.54M NaOAc, pH 4.0, is more versatile since it providggble separations for both of

the ionenes tested.

1.0x10%

molar mass (g'mol)

1.0110*

_______________________

220 240 26.0 250 30.0 320
time {min)

Figure 2.7: SEC chromatogram of ammonium 12,12-ionene (sa&)pbowing the RI
trace (dotted grey), MALLS trace (solid black), andlecular weight distribution (bold

black line) in 54/23/23 (viviv %) water/methano#iglal acetic acid, 0.5¥ NaOAc, pH
4.0.
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Figure 2.8: SEC chromatogram of ammonium 12,12-ionene (sa@jséowing the
influence of the water/organic solvent ratio andd¥a molarity on SEC separation. The
three ratios were 74/8/18 water/methanol/acetid &gv/v%), 0.57M NaOAc, pH
4.0(solid grey), 66/17/17 water/methanol/acetiddeiv/v%), 0.42V NaOAc, pH 4.0
(dotted grey), and 54/23/23 (viviv %) water/methagiacial acetic acid, 0.5 NaOAc,
pH 4.0 (solid black).
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Figure 2.9: SEC chromatogram of ammonium 12,6-ionene (sa@pie the mobile
phase (54/23/23 (viviv %) water/methanol/glaciatacacid, 0.54M NaOAc, pH 4.0).
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Figure 2.10:SEC chromatogram of ammonium 12,6-ionene (sa@plehowing the RI
trace (dotted grey), MALLS trace (solid black), andlecular weight distribution (bold
black line) in 66/17/17 water/MeOH/AcOH (v/iviv %8).42M NaOAc, pH 4.0.

The expected molecular weight distribution for sgepwth polymerization is

approximately 2.0; however, the molecular weiglstributions for ammonium ionenes
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ranged from 1.26 to 1.42. Molecular weight disitibns less than 2.0 in step-growth
polymerizations can occur because of fractionaitothe purification process or sample
exclusion within the chromatography colunifis.We can exclude the possibility of
fractionation since we solution-cast ionenes diyedtom the reaction mixture.
Furthermore, samples were analyzed a second tinmgg ulumns with a higher
resolution (PL aquagel-OH 30 and PL aquagel-OH 4@suring 7.5 x 300 mm), and we
eliminated the possibility of excluding sample vaoki from the column pores. Thus, it is
presumed that the molecular weight distributionat thvere determined for aliphatic
ammonium ionenes using aqueous size exclusion @tography were substantial.
Another reason step-growth polymerizations may peedpolymers with narrow
molecular weight distributions is if the reactiviof monomers is different than the
reactivity their polymer chair§. Nanda demonstrated that distributions less thane2
achieved if reactivity decreases with increasinglemdar weight* We have
demonstrated that molecular weight increases timowigthe polymerization process
from measuring molecular weights of aliquots oladimluring a 24 h polymerization of
ammonium 12,6-ionene (Figure 2.11), and we areeatiyr studying the reaction kinetics
to determine if the reactivity of monomers is geedhan that of polymer chains. Wegner
has studied the reaction kinetics of aliphatic amitnm ionenes withn situ NMR and
demonstrated that monomer reactivity varied dependn the stage of polymerizatioh.
For these reasons, reaction kinetics may be orsomefar our narrow molecular weight
distributions. On the other hand, while we havendestrated that our mobile phase
composition allows for reliable separations of laéipc ammonium ionenes to achieve

appropriate magnitudes of the molecular weight thobile phase composition may not
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be best suited for determining molecular weighttriigtions based on the narrow
distributions obtained for our samples. Howeveetednining the magnitude of
molecular weight for ionenes allows for fair compans of thermal and mechanical

properties and other characteristics dependentaleaular weight.
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Figure 2.11: SEC chromatograms (MALLS trace) ofjudts obtained during a 24 h
polymerization of ammonium 12,6-ionene showing roolar weight increased during
the reacion.

The solvent compositions that were employed irviptes calibrated SEC-dRI
investigations of ammonium ionenes were evalu&téd. In two prior studies, one
mobile phase consisted of 0.0BDNaOAc in water with acetic acid added to adjust th
pH to 5.2, and a second mobile phase comprised2@8&tonitrile/0.5V sodium sulfate,
0.5M acetic acid in water. However, peaks correspantbrpolymer were not observed
in either the RI or MALLS chromatograms in eithétltese solvents.

Utilizing an online viscosity detector, the inin viscosity was determined as a

function of the molecular weight distribution. Whplotted as the logarithm of intrinsic
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viscosity as a function of the logarithm of moleulveight, a linear fit to the data yields
constants for the well known Mark-Houwink-Sakura@aHS) relationship, which is
given as

log[r7] = alogM —logk 3)

where [j] is the intrinsic viscosity, andr and k are constants, which depend on the
polymer and solvent used at a given temperafuréhe MHS alpha parameter provides
information about the solvent quality or chain felss for a polymer in solution.
Typically, alpha values around 0.50 indicate thetévent conditions whereas values
around 0.80 indicate good solvent conditidhsData obtained for both the 12,12- and
12,6-ionenes fit well to the linear MHS relationshiAs shown in Figure 2.12, the MHS
plot for the ammonium 12,12-ionene (sampjen the mobile phase (54/23/23 (viviv %)
water/methanol/glacial acetic acid, 0.8 NaOAc, pH 4.0)at 30°C yielded an alpha
parameter of 0.63 andlavalue of 5.3x13 dL/g. As shown in Figure 2.13, the MHS
plots for the ammonium 12,6-ionene (samp)ein the same mobile phase at 3D
yielded an alpha value of 0.75 andkavalue of 1.6x13 dL/g. The higher alpha
parameter of 0.75 for the 12,6-ionene suggestddtiieamobile phasis a better solvent

for this sample than for the 12,12-ionene which &aaclpha value of 0.63.
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Figure 2.12: MHS plot for the ammonium 12,12-ioe¢samples) in the mobile phase,
54/23/23 (vIviv%) water/methanol/glacial aceticda€l.54M NaOAc, pH 4.0. Measured
intrinsic viscosities (black diamonds) were fitt®dh the logarithmic MHS relationship
(dotted line).
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Figure 2.13:MHS plot for the amonium12,6-ionene (sam@jen the mobile phase,
54/23/23 (vIviv%) water/methanol/glacial aceticda€l.54M NaOAc, pH 4.0 Measured
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intrinsic viscosities (black diamonds) were fitt®dh the logarithmic MHS relationship
(dotted line).

2.5 CONCLUSIONS

Absolute molecular weight characterization of adipth ammonium ionenes was
successfully accomplished using aqueous-based SEO-Bl A suitable mobile phase
composition of 54/23/23 (viviv%) water/methanoltacacid and 0.5 NaOAc at pH
4.0 was developed to reduce polymer-polymer angnpet-stationary phase interactions.
Using this mobile phase composition, reliable safans were obtained and accurate
measurements of molecular weight were achievedmamum 12,6-ionene had number
average molecular weights ranging from 17,000 -5@D,g/mol and weight average
molecular weights ranging from 22,200 g/mol — 48,3fimol with molecular weight
distributions ranging from 1.31 — 1.42. Ammoniu®,12-ionene had number average
molecular weights ranging from 3,500 — 30,700 g/motl weight average molecular
weights ranging from 4,300 — 39,600 g/mol with necolar weight distributions ranging
from 1.26 — 1.33.

Molecular weight distributions less than 2.0 foepsgrowth polymerization are
unusual; however, in our opinion, the distributiothstermined in our mobile phase
composition using aqueous SEC are substantial.h&Ve eliminated the possibilities of
fractionation during purification and pore volumeckision in the column, and we are
currently investigating the reaction kinetics of iphhtic ammonium ionene
polymerizations. Aqueous SEC provided reliableasafions of aliphatic ammonium

ionenes, which allowed for accurate measurementaalécular weighthowever, this
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mobile phase may not be best suited for determimiaecular weight distribution of
aliphatic ammonium ionenes
Additionally, intrinsic viscosity data was colledtdor ammonium 12,12- and

12,6-ionens as a function of molecular weight stion to determine MHS parameters.

2.6 ACKNOWLEDGMENTS
This material is based upon work supported in pgrthe U.S. Army Research

Laboratory and the U.S. Army Research Office urggant number DAAD19-02-1-0275
Macromolecular Architecture for Performance (MAPYURI. Additionally, the authors

acknowledge the generous support of Kimberly-C@okporation for funding.

2.7 REFERENCES

1 C. F. Gibbs, E. R. Littman, C. S. Marvel, Quateyndmmonium Salts from
Halogenated Alkyl Dimethylamines. Il. The Polymeation of Gamma-
Halogenopropyldimethylamined, Am. Chem. Soc., 1933 753-757.

2 M.R. Lehman, C.D. Thompson and C.S. Marvel, Quegr Ammonium Salts from
Hologenated Alkyl Dimethylamines. 1ll. Omega-Brofhleptyl-, -Octyl-, -Nonyl-, and
—Decyl-dimethylaminesJ. Am. Chem. Soc., 1935 57, 1137-11309.

% CF. Gibbs and C.S. Marvel, Quaternary Ammonium ltsSa from

Bromopropyldialkylamines. IV. Formation of Fourehbered Rings.

* C.F. Gibbs and C.S. Marvel, Quaternary Ammonium ltsSa from

Bromopropyldialkylamines. V. Conversion of Cycl&mmonium Salts to Linear
Polymers.

H. Noguchi and A. Rembaum, Reactions of N,N,N T¢tramethyle,o-
diaminoalkanes witl,w-Dihaloalkanes. I. 1-y Reactionslacromolecules, 1972 5 (3),
253-260.
® H. Noguchi and A. Rembaum, Reactions of N,N,NT¢tramethyle,o-
diaminoalkanes withn,o-Dihaloalkanes. 1. 1-y ReactionsMacromolecules, 1972 5
(3), 261-2609.

50



" Punyani, S., Singh, H., Preparation of lodine @mming Quaternary Amine
Methacrylate Copolymers and Their Contact Killingténicrobial Properties.J. Appl.
Polym. ci., 2006 102, 1038-1044.

8 Kourai, H., Yabuhara, T., Shirai, A., Maeda, T.agdmune, H. Syntheses and
antimicrobial activities of a series of new bis-tgraary ammonium compounds. Edr
Medicinal Chem., 2006 41, 437-444.

® Zelinkin, A. N., Putnam, D., Shastri, P., Lang&., Izumrudov, V. A., Aliphatic
lonenes as Gene Delivery Agents: Elucidation afu@ure-Function Relationship
through Modification of Charge Density and Polymemgth. Bioconjugate Chem.,
2002 13, 548-553.

19 Rembaum, A. lonene polymers for selectively iitfrily the vitro growth of malignant
cells. US Patent 4,013,50%977% SciFinder Scholar AN 1977:416039 (accessed
4/11/07).

1T, Narita, R. Ohtakeyama, M. Nishino, J.P. GongO¢ada, Effects of charge density
and hydrophobicity of ionene polymer on cell birglend viability. Colloid Polym. Sci.,
200Q 278, 884-887.

12 M.R. Lehman, C.D. Thompson and C.S. Marvel, Quiagr Ammonium Salts from
Hologenated Alkyl Dimethylamines. 1ll. Omega-Brofhleptyl-, -Octyl-, -Nonyl-, and
—Decyl-dimethylaminesJ. Am. Chem. Soc., 1935 57, 1137-1139.

13 Casson, D., and Rembaum, A. Solution PropertiesNavel Polyelectrolytes.
Macromolecules, 1971 5 (1), 75-81.

4 Wu, C. Handbook of Size Exclusion Chromatograptigrcel Dekker: New York,
1995.

15 Garcia, R., Porcar, 1., Campos, A., Soria, V.,ugigielo, J. E. Solution Properties of
Polyelectrolytes. VII. A comparative study of thletion behavior on two organic-based
packings.J. Chromatogr. A, 1993 655 (2), 191-198.

6 Barth, H. G., Boyes, B. E., Jackson, C. Size &sioh Chromatographynal. Chem,,
1996 68, 445R-466R.

7 wittgren, B.; Welinder, A.; Porsch B. Molar masbkaracterization of cationic
methacrylate ethyl acrylate copolymers using siadusion chromatography with online
multi-angle light scattering and refractometric esgion. J. Chromatogr. A 2003,
1002:101Y109.

8 Jiang, X.;van der Horst, A.;van Steenbergen, ..;MAkeroyd, N.;van Nostrum,
C.F.; Schoenmakers, P.J.; Hennink, W.E. Molar-M@&smracterization of Cationic
Polymers for Gene Delivery by Aqueous Size-ExclasicChromatography.
Pharmaceutical Research, 2006 23(3), 595-603.

19 Kopecka, K., Tesava, E., Pirogov, A., Gas, B. lonenes acting augestationary
phases in capillary electrokinetic chromatographySep. Sci., 2002 25, 1027-1034.

0 Reisinger, T., Meyer, W.H., Wegner, G., HaaseSEhultes, K., Wolf, B.A. Influence
of chain length on the molecular dynamics of aphadtic ionene.Acta Polym., 1998 49,
710-714.

“Mather, B. D., Baker, M. B., Beyer, F. L., Green, M, Berg, M. A. G., Long, T. E.,
Multiple Hydrogen Bonding for the Noncovalent Attaeent of lonic Functionality in
Triblock Copolymers.Macromolecules, 2007, 40, 4396-4398.

51



2 McKee, M. G., Hunley, M. T., Layman, J. M., Lorlg,E. Solution Rheological
Behavior and Electrospinning of Cationic Polyelelgtres. Macromolecules, 2006 39,
575-583.

% Kang, H., Lin, Q., Armentrout, R. S., Long, T.&ynthesis and Characterization of
Telechelic Poly(ethylene terephthalate) Sodiosw@terionomersiviacromolecules, 2002
35, 8738-8744.

24T. A. Spencer, T. J. Onofrey, O. Reginald, S.us<RI, L. E. Lee, D. E. Blanchard, A.
Castro, P. Gu, G. Jiang, |. Shechter, Zwitterio8idfobetaine Inhibiters of Squalene
SynthesisJ. Org. Chem., 1999 64 (3), 818.

> Colthup, N. B., Daly, L. H., Wiberley, S. Elntroduction to Infrared and Raman
Soectroscopy, 3rd Ed.; Academic Press: New Yodl975(page 344).

“Lizotte, J., Long, T. E., Stable Free Radical Kicebf Alkyl Acrylate Monomers
Using in situ FTIR Spectroscopy: Influence of HyxdybContainingMonomers and
Additives,Macromol. Chem. Phys., 2004 205, 692-698.

2’ pasquale, A. J., Allen, R. D., Long, T. E. Fundatal Investigations of the Free
Radical Copolymerization and Terpolymerization cdl®c Anhydride, Norbornene, and
Norbornene-tert-Butyl Ester: In-Situ Mid-Infraregp&troscopic Analysidviacromol.,
2001, 34, 8064-8071.

28 Garcia, R., Porcar, I., Campos, A., Soria, V.uigielo, J. E., X. Influence of ionic
strength on the electrostatic secondary effecssze-exclusion chromatographyy,
Chromatogr. A, 1994 662, 61-69.

2 Mourey, T., Le, K., Bryan, T., Zheng, S., Benn&t, Determining persistence length
by size-exclusion chromatographkiolymer, 2005 46, 9033-9042.

30 Barth, H. Characterization of water-soluble polysesing size-exclusion
chromatographyAdvances in Chemistry Series, 1986 31-55.

31 Coto, B., Escola, J. M., Suarez, ., Caballero,J\.Determination adn/dc values for
ethylene-propylene copolymerBolymer Testing, 2007, 26, 568-575.

32 Grinshpun, V., Rudin, A., A New Method for Detenitig Molecular Weight
Distributions of CopolymersJ. Appl. Polym. Sci. 1986 32, 4303-4311.

33 Gupta, S. K., Kumar, A., Bhargava, A. Moleculagight distribution and moments for
condensation polymerization of monomers havingtrei¢ different from their
homologues.Polymer, 1979 20, 305-310.

*Nanda, V. S., Jain, S. C. Effect of variationted biomolecular rate constant with
chain length on the statistical character of cosdgan polymers.The Journal of

Chemical Physics, 1968 49(3), 1318-1320.

¥Wang, J., Meyer, W. H., Wegner, G. On the polyaaion of N,N,N’,N’-tetramethyl-
a,m-alkanediamines with dibromoalkanes —situ NMR study. Macromolecular
Chemistry and Physics, 1994 195, 1777-1795.

% Brandrup, J., Immergut, E. H. Polymer Handbodked., Wiley-Interscience: New
York, 1989.

52



Chapter 3

INFLUENCE OF STRUCTURAL SYMMETRY AND CHARGE DENSITY ON
THE THERMAL AND MECHANICAL PROPERTIES OF ALIPHATIC
AMMONIUM 6,6-, 12,6- AND 12,12-IONENES
Erika M. Borgerding, Sharlene R. Williams, JohnIMyman, and Timothy E. Long*

Department of Chemistry, Macromolecules and Inte$alnstitute, Virginia Polytechnic
Institute and State University, Blacksburg, Virgird4061

3.1 ABSTRACT
The thermal and mechanical properties of ammon&6i, 12,6- and 12,12-

ionenes were investigated as a function of chargesity and structural symmetry.
Number average molecular weights between 14,600 1#hHd00 g/mol with weight

averages between 20,300 and 23,000 g/mol weretigatsd and compared to ionenes
with number average molecular weights between Z6&8t 30,700 g/mol and weight
average molecular weights between 39,300 and 43g@0®I. Structural symmetry

enhanced the ability of ionenes to crystallize,observed with differential scanning
calorimetry and optical microscopy. The crystatinreduced chain mobility and

increased the onset of degradation temperaturebssnaed with thermal gravimetric
analysis (TGA). Ammonium 6,6-ionene crystallizezhdily at room temperature, and
12,12-ionene showed a small crystallization peathenDSC trace when the cooling rate
was slow, but ammonium 12,6-ionene did not cryigill Dynamic mechanical analysis
(DMA) indicated three transitions occur for ammanid2,6- and 12,12-ionenes, which
were attributed to glass transition temperatugg, (iotions of ionic groups, and mobility

of methylene chains. Increasing molecular weigisitpvely influenced tensile properties
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of ammonium ionenes, and ammonium 12,12-ionenehigtkr tensile strengths at yield

and break than ammonium 12,6-ionene.

Keywords: ammonium ionene, charge density, structural sytrynamechanical

properties, thermal properties

3.2 INTRODUCTION
Ammonium polyionenes are macromolecules with quatg ammonium groups

in the backbone of the chain as opposed to pergidatchains. lonenes are commonly
referred to using the nomenclature x,y-ionene, ehxerefers to the number of methylene
spacer units in the dihaloalkane and y refers éontlimber of methylene spacer units in
the di-tertiary amine (Figure 3.1). Although amnuon ionenes have been of synthetic
interest since the early 1936s*>®and investigated for biomedical applications as
antimicrobialé and gene transfection agefitess attention has been paid to the thermal
and mechanical properties of these polymers. @©ason for this slowed progress is that
molecular weight determination, a critical paramdta the thermal and mechanical
characterization of polymers, is difficult to pemrfo on ammonium ionenes due to the
problems associated with using aqueous size exwclushromatography (SEC) to
establish molecular weights of polycatioiS. However, our research group recently
determined a suitable aqueous SEC-MALLS mobile @ltasnposition that allowed for
reliable separation of ammonium ionertsyhich has provided a metric for comparing
thermal and mechanical properties of ammonium 1206 12,12-ionenes using absolute
molecular weight characterization. We have shohat increasing molecular weight

positively influences the thermal and mechanicabpprties of ammonium 12,12-
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ionene!? and we were interested in comparing thermal andhardcal properties of
ionenes with the same molecular weights with vayyoharge densities and structural
symmetries.

Br% | Br

o

N ~  MeOH % @l

Br—(CH,);,—Br +  N—(CH,,—N (CHy)15—N—(CH5),—N
(CH2)22 s Y N Reflux, 24 h Z1z Y 7 hn

Figure 3.1: Synthesis of aliphatic 12,y-ionenes.

Aliphatic ammonium ionenes have been previouslyrattarized via torsional
braid analysis (TBA) and wide angle x-ray scat@i(WWAXS). Tanaka analyzed several
X,y-ionenes using TBA and determined that aliphatitmonium ionenes exhibit three
mechanical relaxations, which were attributed tasgltransition temperature y(T.,),
ionic portions of the polymer ¢J, and motions of the methylene groups)f? WAXS
analysis indicated that ionenes with higher chamgensities possessed higher
crystallinities than ionenes with lower charge deées™® Furthermore, Tanaka
investigated the effects of hygroscopicity and deuranion selection on mechanical
relaxations* It was determined that both larger counteriors water uptake caused a
decrease in Jand T relaxations, but had little effect on ther€laxation. Similar TBA
and WAXS results were found for oxyethylene ioneRes

While performing TBA and WAXS experiments providediuable information
on aliphatic ammonium ionenes, we were also intedes) investigating other thermal
and mechanical properties. Strong tensile proggrtiave been reported for other
ammonium ionene systems, such as PTMO-based ammadonenes?® but have yet to
be determined for aliphatic ammonium ionenes. Heaurhore, dynamic mechanical
analysis (DMA), differential scanning calorimetrfpC), and thermal gravimetric

analysis (TGA) have not been performed on ammori@é- and 12,12-ionenes.
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Herein, we report on a series of well-defined amimon6,6-, 12,6- and 12,12-
ionenes used to probe the influence of structymralnsetry and charge density on thermal
and mechanical properties. lonenes with numberageemolecular weights of 15,000
g/mol and 30,000 g/mol with weight average molecwaights of 20,000 g/mol and
40,000 g/mol, respectively, were examined. In #tigly, ionenes are referred to as Xx,y-
MW; for example, 12,6-20k refers to ammonium 126ene with a weight average
molecular weight of 20,000 g/mol. DMA, TGA, DSCEG, and tensile properties were

determined.

3.3 EXPERIMENTAL
3.3.1 General Methods and Materials

HPLC grade methanol was obtained from Fischerriiie and distilled from
calcium hydride (reagent grade, 95%), which wasiolkd from Sigma-Aldrich chemical
company and used as received. 1,12-Dibromodod€8&ae) was obtained from Sigma-
Aldrich chemical company and recrystallized from020roof ethyl alcohol (AAPER
Alcohol and Chemical Co.) and dried under reducessgure. N,N,N’,N’-tetramethyl-
1,6-hexanediamine (99%) was obtained from Sigmaiéthd chemical company and
distilled from calcium hydride. Dimethylamine (60 water, ~11.0M) was obtained
from Fluka and used as received. HPLC grade tgdraffuran (THF), HPLC grade
water, and diethyl ether were obtained from FiscBeientific and used as received.
Sodium acetate (NaOAc) (99.0%), sodium azide (99§l ACS grade glacial acetic

acid (99.7%) were purchased from Alfa Aesar chehdompany and used as received.
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N,N,N’,N’-tetramethyl-1,12-dodecanediamine was e from a modified literature
procedure as discussed in our previous work.

Dynamic mechanical analysis (DMA) was performecaddMA Q800 instrument
in tension mode at 3°C/min and 1 Hz. Tensile mgstivas performed on an Instron
Model 1123 Universal Testing system using mini ¢hoge-shaped samples cut using a
bench-top die (2.91 mm x 10 mm) from cast films an®@luehill software package.
Samples were dried at 100 °C for 24 h and, subsglyu&ept in a dessicator until testing
was begun. Four repetitions per polymer sampleewampleted, and films were
deformed until failure at a cross-head speedl@f mm/min at ambient conditions.
Differential scanning calorimetry (DSC) was perfearusing a Q1000 instrument with a
heating rate of 10°C/min under a nitrogen flow 6f fal/min. A Thermal Gravimetric
Analysis (TGA) 2950 was used with a heating ratel®fC/min from 25°C to 600°C,
under nitrogen. Samples were dried at 100 °C #bh2rior to testing.In situ FTIR
analysis was performed per a Metler Toledo Read0OBO instrument with a stainless
steel ATR probe. An average absorbance was plavedy 5 min from 126 infrared
scans for 24 h.

Aqueous size exclusion chromatography (SEC) wafoqmeed according to a
procedure recently developed in our research dfauging a mobile phase composition
comprising a ternary mixture of 54/23/23 (viviv%ater/methanol/glacial acetic acid,
0.54 M NaOAc, pH 4.0. The mobile phase solutions wereuuen filtered through
NALGENE® MF75™ Series Media-Plus Filter Units wahminimum pore size of 0.200
pm. Samples were analyzed at 0.8 mL/min throughWeaters Ultrahydrogel linear

columns and 1x Waters Ultrahydrogel 250 columnhwit columns measuring 7.8 x 300
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mm and equilibrated to 3. SEC instrumentation consisted of a Waters i§dératic
HPLC pump, Waters 717plus Autosampler, Wyatt minX multiangle laser light
scattering (MALLS) detector operating a He-Ne laséra wavelength of 690 nm,
Viscotek 270 capillary viscosity detector, and at¥vs 2414 differential refractive index

detector operating at a wavelength of 880 nm antC35

3.3.2 Preparation of Ammonium 12,6-lonene

1,12-Dibromododecane (2.988 g, 9.1 mmol) was teansfl into a two-necked
50-mL round bottom flask, which was equipped witlsepptum and a condenser, and
heated to 80 °C. Methanol (4.55 g) and N,N,N’,tramethyl-1,6-hexanediamine (1.56
g, 9.1 mmol) were transferred into the flask, whighs purged with nitrogen. The
reaction was magnetically stirred for 24 h. Upamepletion, films were cast from a

methanol solution.

3.3.3 Preparation of Ammonium 6,6-lonene
Ammonium 6,6-ionene was prepared from the abowecquure using 1,6-

dibromohexane.

3.3.4 Preparation of Ammonium 12,12-lonene

Ammonium 12,12-ionene was prepared from the aboveceoure using

N,N,N’,N’-tetramethyl-1,12-dodecanediamine.
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3.3.5 Preparation of lonene Films

Methanol (5 mL) was added to the reaction prodoiceduce the viscosity of the
polymer. The ionene was poured into Teflon mold m x 25 mm) to yield 0.5 g
films, which were dried in the hood with minimal 8iow for 48-72 h. The films were
placed on a hot plate at 70°C for 48 h. Films wiied under reduced pressure at room
temperature for 24 hours and, subsequently drid@@iC for 24 h. Films were kept in a

dessicator until testing began.

3.4RESULTS AND DISCUSSION
3.4.1 Synthesis and Molecular Weight Determination

Tailoring polymer characteristics through judigoumonomer selection is a
cornerstone for studying aliphatic ammonium ionenekhe ability to easily control
charge density and counter ion through monomecsefeprovides a systematic method
for studying ammonium ionenes. Ammonium ionenesrewsynthesized via a
Menschutkin reaction between a dihaloalkane and-tarary amine in a methanolic
solution for 24 h at 80 °C, as described previadslyAbsolute molecular weights were
determined using aqueous size exclusion chromgibgrand samples with weight
average molecular weights of 20,000 and 40,000 wleosen for comparison (Table 3.1).

Our interest in ammonium 6,6-, 12,6- and 12,124@seallowed us to determine
the effects that both structural symmetry and ohadgnsity have on thermal and
mechanical properties. Ammonium 12,12- and 6,@m&s are structurally symmetric
since the same number of methylene groups arergreseeach side of the quaternized

nitrogen atom furthermore, ammonium 6,6-ionene has a chargeitgetvgice that of
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ammonium 12,12-ionene, which influences both théeong of polymer chains and
properties of the ionene. Ammonium 12,6-ionenedsgsnmetric structural composition
since the number of methylene groups on each dideeoquaternized nitrogen atom is
different, thus, making it a good model to comparthe symmetrical ionenes.

Table 3.1: Molecular weights and distributionsafphatic ammonium ionenes as
determined using aqueous SEC-MALLS.

My, (g/mol) My (g/mol) Mi/M,
6,6-20k 19,200 23,000 1.20
12,6-20k 16,300 20,300 1.25
12,12-20k 14,600 20,700 1.42
6,6-40k 25,300 39,300 1.55
12,6-40k 30,500 43,300 1.42
12,12-40k 30,700 40,000 1.29

The reaction of ammonium 12,6-ionene was followedh in situ FTIR
spectroscopy to monitor absorbance at the wavenugf cm', which corresponds to
the formation of the C-Nbond (Figure 3.2) The reaction of ammonium 12,6-ionene
proceeds for 20 h in a 30 wit% solids methanol smiu{Figure 3.3). Second order
kinetics were previously observed for the polymatign of aliphatic ammonium
ionenes® Ammonium 12,12-ionene showed identical behavibemwmonitored usinm

situ FTIR spectroscopy (data not shown).
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Absorbance

Figure 3.2:1n situ FTIR spectroscopy of ammonium 12,6-ionene indatabe growth of
the C-N stretch (arrow points to peak).
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Figure 3.3:Reaction profile at 903 cfifor ammonium 12,6-ionene.

3.4.2 Mechanical Properties

Dynamic mechanical analysis (DMA) was performedamnmonium 12,6- and
12,12-ionenes to determine the influence of tentpeza on storage modulus.
Ammonium 6,6-ionene was not tested since it didfaoh uniform films due to a highly

ordered crystalline structure (Figure 3.4). Thmeechanical relaxations occurred for
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each ionene as seen in the daplot (Figure 3.5), similar to the results Tanakeserved
using TBAX® The first thermal transition was attributed toe tiglass transition
temperature of the polymer, which occurred at 63and 66 °C for 12,6-20k and 12,6-
40k, respectively, and at 56 °C and 44 °C for 12QR and 12,12-40k, respectively
(Figure 3.6). Ammonium ionenes are hygroscopicwater uptake from the atmosphere
readily causes plasticization, thus, lowering ti@égTTherefore, comparison of the first
DMA transition to that of the glcalculated from DSC results, where ionenes weieldr

under reduced pressure at 100 °C for 4 days prioedting, indicated that water uptake

occurred during sample preparation for DMA (Tahi2)3

Figure 3.4: Crystallization of ammonium 6,6-ionene at 10x mégation under an
optical microscope. The sample was prepared framethanol solution and pippetted
onto a glass slide. The methanol was allowed &perate under ambient conditions for
1 h, and the resultant polymer was imaged undeogital microscope. M19,200
g/mol, M,, 23,000 g/mol.
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Figure 3.5: Tané curves for ammonium 12,6- and 12,12-ionenes.

Table 3.2: Thermal transitions of ammonium ionenes via DMA &%8IC.

DMA Transitions (°C) DSC T, (°C)
LK z) al
12,6-20k 63 94 126 90
12,12-20k 56 78 110 69
12,6-40k 66 112 161 104
12,12-40k 44 69 125 69
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The second transition was attributed to the movénoénionic groups in the
polymer chains. Clustering of ionic groups is coommmin polyelectrolytes due to
electrostatic interactions between the charged satgrand counterions, which can also
lead to ion channel formatidfl. This relaxation occurred at 94 °C and 112 °C1i2y6-
20k and 12,6-40k and at 78 °C and 69 °C for 12aR#hd 12,12-40k, respectively. The
transition temperatures for 12,6-20k and 12,6-40&rewhigher than those for the
corresponding ammonium 12,12-ionenes. At comparaimlecular weights, the degree
of polymerization for ammonium 12,6-ionene is highmce the molecular weight of its
repeating unit is lower than that of 12,12-ionamkich means more quaternized nitrogen
groups were present in ammonium 12,6-ionene sampldsis, ionic aggregation was
more prevalent, and more thermal energy was netweéissociate the aggregates and
mobilize the chains, leading to higher DMA trarwittemperatures.

The third transition was attributed to polymer flowhis transition occurred at
126 °C for 12,6-20k and 161 °C for 12,6-40k, conggato 12,12-20k and 12,12-40k,
which were observed at 109 °C and 125 °C, respalgtivHigher transition temperatures
and longer rubbery plateaus were observed for iemevith higher molecular weights.
The rubbery plateau that preceded flow was atteidbub the mobility of methylene
groups following the dissociation of ionic group3he rubbery plateau for 12,12-20k
extended from 85 °C to 109 °C compared to that)13-40k, which extended from 85
°C to 125 °C. Similar results were found for 1&6ene, where the rubbery plateau for
12,6-20k extended from 120 °C to 126 °C and thafliy6-40k extended from 120 °C to

160 °C.
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Figure 3.6: DMA curves for ammonium 12,6- and 12,12-ionenes.

Mechanical properties were also tested using atmoimgo determine the tensile
strengths and elongations associated with aliplaaticonium ionenes (Figure 3.7, Table
3.3). Ammonium ionenes containing PTMO soft segméave been shown to elongate
more than 100098, and we were interested to see if aliphatic amoronionenes also
exhibited strong tensile properties. 12,6-20k viaistle and exhibited poor tensile
properties breaking at less than 10% elongationhewihg tensile strengths at yield and
break of 9 MPa. Because the polymer was britty one sample was able to withstand
breaking in the grips. However, ammonium 12,12 at the same molecular weight

exhibited elongations greater than 200% and tessigsses at yield and break of 6 and
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10 MPa, respectively. Higher molecular weightsitpoay influenced tensile properties.

12,6-40k had tensile strengths at yield and bredak3cand 16 MPa with elongations
above 300%, and 12,12-40k had tensile strengtlytelst and break of 35 and 24 MPa
with elongations above 100%, respectively. Iltngportant to note that the hygroscopic
nature of the polymers can influence the mechangraberties. Since tests were
performed under ambient conditions, samples wes¢ @iried at 100 °C in vacuo, and
subsequently, kept in a dessicator until testedigrékcopicity may be the reason for
large error in Table 3.3 since we have observed thater plasticizes aliphatic

ammonium ionenes. Water uptake may contributeigbdn strains at break or lower

moduli. Although, we were careful to keep our skes@s dry as possible, further testing
in a dry environment is needed to fully understtreleffect of charge density on tensile

properties.

Table 3.3: Tensile properties for ammonium 12,6- and 12,12@s. Four repetitions
per polymer sample were completed.

Stress at Break Strain at Break Stress at Yield Modulus

(MPa) (%) (MPa) (MPa)

12,6-20k -- 9 9 278
12,12-20k 10+ 4 206+ 121 6+ 0.4 231+ 113
12,6-40k 16+5 313+ 41 13+ 3 132+ 63
12,12-40k 24+ 2 235+ 6 35+ 4 489+ 55
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Figure 3.7: Tensile properties of aliphatic ammonium ionenes.
3.4.3 Thermal Properties

Thermal properties were investigated using diffeeénscanning calorimetry
(DSC) to determine thermal transitions and morpfiel® A single transition in the third
cycle of the DSC trace for ammonium 12,6- and Il20h2nes indicated a ¢T
corresponding to an amorphous morphology, but p@ T, were observed. Prior to
testing, the hygroscopic samples were heated to ‘@@r 48 h to ensure solvent
removal and to prevent plasticizatith.Both 12,12-20k and 12,12-40k exhibited gat
69 °C, while 12,6-20k showed g @t 90 °C, and 12,6-40k had gdat 104 °C (Table 3.1).
Ammonium 6,6-ionene did not exhibit g T the DSC trace, which was expected since
the morphology was crystalline; however, &nd T were not observed, either. The
crystalline melting temperature of ammonium 6,6ei0@ was speculated to be higher
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than the degradation temperature, thus, no mettirgyystallization peaks were observed
in the DSC curve.

In a second DSC test, samples were heated to ektw their onset of
degradation temperature to erase thermal histaty subsequently, cooled at 3 °C/min to
-90 °C to induce crystallization. The samples waekl at -90 °C for 30 min, and then,
heated to 250 °C. 12,12-40k had a crystallizatieak at 63 °C (Figure 3.8), which was
attributed to the symmetric structural compositianich allowed the chains to become
ordered during the slow cooling procekswever, an exothermic peak corresponding to
crystallization was not observed for 12,6-40k, vkhigas speculated to be due to the
irregularity in structural composition. Howevemee testing conditions may have been
better suited towards crystallization in ammoniug12-ionene, and becausg Values
and T, values overlapped (data not shown), a more inhdgfoidy using modulated DSC

is planned for future work.
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Figure 3.8: Samples were heated to 250 °C to @h@seal history, cooled at 3 °C/min
to -90 °C, held isothermally for 30 min, and théeated to 250 °C at 10 °C/min. The
cooling cycle is shown. A cooling rate of 3 “C/mitlows crystallization to occur in
12,12-40Kk, but not in 12,6-40k.

Thermal gravimetric analysis (TGA) was used toedatne the degradation
temperatures of each ionene (Figure 3.9). The ggmmethod of degradation for
ionenes is dequaternization of the amine groupghan backbone via a Hofmann
elimination reactiof? The 5% weight loss temperature for 12,6-20k aR@-#0k was
234 °C and 247 °C, respectively. 12,12-20k andl2-20k had 5% weight loss
temperatures of 237 °C and 241 °C. Throughouteh®inder of the degradation process
from 5% weight loss until complete degradation 3 3C, the higher molecular weight
ionenes degraded slower due to a higher contenguatternized nitrogen groups.

Furthermore, 6,6-20k had a 5% weight loss tempegaifi265 °C; the higher degradation
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temperature was attributed to the highly ordergdtetline structure of ammonium 6,6-

ionene, which restricted the mobility of the quateed nitrogen groups.
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Figure 3.9:TGA results for ammonium 6,6-, 12,6- and 12,12-iwe®
3.5 CONCLUSIONS

Ammonium 6,6-, 12,6- and 12,12-ionenes were ingattd to determine the
relationship between charge density, structuralmsgtny and thermal and mechanical
properties. Number average molecular weights éetwl4,600 and 19,200 g/mol with
weight averages between 20,300 and 23,000 g/ma weestigated and compared to
ionenes with number average molecular weights batwab,300 and 30,700 g/mol and
weight average molecular weights between 39,300 4B@300 g/mol. Structural
symmetry and charge density both positively inflcesh the ability of ionenes to

crystallize, which was observed from the endotherrpeaks in the DSC traces.
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Crystallization of ammonium 6,6-ionene restrictedhifity of polymer chains, which
increased the onset of degradation temperature a@udgo ammonium 12,6- and 12,12-
ionenes. Furthermore, tensile properties werengao for the ionenes with structural
regularity, but dynamic mechanical relaxations weirailar for both ammonium 12,6-
and 12,12-ionenes.
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF LINEAR AND BRANCH ED
POLY(TETRAMETHYLENE OXIDE) BASED IONENES
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4.1 ABSTRACT

lonenes are polycations that contain quaternizébgen groups in the main
chain as opposed to pendant sites. Bis(dimethyl@mpoly(tetramethylene oxide)
(BAPTMO) segments were prepared from the livingiocat polymerization of
tetrahydrofuran (THF) and functionalized with ditmgtamine end groups. Linear and
branched ionenes were synthesized from well-defig@@0 g/mol and 7000 g/mol
BAPTMO and a di-functional or tri-functional benylhalide, respectively. lonenes
were investigated to determine how branching aralgehdensity influenced thermal and
mechanical properties. Thermal properties weresorea using differential scanning
calorimetry (DSC) and thermal gravimetric analydi&A), and were found to be similar
for all ionenes despite topology. Mechanical praps were measured using an Instron
and dynamic mechanical analysis (DMA). Linear me® exhibited stronger tensile
properties, which included higher stresses at brb@her elongations at break and
higher elastic moduli than branched ionenes. Eunlore, DMA indicated linear ionenes

flowed at higher temperatures and had rubbery alstethat extended to 200 °C,
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compared to 100 °C for branched ionenes. Smalleargay scattering was used to
determine if regular spacing between ionic domaias present in the ionenes.

Keywords: ammonium ionene, branching, mechanical propefitesc aggregation

4.2 INTRODUCTION

lonenes are macromolecules that contain quaternd@rggen groups in the
backbone of the chain. Early ionene synthesislireebthe homopolymerization of amn
halo-alkyl dialkylamine-?2 but a more traditional synthetic methodology ivesl the
condensation polymerization of a di-tertiary amiaed an alkyl dihalide via the
Menschutkin reactiofi. Monomer selection is a critical parameter in diesign of novel
ionene systems for the purposes of controlling ghardensity and polymer
characteristics. The ability to control chargesinthrough monomer selection provides
a metric for investigating cell binding and viahjilf solution propertie§,and gene
transfection efficacyof ionenes. More conventional synthetic methogi@s for ionenes
involve tailoring monomers via incorporation of lowolecular weight polymer
segments, such as poly(ethylene oxide) (PEOYr poly(tetramethylene oxide)
(PTMO)° to yield desired properties, such as water satykdind biocompatibility, or
elasticity, respectively.

The living cationic polymerization of PTMO was fireeported by Smith and
Hubin and has been utilized in the design of sévweoael ionenes containing PTMO
segments’? In addition, several studies were performed ufimear ionenes synthesized
from bis(dimethylamino) poly(tetramethylene oxidlAPTMO) and a difunctional
halide. These studies include the investigation mifotochromic behavidf

polyelectrolyte behavior® and reaction rates and thermal stability as a tfoncof
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dihalide structur. Furthermore, structure-property relationships evanalyzed to
understand the elastomeric properties incorporavétl the PTMO soft-segments.
While the synthesis and characterization of linPa&iMO based ionenes have been
thoroughly studied, the influence of branching bese ionene systems has not, yet, been
investigated.

We were interested in how topology influenced thermal and mechanical
properties of BAPTMO based ionenes. Branching lesn shown to influence melt
viscosity and improve melt processibility, and gaveeviews have been written on this
topic*>*® Our research group has developed oligomeric A, plus monomeric B
methodology for polymerization of highly branchedasromolecule$’*® where the
distance between branching sites is determinednaarl oligomers. This architecture
allows for both a high degree of branching and piat#e mechanical properti&s. We
utilized this polymerization technique to synthesranched BAPTMO based ionenes.

Herein, we report on the synthesis of linear anahbhed ionenes from well-
defined 2000 g/mol and 7000 g/mol BAPTMO. Theretaracterization was performed
using differential scanning calorimetry (DSC) ahermal gravimetric analysis (TGA),
and mechanical testing was performed using terieBéing and dynamic mechanical
analysis (DMA). Furthermore, ionic aggregation veaisdied using small angle x-ray
scattering to determine how ionic domains conteduto morphological characteristics
and microphase separation. lonene samples areegte using L or HB to represent the
topology and 2k or 7k to represent the moleculaghteof the BAPTMO segments used
in the synthesis. For example, L-2k refers to lthear ionene made from 2000 g/mol

BAPTMO.
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4.3 EXPERIMENTAL

4.3.1 Materials and Methods
High performance liquid chromatography grade tetdaofuran (THF) was

purchased from EMD Chemicals and dried in a Pure Sgstem. Irganox 1076 was
obtained from Ciba Specialty Chemical Co. Triflaimethanesulfonic anhydride
(TFMSA) and 2,4,6-tris(bromomethyl)mesitylene (TBNIMere purchased from Sigma-
Aldrich and used without further purification. Nigt 3-(dimethylamino) propionate was
purchased from Sigma-Aldrich and distilled fromatam hydride (reagent grade, 95%),
which was obtained from Sigma-Aldrich and used exeived. a,0’-dibromo-p-xylene
was purchased from Sigma-Aldrich and recrystallizedith  chloroform.
Dichloromethane (DCM) was purchased from EMD Cheaigicand distilled from
calcium hydride. Hexanes and toluene were purch&een EMD Chemicals and used

without further purification.

4.3.2 Synthesis of bis(dimethylamino) poly(tetramétylene oxide)

THF (10 g, 0.1389 mol) was added via a cannuR@M (10 g, 0.1177 mol) in a
three-necked 250-mL round-bottomed flask in an bet¢h (Figure 4.1). Mechanical
stirring was begun, and TFMSA (3.38 mL, 0.02 mogswsyringed into the solution to
initiate the polymerization. After 15 min, THF (80 g, 0.4167 mol) was added
dropwise to the solution, and the reaction was raeicially stirred for an additional 90
min at 0 °C. Methyl 3-(dimethylamino) propionatél(4 mL, 0.08 mol, 2.1 molar
excess) was syringed into the viscous white salytmd the reaction was removed from
the ice bath and allowed to warm to 23 °C with namital stirring. The reaction

continued for 30 min, and then, was precipitateld imexanes twice to remove excess
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end-capping agent. The hexanes were decantedhamiblymer was dissolved in toluene
(50 mL). The solution was added to 40 g 25 wt%eags NaOH in a 250-mL, round
bottom flask and refluxed at 70 °C for 30 min. émnove methyl acrylate from the end
groups via a reverse Michael addition reactionigddydimethylamino end groups. The
layers were separated and the toluene layer wasl dwver MgSQ@ and filtered, and
subsequently, precipitated into hexanes to remoethyh acrylate. The BAPTMO
product was dried in vacuo at 60 °C for 24 h toueesemoval of residual solvent. The
number average molecular weight was determineemihgroup analysis usirtgl NMR
spectroscopic characterization and with acid taratising 0.10 N HCI in isopropanol in

a solution of THF:isopropanol (2:1 v:v mixture).

CRSCE CRSQE
®
(RS0 O—<CH2CHZCHZCHZCHZO>> CHZCHZCHZCHZ—(D o
DCM, 0°C n

23°C AN o
/ oo
CRSQ, CRSG
g e

(@]

‘ ‘ ©) o
N—< 0—120—120—120—120>— CH,CHCH,CH,— M
n
VA | oor

Dichloromethane
25 wit% NaOH (aq)
50°C, 30 min

>N—<CH20H20H20H20>: CH,CH,CH,CH,— N< * —

Figure 4.1: Synthetic Scheme for BAPTMO.

77



4.3.3 Synthesis of linear ionenes

2000 g/mol BAPTMO (4.7680 g, 2.384 mmol) and 1,Brdmop-xylene (0.6293
g, 2.384 mmol) was dissolved in THF (50 mL) in &50L round-bottomed flask (Figure
4.2). The reaction was magnetically stirred unctux for ~1 h until the viscosity
became too high for stirring to continue. Irgarf®76 (0.02 g) was dissolved in the
reaction mixture, and the solution was cast onggaas plate and allowed to dry in the

hood overnight. Residual solvent was removed ouwat 60 °C for 24 h.

4.3.4 Synthesis of branched ionenes
2000 g/mol BAPTMO (4.7680 g, 2.384 mmol) was digsd in THF at 15 wt%

and slowly added dropwise to a 3 wt% solution ofMi® (0.9516 g, 2.384 mmol) in

THF, under reflux, in a two-necked 500-mL roundtboted flask (Figure 4.3). The
reaction was magnetically stirred for 1 h. Irgari®76 (0.02 g) was dissolved in the
reaction mixture, and the solution was cast ongaas plate and allowed to dry in the

hood overnight. Residual solvent was removed auwat 60 °C for 24 h.

Br

>N—€ 042%04204209: CH2CHzC|'|20Hz—'\< +

Br

THF
Reflux
B
N_<CHzCH2C"|2CHZO>_ CHCH,CH,CHy— ‘(D
p

Figure 4.2: Synthetic scheme for linear ionene.
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Figure 4.3: Synthetic scheme for highly branched ionene.

4.3.5 Characterization methods
'H NMR spectra were recorded on a Varian Inova 4@8zMuclear magnetic

resonance instrument used at 25 °C vdtbhloroform. Dynamic mechanical analysis
(DMA) was performed on a DMA Q800 instrument ing@m mode at 3°C/min and 1
Hz. Tensile testing was performed on an Instrord®d. 123 Universal Testing system
using mini dog-bone-shaped samples cut using ahbpcdie (2.91 mm x 10 mm) from
cast films and a Bluehill software package. Fapetitions per polymer sample were
completed, and films were deformed until failureaatross-head speed © mm/min at

23°C. Prior to testing, samples were heated taC5tr 30 min to eliminate crystallinity

and cooled to room temperature. Differential saagealorimetry (DSC) was performed
using a TA Instruments Q1000 instrument with a imgatate of 10°C/min under a

nitrogen flow of 50 ml/min. Thermal gravimetricapsis (TGA) 2950 was used with a

79



heating rate of 10°C/min from 25°C to 600°C undérogen. Small angle x-ray
scattering was performed on a Rigaku Ultrax 18tmogaanode X-ray generator operated
at 45 kV and 100 mA. The distance between the beanter and the sample was

approximately 1.5 m.

4.4 RESULTS AND DISCUSSION
4.4.1 Synthesis of linear and branched ionenes

BAPTMO segments of 2000 g/mol and 7000 g/mol veyrethesized and used as
precursors for linear and branched ionenes. BAPTMA3 prepared from the living
cationic polymerization of THF and end-capped withethyl 3-(dimethylamino)
propionate to avoid further alkylation, which oaad when dimethyl amine was used for
end-capping. Sodium hydroxide was used to remoeéhyh acrylate from the end-
groups in a reverse Michael addition and to contlegt quaternary amine to a tertiary
amine. BAPTMO molecular weights were confirmedngsacid titration andH NMR
spectroscopic characterization (Figure 4.4), whigdre determined to be above and
below the critical molecular weight of entanglemeévit for PTMO, 2500 g/mol (Table
4.1). Molecular weight was controlled through atijgent of monomer to initiator ratio
using trifluoromethanesulfonic anhydride as theiator. Branched ionene films were
prepared from a 1:1 molar ratio of BAPTMO and trsfnomethyl)mesitylene; slow
addition of the BAPTMO was necessary to reduce th@nce of crosslinking.
Furthermore, a low concentration of reactants (wefowt% solids final concentration)
was necessary to avoid crosslinking. Linear ionf@dnes were prepared from a 1:1.025

molar ratio of BAPTMO and 1,4-dibromexylene, as outlined in the previous
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literature’® The resulting films were either white and opagoreclear and transparent
and ductile. Molecular weight characterizationtlod ionenes was not performed since
they were insoluble in all known mobile phase cosijians used for size exclusion
chromatography (SEC). Because molecular weighttipely influences thermal and
mechanical properties, it is important to note thatwere not comparing the extent of
these properties, but rather, we were investigativeg influence of topology on these

properties.

d

>N4< g"zCHzC'SzCHzO>rT CHzCHzCHzC'c‘:'z— N<

Ifli'gure 4.4:*H NMR of BAPTMO. A comparison of the integratiohpeak a and peak c
was used to determine the degree of polymerizatinohcalculate the number average
molecular weight.

Table 4.1: Molecular weight characterization of BEMO.

*BAPTMO M, (g/mol) "BAPTMO M, (g/mol)
L-2k 1900 1600
HB-2k 1600 1900
L-7k 5500 6400
HB-7k 5500 6400

2 14 NMR end group analysis
P HCI acid titration
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4.4.2 Mechanical Properties

The stress-strain behaviors of linear and brandR&¥O-based ionenes are
shown in Figure 4.5. Linear ionenes had strongesite properties than branched
ionenes (Table 4.2). Linear ionenes exhibited gdtions at break greater than 1000%;
L-2k had an elongation at break of 1160% and Li{7k061%. The tensile strain at break
for branched ionenes was less than linear iongiBs2k had a tensile strain at break of
505% and HB-7k at 835%. The greater elongatidoredk for HB-7k could be due to a
higher molecular weight or a lower degree of bramghhan HB-2k. Elongations greater
than 1000% are consistent with other linear PTMGebaammonium ionends.
Furthermore, Loveday showed that good mechaniaapesties were dependent upon
regular spacing of ionic groups in the backb&héhe upturn in the stress-strain curves
at higher elongations was attributed to strain-gedu crystallization of the PTMO
segments. The ultimate tensile stress for lineaemes was greater than that of branched
ionenes. L-2k and L-7k had stresses at break aintb16 MPa, where as, HB-2k and
HB-7k had stresses at break of 0.1 and 6 MPa, césply. The average elastic
modulus for L-2k was 4 MPa, where as, HB-2k haelastic modulus of 0.4 MPa. The
same trend was seen for the 7k system where brdnomenes had a lower elastic

modulus than linear ionenes.
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Figure 4.5: Tensile properties of linear (blackyl &amanched (gray) ionenes.

Table 4.2: Tensile properties of linear and braddbeenes.

Stress at Yield  Strain at Break  Stress at Break Young's Modulus

(MPa) (%) (MPa) (MPa)

L-2k 16+ 2 1160t 57 15+ 3 4% 0.4
HB-2k 0.5+ 0.2 505t 4 0.1+ 0.2 0.4 0.2
L-7k 3+4 1061+ 68 16+ 2 3+ 0.2
HB-7k 6+1 835+ 93 6+ 1 2+0.2
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Crystallization in PTM(-based ionene films was previously reported to agy
slowly over the period of a we! Because ionenes were stored at room temper
and PTMO crystallization occurs at room temperatimeene films were heed to 55 °C
prior to tensile testing to erase any crystallinitierasing thermal history was critic
since we were not interested in the effects criyasion had on mechanical properti
but rather, we were interested in the effects togplhad on inic aggregation an
mechanical properties. Figur4d6 shows how tensile properties changed w
crystallization was present in ionenes. The ctlsgasample was allowed to sit at roc
temperature for a week prior to testing, and thergimous sample vs heated to 5°C
and subsequently, cooled to room temperature poidesting. The crystalline samy
had higher stresses at yield (4 MPa) and break R&)Mhan the amorphous sample,

the ultimate tensile strain was reduced to 50

8

7 Pal
~ b //
©
% 5 /_/ HB-7k amorphous
~ 4
a r/— ——HB-7k crystalline
0 3
)
0 2
v
ﬁ 0

-1

0 200 400 600 800

Tensile Strain (%)

Figure 4.6: Influence of crystallization on tensile propertdsPTMC-based ammoniut
ionenes.
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Dynamic mechanical analysis was performed on lirseet branched ionenes to
probe the influence of temperature on storage nusd(Figure 4.7). Two distinct
relaxations were observed for linear and brancbedries at -60 °C and 23 °C. The first
relaxation was attributed to the glass transitemperature of PTMO, and a peak in the
tan § curve also denoted this transition (Figure 4.8)plateau from -50 to 50 °C was
observed for both linear and branched ionenes guwuiich melting and crystallization
of PTMO occurred. The second mechanical relaxatias attributed to melting of the
crystalline phase in the PTMO segments. Thesesitrans were similar for all ionenes
regardless of topology or PTMO soft segment length.

The third relaxation was attributed to polymer flowhich was preceded by a
rubbery plateau corresponding to the dissociatiommc groups. Both L-2k and L-7k
flowed at 187 °C, and HB-2k flowed at 80 °C whil8+k flowed at 94 °C. lonic
aggregation was more favorable in linear ionenesalige linear ionenes were less
sterically hindered than branched ionenes and cpalttk together more tightly, thus,
requiring more thermal energy to reach flow. Tw&s exemplified as linear ionenes had
both a higher modulus after PTMO crystals had meked a rubbery plateau that
extended to higher temperatures (50 — 200 °C)pawpared to branched ionenes whose
rubbery plateau only extended from 50 to 95 °C.syite the fact that branched ionenes
contain three chemically bonded ionic sites vemsuyg two chemically bonded ionic sites
in the linear ionenes, a quaternary nitrogen at@as mot present at every branching site
because a 1:1 molar ratio of BAPTMO to tri-functbibranching agent was used in the

synthesis. Thus, while one might think that ioagsociations were favored in branched
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ionenes due to the covalently bound ionic groupss Wwas not the case based on our
DMA results. Furthermore, the chemically bondegicagroups in branched ionenes did
not aggregate as well as in linear ionenes beaafusteric hindrance.

Charge density also contributed to ionic assoaiatidut to a lesser degree than
topology. Higher charge densities allowed for mereased number of ionic associations
and a higher modulus after the PTMO crystallinesghaelted, thus, L-2k, which had the
highest charge density and a linear topology, Ha&l highest modulus and most
expansive rubbery plateau preceding flow. L-7k tredsecond highest storage modulus
above the crystalline melting temperature of PTM&zduse the topology allowed for
more ionic associations than in branched ionena$ HB-2k had a higher modulus than

HB-7k because of a higher charge density.

100007
] HB-7k
————  HB2k

I L-7k

Storage Modulus (MPa)

0014
-100 50 0 50 100 150 200

Tenperature () Universal V3.9A TA Instruments

Figure 4.7: DMA results for linear (black) and ihhched (gray) ionenes.
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Figure 4.8: Tar curves for linear and branched PTMO-based ionenes.

4.4.3 Thermal Properties

Thermal properties were less affected by topoltdgan mechanical properties.
DSC results for all linear and branched ioneneswsdoa § of -70 °C, which
corresponds closely to theg Bf PTMO. Crystalline melting temperaturesyjTand
temperatures of crystallizationJTwere also similar for both linear and brancheteimes
regardless of charge density or topology and oedumround 23 °C and -10 °C,
respectively (Table 4.3). Enthalpy measurementewesed to compare the degree of
crystallinity of both ionene topologies, and it wdstermined that branching did not

disrupt the crystallinity in the PTMO segments.
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Table 4.3: Thermal transitions of linear and brattionenes as measured from DSC
analysis.

Ty('C) Tm(°C) T.(C)
L-2k -78 21 -9
HB-2k -79 25 -7
L-7k -81 23 -11
HB-7k -75 24 -12

Thermal gravimetric analysis (TGA) results corm@msped with degradation
temperatures of other ionene systém4.-2k had a 5% weight loss at 204 °C and HB-2k
had a 5% weight loss at 184 °C, where as, L-7kHBerk had a 5% weight loss at 244
°C and 258 °C, respectively (Figure 4.9). The piyndegradation process was
dequaternization of the amine groups in the backbelm a Hofmann elimination
reaction; therefore, similar degradation tempeestuor all ionenes was expected and
observed? Beyond the 5% weight loss temperature, from 25@00 °C, ionenes
synthesized from 7000 g/mol BAPTMO degraded slothan the ionenes made from
2000 g/mol BAPTMO because the number of quaternmagdgen groups in the chain
was less for ionenes with lower charge densiti@egradation occurred faster in ionenes

with higher charge density because there were sitee for degradation to occur.
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Figure 4.9: TGA data for linear and branched i@sen

4.4.4 Small angle x-ray scattering (SAXS)

Small angle x-ray scattering (SAXS) data was olegifor L-2k and HB-2k to
determine if regular spacing between ionic domawas present. Feng previously
determined that linear BAPTMO based ionenes hackllas arranged normal to the
plane of the film, which were postulated to be doéexagonal associations between
four quaternized nitrogen groups and two bromidenterions that stacked on top of
each othef! However, our SAXS data showed ill-defined, brgeeks, which did not
suggest a well-ordered morphology (Figure 4.10his Tack of order was presumed to be
due to the quick drying process we adopted duilngfbrmation. It is thought that if the

drying process was prolonged for at least threes,dthe polymer chains would have
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enough time and mobility to become ordered, and,tthe SAXS peaks would be mc

defined.
7
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Figure 4.10:SAXS data for linear and branched ione
4.5 CONCLUSIONS

The synthesis of 2000 ar7000 g/mol bis(dimethylamino) poly(tetramethyl
oxide) was achieved through the living cationicypaérization of THF followed by er-
capping with methyB(dimethylamino)propionate and removal of methylykate via a
reverse Michael addition reactioThese oligomers were utilized in the synthesisath
linear ionenes and branched ionenes via an oligomA; plus monomeric 3

polymerization to probe the influence of branchimgthermal and mechanical properi
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Three mechanical relaxations were observed fealimnd branched ionenes. The
first relaxation was attributed to, Bf PTMO, which occurred at -60 °C, and the second
relaxation was attributed to,Tof PTMO, which occurred at 23 °C. While topolodjd
not affect the first two transitions, the thirdrisition, which corresponded to polymer
flow, was affected. Branched ionenes flowed at A00ess than linear ionenes, which
supports the previous literature suggesting thaindring positively influences melt
processibility. Linear ionenes had more ionic aggtion, as observed from the
expansive rubbery plateau preceding polymer flomg ateric hindrance prevented the
branched ionenes from forming ionic aggregationsaasly.

Branching was also determined to influence ternmitgerties. Branched ionenes
had lower moduli and stresses at break than lirmsnes. Linear ionenes also had
higher elongations and more strain-induced crygtdibn at the higher tensile strains.

Thermal properties were similar in all ionenesaréiess of topology because
PTMO segments dictated these transitiong.ard T, of linear and branched ionenes, as
observed from DSC, corresponded to thaid T, of PTMO. Furthermore, degradation
temperatures were influenced by charge densityeratian topology since the primary
method of degradation was dequaternization of thime groups in the backbone. Onset
of degradation was above 200 °C, and ionenes wiheh charge densities degraded
faster than those with lower charge densities ezanenes with higher charge densities
had more sites for degradation to occur.

Preliminary SAXS data suggests our ionenes ddaweé an ordered morphology
associated with regular spacing between ionic dosnaiFuture work will include a

slower drying process during film formation to eacge a more ordered structure.
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Chapter 5

FUTURE DIRECTIONS

5.1 Molecular Weight Distributions of Aliphatic Ammonium lonenes Using Aqueous
Size Exclusion Chromatography

Currently, we have developed a mobile phase cortippdbr absolute molecular
weight determination of aliphatic ammonium ionenesng aqueous size exclusion
chromatography. A molecular weight distribution2fs expected for macromolecules
polymerized in a step-growth fashionowever, the molecular weight distributions we
have determined for ammonium 6,6-, 12,6- and 1®h2nes are 1.3. The reason for the
narrow distributions is unknown despite severarafits to address the issue, including
eliminating the possibilities of fractionation apdre volume exclusion. The next step is
to investigate reaction kinetics of the ionene pwdyization. Extensive studies of
reaction kinetics have been performed for ammonmanes and it was determined that
solvent polarity and salt concentration affect podymerization- It would be useful to
polymerize ammonium ionenes in the presence of salkth as sodium iodide, and
measure how molecular weight and distributions adfected. Furthermore, while we
feel the mobile phase composition we developedigesvreliable molecular weights for
ammonium ionenes, as confirmed with NMR spectrogctipe mobile phase may still
not be perfect for determining distributions. Iist is the case, it may be useful to
continue searching for a mobile phase that woutt/ide both reliable separations and
accurate molecular weight distributions. This gtwdould include changing the salt

concentration or type of salt used in the mobilagghand performing agueous SEC.
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Performing aqueous SEC of polyelectrolytes is clifti, and if we can determine why the
distributions for our ionenes are less than 2, ilt give us a better understanding of

agueous SEC analysis of polyelectrolytes.

5.2 Synthesis of Ammonium lonenes with Higher Equalent Molecular Weights
Equivalent molecular weight is determined from ding the molecular weight of
the repeating unit by the number of quaternized amam groups in the repeating unit
(generally 2¥ It has been demonstrated that ionenes with etguivanolecular weights
between 750-1400 g/mol are insoluble in aqueoussséltions above 3 wt%, which is
ideal for materials in contact with body fluid ssnbuman body fluid contains 2-4 wt%
salt. Ammonium 12,6- and 12,12-ionenes have etpntanolecular weights close to
200 g/mol, and are soluble in aqueous salt solstiabhove 20 wt%. It would be
beneficial to synthesize ammonium ionenes with &igbquivalent molecular weights.
This can be achieved from incorporating PTMO irite tonene backbone, which could
be accomplished from reacting bis(dimethylamino) MEX with a number of

dihaloalkanes, such as 1,6-dibromohexane (Figure 5.
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Figure 5.1: Synthesis of ammonium ionene with PT8&Qments.

Another synthetic methodology that would lead tghler equivalent molecular weight
would be the reaction of bromine end-capped 12ph2+ne with BAPTMO. This would
produce a polymer composition similar to a blockagmer, which would have both

hydrophobic and hydrophilic blocks (Figure 5.2).
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Figure 5.2: Synthesis of ionene with a “block” obpner type archetecture.

Incorporating other hydrophobic segments into tlenene backbone, such as
poly(propylene oxide) or poly(caprolactone), woaldo help to decrease charge density
and prevent ionenes from dissolving in aqueousssdiitions above 4 wt%. Increasing
equivalent molecular weight affects solubility peofies in aqueous salt solutions, which
will be useful when developing new materials usedadilet tissue or other personal

hygiene items.

5.3 Determination of PTMO based ionene morphologgevia SAXS and TEM

We have studied the influence of topology on therand mechanical properties
of PTMO based ionenes, but the morphology of theaterials is unknown. Feng and
Wilkes have demonstrated that linear ionenes haiwgua morphological characteristics

where ionic groups and counterions form hexagohapsed aggregates that stack and
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form lamellae normal to the plane of the fifmlIt would be useful to determine the
influence topology has on morphological charactessof PTMO based ionenes. Our
initial efforts to determine morphology included $8 analysis of 2k PTMO based
ionenes, but wide, broad intensity peaks did ngfgsst a highly ordered morphology.
Furthermore, cryo-microtoming our ionenes was mofatic since samples were too
rubbery for consistent cutting of thin sectionsect®ns of ~50 nm are necessary for
electron transmission, and we were unable to auttases thinner than 70 nm. Attempts
to overcome this problem included cooling the samplmore than 30 °C below the glass
transition temperature, embedding samples in epaxgss-linking samples with a
ruthenium oxide stain, and cutting with a vibratoshgmond knife, but consistent cutting
was not achieved. Moreover, when we looked atiGamples beneath the microscope,
we did not see any order within the material, anddbes formed in some sections of the
sample because of the heat produced by the elelst@m. We are currently attributing
the difficulties of cryo-microtoming to a lack ofder in the material due to the fast
casting procedure we used during film preparatitbrwould be useful to recast the films
from a slow drying process over the period of aste83 days and then perform SAXS and
TEM. We think a slower casting procedure will alleime and mobility for an ordered
morphology to develop, which will be detectablehn\8AXS. Once well-defined peaks
are demonstrated with SAXS, cryo-microtoming sholbid attempted for TEM. It is
thought that ionenes with highly ordered morphadsgwill be easier to microtome. It is
expected that the morphology of linear PTMO ionengsbe similar to the results seen

in Feng and Wilkes’s work, but the morphology adifiched ionenes will be less ordered.
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